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Introduction

This thesis summarizes many years of experimental studies focused on
recombination of atomic and molecular ions with electrons. Gradually, my scientific
interest shifted from binary and third-body assisted recombination processes to

question of different reactivity of different quantum states of molecular ions.

The presented experiments were performed using various modifications of stationary
afterglow (SA-CRDS, Cryo-SA-CRDS) and flowing afterglow with Langmuir probe
(Cryo-FALP II) techniques.

The thesis consists of several chapters. The first chapter (Theoretical background)
introduces various recombination processes and covers basics of used absorption
spectroscopy, Langmuir probe and microwave diagnostics. The second chapter
(Experimental techniques) gives overview of instrumentation used for electron — ion
recombination studies and the third chapter (Results) covers the most important
results of my studies. The last chapter summarizes the thesis and is followed by a list
of publications with me as author or co-author. Attached to this thesis are some of

my publications that provide detailed information on the topics discussed in the text.

I have also collaborated on several experiments focused on the study of reactions of
ions with molecules in 22-pole radiofrequency ion trap apparatus. As I was not, with
some exceptions, main investigator in these studies, I decided to include into this
thesis only two examples of how the trapping technique can be effectively utilized to
distinguish between two isomers of the same mass or to probe internal excitation of

trapped ions.



Theoretical background

Recombination of positive ions with electrons

Mutual neutralization of electron — positive ion system in cold plasmas can be
governed by several mechanisms. These will be covered in the following sections.
An important distinguishing factor is if the collision involves only electron and the
cation — binary processes (radiative and dielectronic recombination, dissociative
recombination) or if a collision with another particle is necessary to finish the
recombination (third-body assisted recombination). The former processes will be
important in low density environments such as the interstellar gas clouds whereas the
latter will dominate at high ambient gas or electron number densities, especially at

very low temperatures.

Radiative and dielectronic recombination

In low density environments the atomic ions A" can recombine with electrons e by
radiative recombination. In this case, the stabilization of the neutral excited complex

formed in recombination proceeds via emission of radiation:
A"+e —>hv, (1)
here 4 is the Planck constant and v is the frequency of emitted radiation.

Another possible process at such conditions is dielectronic recombination [Schippers
et al., 2010], where the excess energy is taken away by excitation of one of the
bounded electrons of the ion to another bounded orbit. This is then followed a
photon emission. Due to the discrete electronic energies this is a strongly energy
dependent resonant process. The typical recombination rate coefficients are on the

order of 10 cm®s™ or less at 300 K.



Dissociative recombination

For molecular ions, the electron — positive ion system formed during recombination
can get rid of the excess energy by dissociating in to neutral fragments. Dissociative
recombination, first proposed by Bates [Bates et al., 1947] as an effective loss
process for electrons in Earth’s ionosphere, can proceed via different mechanisms

and may involve many highly excited Rydberg states of the neutral molecule.

Motivated by contemporary afterglow studies on plasma deionization [Biondi et al.,
1949a; Biondi et al., 1949b], Bates has shown in his seminal paper [Bates, 1950] that
recombination of molecular ions with electrons can proceed very fast with rate
coefficients on the order of 107 cm’s™. According to Bates [Bates, 1950], the
electron colliding with the ion is captured into a neutral dissociating state (the state is
doubly excited with respect to the original ion — electron system) and this is followed
by dissociation of the molecule in to neutral fragments. The described process is now
known as direct dissociative recombination and its schematic representation is

shown in Figure 1.

A +B*

Energy AB”

v

Internuclear distance

Figure 1. Adapted from refs. [Larsson et al., 2008; Dohnal, 2013]. The potential
energy curve of the ion, denoted AB™, is crossed by the dissociative resonant state
AB”. In the direct process of dissociative recombination, the capture of the
incoming electron (with kinetic energy ¢) in the resonant state is followed by

dissociation on the potential energy curve.



In the direct dissociative recombination, the favourable curve crossing between the
ionic and the resonant state is a necessary prerequisite for fast recombination
process. Later, Bardsley [Bardsley, 1968] proposed a modification of Bates’
mechanism, for cases in which the incoming electron cannot be directly captured
into the resonant dissociating state. Instead, it is captured into a vibrational state of
one of the infinite series of Rydberg states of the neutral converging to the ionic
state. After that, it couples to the resonant dissociating state and finally the
dissociation of the molecule occurs. This indirect process of dissociative

recombination is depicted in Figure 2.

” A+ B+
Energy AB

AB (Rydberg)

v
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Figure 2. Adapted from refs. [Larsson et al., 2008; Dohnal, 2013]. Indirect

dissociative recombination process.

Other mechanisms were proposed such as recombination involving core-excited
resonances [Guberman, 1995] or direct predissociation [Guberman, 1994]. For
further details I refer the reader to the excellent book on dissociative recombination

by Larsson and Orel [Larsson et al., 2008].



Recombination assisted by third particle

At conditions typical for low temperature afterglow recombination studies (electron
temperature close to 300 K, electron number density below 10" cm™ with buffer gas
number densities on the order of 10" cm™ or below) the influence of third bodies on
the overall measured recombination rate coefficient can be usually neglected. At
enhanced gas or electron number densities or at very low temperature, the third body

assisted processes can substantially contribute to plasma deionization.

In electron assisted collisional recombination (E-CRR) the excess energy of the
formed electron — ion metastable neutral complex is taken away in collision(s) with

electron(s):

KE-CcRR

AtT+e e —>A+e, 2)

Where Kg.crr is the ternary recombination rate coefficient of E-CRR. According to
semi-classical theoretical studies [Bates et al., 1962; Mansbach et al., 1969; Stevefelt
et al., 1975], multiple collisions are necessary for stabilisation of ion — electron
collisional complex. An analytical formula for the effective binary recombination
rate coefficient ag.crr as a result of E-CRR of atomic ions was derived by Stevefelt

[Stevefelt et al., 1975]:

ag_crr = 3.8 X 107°Tg*5n, + 1.55 x 1071077063 +

6 x 10797, 2187037 31 (3)

where electron number density 7. is in units of cm™ and electron temperature 7 is in
Kelvins. According to ref. [Stevefelt et al., 1975] the first term in equation (3)
accounts for collisional recombination, the radiative processes give rise to the second
term and the third term describes coupling between collisional and radiative
recombination. Due to its steep temperature dependence, the first term in equation
(3) dominates at low temperatures. The corresponding ternary recombination rate

coefficient Kg.crr 18 then:
aAE— — — —
KE—CRR = —E-CRR = 3.8x10 gTe 45 Cm6S 1,

e “)

. . 3 .
where 7. and T are in units of cm™ and K, respectively.
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Later theoretical treatment by Pohl [Pohl et al., 2008] suggested slightly lower value
of the pre-factor in equation (4) — 2.77x107° K*° cm®™. The values of Kg.crr that me
and my co-workers obtained for Ar® ions in the temperature range of 60 — 150 K
[Kotrik et al., 2011a; Kotrik et al., 2011b; Dohnal et al., 2013] are within error of the
measurement in agreement with both of these predictions [Stevefelt et al., 1975; Pohl

et al., 2008] but closer to the values given by equation (3).

E-CRR is considered an important process in formation of antihydrogen [Killian et
al., 1999; Pohl et al., 2008; Wolz et al., 2020] and it was discussed in connection
with cold and ultracold plasmas [Rennick et al., 2011]. There are many theoretical
and numerical simulation studies [Bannash et al., 2011; Vorob’ev, 2017; Gerber,
2018; Jiang et al., 2020] with emphasis on low temperature E-CRR but the vast
majority of available experimental data was obtained at electron temperature of
300 K or higher [Mansbach et al., 1969; Berlande et al., 1970; Curry, 1970;
Skrzypkowski et al., 2004]. To the best of my knowledge, the only direct
measurement of E-CRR recombination rate coefficient in plasma for electron
temperatures below 300 K are the CRYO-FALP 1I studies focused on Ar" ions
[Kotrik et al., 2011a; Kotrik et al., 2011b; Dohnal et al., 2013]. There is no
experimental or theoretical study concerning E-CRR of molecular ions. Recent
experiments [Hejduk et al., 2015] suggest that for some molecular ions the value of

the E-CRR rate coefficient may be substantially lower than for atomic ones.

If the particle that carries away the excess energy of recombination is neutral we will

call this process neutral assisted collisional radiative recombination (N-CRR):
A" +e +M—Leae sA M. 5)

N-CRR of atomic ions has been studied theoretically from early 20" century
[Thomson, 1924; Pitaevskii, 1962; Flannery, 1991; Wojcik et al., 1999; Wojcik et al.,
2000]. The recombination rate coefficient is predicted to depend steeply on
temperature as ~ T2 [Thomson, 1924; Pitaevskii, 1962] or ~ T [Bates et al.,
1965].

The experimental studies of N-CRR performed for atomic ions or He," largely agree
with theoretical predictions [Berlande et al., 1970; Deloche et al., 1976; Gousset et
al., 1978; Sonsbeek et al., 1992; Schregel et al., 2016]. There are only very few
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studies performed for temperatures below 300 K. Cao et al. [Cao et al., 1991]
studied N-CRR for mixture of atmospheric ions in helium obtaining good agreement
with theory. Me and my co-workers have investigated the recombination of Ar" with
electrons in ambient helium [Dohnal et al., 2013] with results very close to

theoretical predictions [Bates et al., 1965].

In 2008 Glosik et al. [Glosik et al., 2008] discovered a very fast helium assisted
recombination of H;" ions with ternary recombination rate coefficient on the order of
107 cm6s’1, i. e. more than hundred times higher than what would have been
expected based on the theory of Bates and Khare [Bates et al., 1965]. We later
observed similar behaviour for the deuterated isotopologues of H;" [Dohnal et al.,

2012c; Dohnal et al., 2016; Plasil et al., 2017].

The explanation suggested in ref. [Glosik et al., 2009] assumed that after collision of
H;" ions with electrons a Rydberg state with a long life-time is formed. The Rydberg
state then lives long enough to experience [-changing collision with helium
facilitating the recombination process. This was supported by calculations by C.
Greene and V. Kokoouline of lifetimes of Rydberg states formed in Hj"
recombination. The explanation was successful in predicting the order of magnitude
of the ternary recombination rate coefficient but rested on some crude assumptions
especially for the rate of /-changing collisions between H; Rydberg states and
helium. Moreover, similar mechanism could be expected also for other molecular
ions recombining via indirect recombination process involving Rydberg states. Our
studies on HCO" [Korolov et al., 2009] and N,H" [Shapko et al., 2020]
recombination in helium buffer gas have shown that the values of the corresponding
ternary recombination rate coefficients are at least order of magnitude lower than

those for H3* ions.
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Absoption spectroscopy

Basic concepts

Absorption of radiation by a quantum system is connected with a transition between
two energy levels. The decrease of the intensity / of monochromatic light passing
through homogenous absorbing medium is given by the Lambert-Beer law [Beer,

1852]:

dl(x,v)
T =—aW)I(x,v), (6)

where X is the position in the absorbing medium, v is the frequency of the radiation
and a(v) is absorption coefficient. In homogenous absorbing medium, a does not

depend on x and the solution of equation (6) is:
I(L,V) = IO eXp(—a(V)L) , (7)

where L is the distance traversed in the absorbing medium and [ is the initial light
intensity. Absorption coefficient depends on the number density of the absorbing

medium N(x) and on the photo-absorption cross-section a(v):
a(x,v)=N(x)oV). 8)
The shape of the absorption line is given by the line-shape function g(v):
ov)=Sg(), 9)
where S stands for integral absorption coefficient (line intensity).

Absorbance:

_ 1l 1)
Alv) = ln( I, (V)j ’ (10)

connects measured quantities with absorption coefficient. By substituting (7) in to

equation (10) we get:

13



In a more general case of non-homogenous absorbing medium containing more than

one absorbing specie, the absorbance is given by:
L
AW) =Y o) N(x)dx, (12)
i 0

Where g; is the phot-absorption cross section of a specie with number density N;(x).

Spectral line broadening

Several processes can influence the line-shape function g(v) of measured absorption
line. At experimental conditions for studies covered in this thesis, the most important

are: lifetime broadening, collisional broadening and Doppler broadening.

The finite lifetime of the states involved in the transition together with Heisenberg
uncertainty principle results in lifetime broadening with a Lorentzian line-shape

function [Bernath, 2005]:

Av
_ 2r
8W)= , (AvY (13)
w-=v,) +(2j

where vy, is the transition frequency and quantity

Av :L(L+LJ
o2\, 1, ) (14)
is proportional to the full width at half maximum (FWHM) of the line. 7, and 7, are
the lifetimes of the corresponding states. For transitions between bound states at
conditions present in plasmatic experiments this type of broadening can be usually
neglected. It can be important if the transition involves weakly bound or resonant

states or in an ultra-cold regime when other types of broadening disappear [McGuyer

et al., 2015].

Collisions of the studied system with other particles give raise to the collisional

broadening with Lorentzian line-shape function, where
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_ fcol
Av=" (15)
feo1 being the collision frequency. The values of pressure broadening are on the order
of 10 MHz per 100 Pa [Bernath, 2005]. An example of the pressure broadening
coefficients measured for the P(6) transition in the (200) «— (000) vibrational band of

N,H" in the helium buffer gas [Shapko et al., 2020] are shown in Table I.

Table I. Pressure broadening coefficients B, obtained by Shapko et al. [2020] for the
P(6) transition in the (200) <— (000) vibrational band of N,H" in the helium buffer

gas.
T(K) | Bo(10* cm'em’)
78 6.2+0.5
140 7.7+0.6
200 8.9+0.3
300 9.4+0.5

The thermal movement of particles with respect to the radiation source results in

Doppler broadening of the absorption line with gaussian line-shape function:

=t exp| - V)
SV ame, T 202 (16)
With
k Tin
Op =Vim ]chkz (17)

where kg is the Boltzmann constant, Ty, is the kinetic temperature of the measured

specie, M is its mass and c is the speed of light.

At 300 K and pressure of several hundred Pa, the Doppler broadening is dominant
mechanism for very light ions such as H3". If the mass of the studied ions is higher

or the temperature is lower, the collisional broadening cannot be neglected and has

15



to be taken into account in the data analysis by fitting the data by a Voight profile
[Shapko et al., 2020].

Cavity Ring-Down Spectroscopy

Originally developed for measuring the reflectivity of dielectrically coated mirrors
[Herbelin et al., 1980; Anderson et al., 1984], Cavity Ring-Down Spectroscopy
(CRDS) has been since then utilized in many spectroscopic applications [O’Keefe et.

al., 1988; Berden et al., 2009].

In principle, two highly reflective mirrors form stable optical cavity and light trapped
in the optical resonator leaks through the mirrors. The resulting signal on the

photodetector (ring-down) decays exponentially with time [Berden et al., 2009]:

I(v,t) =1(v,0)exp (— %) (18)

where:

d
c[A(v) = InR(W)] (19)

™) =

d is the distance between the mirrors, ¢ is speed of light and R is the reflectivity of
the mirrors. By measuring the ring-down time constant t(v) with and without
absorbing medium present, one can directly obtain the absolute value of the
absorbance A. A big advantage of this setup is no need to calibrate the light source

for the wavelength dependence of the emitted power.

There are various implementations of the CRDS technique, here only pulsed and

continuous wave variants will be discussed.

The reflectivity of the mirrors forming optical cavity of CRDS is very high (R ~
0.999 to 0.9999), therefore the majority of the incoming light is reflected. The
transmission of the resonator is also influenced by the interference of the light
circulating in the resonator. In the pulsed CRDS technique [O’Keefe et al., 1988] a
short high power laser pulse with a duration shorter than the time needed for the

photons to transverse the distance between the mirrors is used. The disadvantage of

16



this method is the necessity to utilize pulsed lasers that have typically broad

bandwidth unsuitable for high resolution spectroscopy.

The continuous wave CRDS (cw-CRDS) is a technique developed originally by
Romanini [Romanini et al., 1997]. He used continuous wave laser source coupled to
the cavity modes of the optical resonator and utilized resonant build-up of intensity
to inject enough power through the highly reflective mirrors. The process can be
illustrated on ideal Fabry-Perot resonator formed by parallel plane mirrors of infinite
dimensions. In such case, the steady state transmission / for incident light
propagating in a direction perpendicular to the entry mirror is given by [Yariv,

1997]:

(1 - R)?
2ndy
— R)2 in2 (2%
(1 =R)? 4+ 4Rsin ( 7 )

where 4 is the wavelength. For some values of d// the resonant condition is fulfilled
and I/l = 1. The corresponding standing waves are called modes of the resonator.
Similar result can be obtained for non-planar mirrors, for details see refs. [Lehmann
et al., 1996; Morville, 2001]. The planar configuration of mirrors is unstable due to
finite mirror dimensions [Yariv, 1997] and optical cavity of the CRDS is usually
formed by spherical mirrors. In such case the radii of the curvature of the mirrors, r;

and r, have to fulfil equation:

os(1—%)(1—%)s1, 21

The mode structure of such optical cavity is more complicated than for ideal Fabry-
Perot resonator. The solution of Maxwell equations with appropriate boundary
conditions involves standing waves with longitudinal modes (analogous to modes in
Fabry-Perot resonator, the fundamental mode is denoted TEMy;) and transverse
modes labelled TEM,;,, with m and n being integers. For details see ref. [Yariv,

1997].

To ascertain that the resonant condition for equation (20) is fulfilled, Romanini et al.
[1997] put one of the mirrors on a piezo element that changed the distance of the

mirrors by a value larger than the wavelength of the used light. The resonant

17



condition is then fulfilled at least twice per cavity sweep. This approach is also

utilised in our experimental setup (see in the corresponding section).

Langmuir probe diagnostics

Langmuir Probe, a metal electrode immersed in plasma, is one of the oldest
techniques of plasma diagnostics [Langmuir, 1923; Mott-Smith et al., 1926]. In
principle, the current-voltage characteristic of the probe is utilized to obtain various
plasma parameters such as electron number density n., electron temperature or
distribution function (EEDF). This section will introduce several equations
connecting current-voltage characteristic of single cylindrical probe with plasma
parameters. If not stated otherwise, it is assumed that following conditions are

fulfilled:

1) The probe does not emit electrons

2) Plasma is not disturbed outside a thin layer around the probe

3) The charged particles in plasma consist of singly charged ions and electrons.
Negative ions are not present.

4) The velocity distribution of charged particles in plasma is Maxwellian

5) The mean free paths of electrons and ions are substantially longer than the
Debye length Ap.

6) Independence of electron and ion currents.

An example of current voltage characteristic of single probe is plotted in Figure 3.
The characteristic can be divided in to three regions depending on the probe voltage
U. At plasma potential (U, inflexion point of the current-voltage characteristic
[Smith et al., 1979]) the probe is neither attractive nor repulsive for charged
particles. If U > Uy, electrons are attracted to the probe, while the ions are repulsed
(saturated electron current region). The electron current i_ collected by the probe is

then [Hutchinson, 2002]:
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i = mieA—pm;eene JeUs + kgTe, (22)
where Apope i the collecting surface of the probe, m. electron mass, e is the
elementary charge, Us = U, — U and kg is the Boltzmann constant. The electron
density can be obtained from the slope of the dependence of the second power of i_
on Us (i-square method [Mott-Smith et al., 1926]).

If U < U, the probe attracts ions and electrons are repulsed. Some of the electrons
have still enough kinetic energy to overcame the repulsive voltage and fall on the
probe. The more is the probe negative with respect to the plasma potential, the fewer
electrons are collected by the probe resulting in rapid decrease of the measured probe
current with decreasing voltage (retarding region). For Maxwellian electron velocity

distribution the electron current can be described in this region as [Pfau et al., 2001]:

kgT, ( eUS>

[- = —eNeAprope |5—€X .
2mme kgT,

(23)

Electron temperature can be determined from the natural logarithm of electron
current given by equation (23) or its second derivative. The second derivative of the
probe current in the retarding region can be also used to obtain the electron energy

distribution function f (EEDF):

2,/2m,Ug d?i_
Us) = )
FeUs) = g = 317 (24)
where fis normalized to unity:
f f(x)dx =1 (25)
0

Equation (24) derived by Druyvesteyn [Druyvesteyn, 1930] is valid also for non-
maxwellian EEDF.
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Figure 3. Adapted from ref. [Dohnal, 2013]. Absolute value of the current voltage
characteristic (full squares) and its second derivative (circles). Positions of floating
potential (Uy) and of plasma potential (U,) are denoted by vertical dashed lines. The
characteristic was obtained in Cryo-FALP II experiment in Ar" dominated helium

buffered plasma at 7 = 250 K and P = 800 Pa.

The region of the current-voltage characteristic where U << U, is denoted as
saturated ion current region. If the electron and ion currents collected by the probe
are the same, the overall current is zero and the corresponding voltage is called

floating potential Up.

Microwave diagnostics

The microwaves have been used for plasma parameters determination for over
seventy years [Brown et al., 1952; Larsson et al., 2008] and many experimental
techniques were developed [Brown et al., 1952; Torrisi et al., 2022]. In some of the
presented studies we employed a method based on tracing the changes of the
resonance frequency of the cylindrical resonator in dependence on electron number
density in the resonator [Shapko et al., 2021]. The shift Af, of the resonance

frequency f; is proportional to the electron number density n. [Sicha et al., 1966]:
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2mmg J, E*dv
ne = Aih =02 2405\ ., '
O fydo (5 B2V

(26)

where E is the intensity of the field in the resonator, V and V’ are the volume of the
resonator and of the plasma column, respectively, Jy is the Bessel function of the
zeroth order, m. and ey are the electron mass and charge and r is the radius (inner)
of the discharge tube containing the plasma with r being distance from the axis of the

resonator.
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Experimental techniques

The results presented in this thesis were obtained using two modifications of the
stationary afterglow technique (SA-CRDS and Cryo-SA-CRDS) and of the flowing
afterglow technique (Cryo-FALP II). A short overview of the experimental setup

will be given here.

Cryo-FALP II

Cryogenic Flowing Afterglow with Langmuir Probe is a low temperature
modification of the flowing afterglow technique [Fehsenfeld et al., 1966; Ferguson
et al., 1969] combined with axially movable Langmuir probe [Mahdavi et al., 1971].
A detailed description of the experimental apparatus can be found e. g. in ref.
[Kotrik, 2013]. A scheme of the Cryo-FALP II setup is shown in Figure 4.

He Microwave P1 P2 P3

resonator

C
40 -300K

Roots
Langmuir probe
[E : ] . .\ — pump
Probe movement system | NS~ | lJ
Heating / Cooling
system J @

Pumping

Coldhead

Figure 4. Adapted from ref. [Kotrik, 2013]. A scheme of the Cryo-FALP II

apparatus.

Helium buffer gas flows through the glass discharge tube where it is ionized by a
microwave discharge ignited in a Evenson cavity [Kotrik, 2013] and plasma
containing electrons, He", He," and helium metastable atoms (2 'S and 2 °S states of

helium) is formed. It is then driven to the stainless-steel flow tube with inner
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diameter of 5 cm. There are several entry ports for reactants positioned along the
flow tube. In this way, the plasma formation and the actual chemistry can be
separated as the reactant gases are not subject to the discharge and the reactants can
be added at specific position corresponding to the time in the afterglow. The electron
number density along the flow tube is probed by a Langmuir probe. At the end of the
flow tube, the gas is pumped by a Roots type pump ensuring buffer gas flow on the
order of thousands of sccm (~1 — 10 Pa m’s™). In some experiments the setup can be
modified by addition of a differentially pumped chamber and of a mass

spectrometer.

As denoted by capital letters in Figure 4, the flow tube is divided in to three sections
with different temperature. Section A, containing discharge tube, is kept at room
temperature. Section B is cooled by liquid nitrogen to approximately 100 K. The port
at the beginning of this section is usually used to add argon for effective removal of
helium metastable atoms. Section C is connected to the cold-head of the closed cycle
helium refrigerator enabling measurements in the range of 40 — 300 K. The flow tube
itself is positioned inside a vacuum chamber to minimize heat losses. The
temperature along the tube is monitored by type T thermocouples and DT-471-CU

silicon diodes.

Prior entering the apparatus, the helium buffer gas is purified by passing through
molecular sieves kept at liquid nitrogen temperature. Similarly, all the reactant gases

are purified using cold traps with liquid nitrogen or precooled ethanol.

The gas handling/mixing system of the apparatus (not shown in Figure 4) enables

using reactant number densities as low as 10" cm’s™.

Stationary afterglow with Cavity Ring-Down spectrometer

Two modifications of the stationary afterglow setup equipped with Cavity Ring-
Down spectrometer were used in presented studies — SA-CRDS and Cryo-SA-
CRDS. Both experiments share the gas handling and mixing system with the Cryo-
FALP II apparatus.
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SA-CRDS is an acronym for Stationary Afterglow apparatus with Cavity Ring-
Down Spectrometer. Detailed description can be found e. g. in refs. [Macko et al.,

2004; Dohnal, 2013] so only short overview will be given here.

The optical system consists of laser source, optical isolator to protect the laser from
back reflections, acousto-optic modulator (AOM) for fast switching off the laser
beam and spatial filter consisting of two lenses and a pinhole between them. The
optical cavity is formed by two mirrors positioned on the optical axis of the
apparatus 75 cm apart. The light exiting the cavity is then collected by a detector
based on avalanche photodiode and amplifier. The signal is then processed and

stored by the data acquisition system.
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Figure 5. Adapted from ref. [Shapko et al., 2021]. A scheme of the Cryo-SA-CRDS

apparatus.

The fused silica discharge tube of the SA-CRDS apparatus is placed inside a
microwave resonator cavity enabling discharge ignition. The tube is cooled by liquid
nitrogen or liquid nitrogen vapours enabling operation in the temperature range 80 —
300 K. In some experiments, heating elements were placed at both ends of the
discharge tube, outside of the microwave resonator, to heat up the tube to

approximately 350 K [Shapko et al., 2020].

During the experiments, discharge is periodically ignited in a mixture of gases and
then switched off after set time. The time evolution of the ion number density in

discharge and afterglow plasma is then probed by cavity ring-down spectrometer.

24



The Cryogenic Stationary Afterglow apparatus with Cavity Ring-Down
Spectrometer (Cryo-SA-CRDS) is a low temperature modification of the SA-CRDS
setup [Plasil et al., 2018]. A scheme of the apparatus is shown in Figure 5. It shares
many properties of the SA-CRDS setup (gas handling system, similar optical setup)

but there are important alterations highly enhancing its capabilities.

The cold head of the closed cycle helium refrigerator is connected to the microwave
resonator (green in Figure 5) and it is in turn attached by copper braids to the
discharge tube made of monocrystalline sapphire. This enables to prepare ions with
kinetic temperatures (evaluated from the Doppler broadening of the absorption lines)
as low as 30 K [Plasil et al., 2018]. The discharge tube and cold-head are inside a

vacuum chamber to ensure thermal insulation.

As the microwave resonator has no movable parts, to ensure the effective coupling
of the microwaves to the resonator, it is necessary to tune the frequency of the
microwaves to the resonant frequency of the microwave resonator. I have designed a
microwave source based on solid state microwave synthetiser (SLSMS5 from Luff
Research Inc) that can produce microwaves in the range of 2.4 — 2.6 GHz. The low
power (~ 10 mW) microwave radiation can then be switched on and off very fast
(rise and fall time of less than 1 ps) by a PIN switch. The microwave signal is then

amplified by an amplifier to 10 — 20 W that is enough to ignite the discharge.

In addition to the cavity ring-down spectroscopy, Cryo-SA-CRDS apparatus is
equipped by microwave diagnostics, based on tracing the shift of the resonant
frequency of the microwave cavity, for electron number density determination. As a
source of probing microwaves, I used the same setup as for plasma ignition but
without the amplifier stage. In connection with the data acquisition system, this
enables measurements of the evolution of the electron number density in afterglow
plasma with an effective time resolution of 2.5 us. The detailed description of the

setup can be found in ref. [Shapko et al., 2021].

The ability of the Cryo-SA-CRDS apparatus to probe at the same time electron
number density and the number density of the ions of interest is crucial for reliable
recombination rate coefficient determination even at conditions when the studied

ions are not dominant ionic species in the afterglow [Shapko et al., 2021].
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Data analysis

In quasineutral afterglow plasma containing singly charged ionic specie A" the time
evolution of the electron number density can be described by differential equation:
dnA na
— = = NN — —,
where n, and n. are number densities of ions A* and of electrons, o is the
recombination rate coefficient and 7 denotes the losses of ions by ambipolar
diffusion and by reactions (ion-molecule reaction, three-body association reaction,
etc.):

=—t— (28)

1 1 1
T 1Tp TR

here 7pp stands for ambipolar diffusion losses (assuming only fundamental diffusion

mode) and zg denotes reaction losses.

If A" is dominant ionic specie in afterglow plasma, then na = n. and equation (27)

has an analytical solution:

1

at (exp (t _T to) - 1) + nioexp (t _‘r to)’ (29)

Ne (t) =

that can be used to determine the recombination rate coefficient by directly fitting

the data. Here ng is the electron number density at time ¢ = .

If A* is not dominant ionic specie at the beginning of the afterglow but gradually
becomes dominant a technique called “Integral analysis” can be employed [Korolov
et al., 2008]. Let’s define the fraction of ions A™ with respect to all ions as &(7) =
na(t)/ne(t). Fraction &(f) varies with time and becomes unity when A" is a dominant
ion in the afterglow. The time evolution of the electron number density in afterglow

can then be rewritten as:

dn, Ne
o = —@One - —, (30)
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which after integration gives:

In [e(b)

ta
Ne (ta) “ tf E(t)nedt’ (31)

Where ¢, and #, are integration limits. When the studied ion becomes dominant,
&(r) =1 and the plot of the left-hand side of equation (31) in dependence on the
integral on the right-hand side gives a straight line with a slope -a. In this procedure,

7 is a variable parameter determined by minimizing the )(2 of a given fit.

If the plasma deionisation is dominated by recombination assisted by collisions with
electrons as third particles (as in the case of Ar" + ¢ + e — Ar + e recombination
studied in ref. [Dohnal et al., 2013]), o in equation (30) depends on n:

a = Kg_crrMes (32)

where Kgcrr is the ternary coefficient for electron assisted collisional radiative

recombination and for ¢ = 1 is the analytical solution of equation (30):

1

le (t) = 77
EEE——

0

while the “Integral analysis” has the form [Dohnal et al., 2013]:

In [ne(tb)] LTt

() . —Kg- CRR.[ §(t)nédt. (34)

Let’s assume a more general case when ions A" are not necessarily dominant in the
afterglow but they are no longer formed. In SA-CRDS or Cryo-FALP II experiment
based either on ion or on electron number density determination the mentioned data
analysis techniques would lead to erroneous results. The Cryo-SA-CRDS apparatus
enables simultaneous determination of the time evolutions of both electron and ion
number densities so all the time dependent quantities in equation (27) are known and

it can be solved by direct integration [Shapko et al., 2021]:

1
na(ty) = na(to)e X077V, (35)
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where

tj

X(t) = f ne(t)dt, 36)

to
and
Y(t) = t; — to. (37)

Note that na, X(#;) and Y(#) are measured in Cryo-SA-CRDS experiment (or can be
calculated from measured quantities), so we can find the parameters na(t), @ and z

that fulfil the equation (35) in the least square sense.
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Figure 6. Adapted from ref. [Shapko et al., 2021]. The time evolutions of electron
(squares) and Hs;" (full line) number densities obtained in Cryo-SA-CRDS
experiment in helium buffered afterglow plasma at different number densities of H,.
The dashed line is a fit to the data by equation (35). The corresponding effective
recombination rate coefficients are written in each panel, the displayed error being
the statistical error of the fit. The conditions of the experiments were: T = 200 K,
[He] = 3x10"7 cm™, [Ar] = 2x10" cm™ and [H,] in the range of 4.6x10" to 2.6x10"

3
cm”.
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Examples of the time evolutions of H;" and electron number densities measured in
the Cryo-SA-CRDS experiment are plotted in Figure 6. In panel a) of Figure 6 the
H;" ions are dominant ions in the afterglow plasma. As the number density of Hj
increases, Hs" ions are formed in the three-body association reaction of Hy" with Hj
and helium. In panel d) the H3" ions are no longer dominant in later afterglow but the
recombination rate coefficient evaluated by fitting the data by equation (35) is within

the error of the measurement the same as in panel a) of Figure 6.

We also tested the data analysis procedure on a case of H3" ions in neon buffer gas.
Here, due to unfavourable chemistry, the fraction of Hs" ions in the afterglow was
less than one half of all ions the rest being mainly NeH" (the formation of H3* from
the reaction of NeH" with H, is very slow). Nevertheless, the evaluated effective
recombination rate coefficient for Hs* ions was within error of the measurement the
same as for Hy" ions in helium gas of the same number density. For details see ref.

[Shapko et al., 2021].

As a side note, as the left and right-hand side of equation (27) depends on the same
order of na, the result of the fitting by equation (35) is largely insensitive to
systematic errors in ns determination (e. g. uncertainty in transition line strength or

the length of absorbing medium).
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Results

Recombination of H;* with electrons - third-body assisted

recombination and the effect of nuclear spin

H;", the simplest polyatomic ion and the most abundantly produced molecular ion in
interstellar medium [Oka, 2006] is considered to play a key role in reaction chains
leading to formation of complex molecules in interstellar space [Oka, 2006; Millar,
2015]. In fact, the importance of H;" ions for interstellar chemistry was established

[Herbst et al., 1973] long before its actual detection [Geballe et al., 1996].

The dissociative recombination is the main destruction process for H;" ions in
interstellar medium [Larsson et al., 2008] and as such has been studied for over 70
years. The actual value of the recombination rate coefficient has been subject of
controversies with the results of various experimental groups differing by orders of
magnitude. Table II summarizes values of the recombination rate coefficient for

recombination of H;" ions with electrons obtained starting in the late forties.

Some of the inconsistencies in afterglow experiments were resolved by discovery of
surprisingly fast third-body assisted recombination of H;" ion in helium buffer gas
by Glosik and co-workers [Glosik et al., 2008] who showed that when the Hj"
recombination rate coefficients are plotted with respect to helium number density,
they can be fitted by a straight line: oc = apin + Kpe[He]. The inferred binary
recombination rate coefficient a;, was then in a good agreement with the results of
the latest ion storage ring study performed with vibrationally cold ions [McCall et
al., 2004]. A third-body assisted recombination process of magnitude similar to that
of H3" was later observed for its deuterated isotopologues [Kotrik et al., 2010;
Dohnal et al., 2012c; Dohnal et al., 2016; Plasil et al., 2017]. When the helium
buffer gas is exchanged for neon, the measured H;" recombination rate coefficients
are within the error of the measurement the same as in ambient helium [Shapko et
al., 2021] while we observed a substantially larger ternary recombination rate
coefficient for hydrogen buffer gas [Dohnal et al., 2014; Glosik et al., 2015]. The
ternary recombination rate coefficients Ky, and Ky, for H3" ions obtained in our

various studies are plotted in Figure 7.
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Table II. Recombination rate coefficient as measured for Hs;" ions in different
experiments using normal H; (ortho to para nuclear spin state ratio of 3:1). Adapted
from refs. [Plasil et al., 2002; Dohnal 2013]. SA — stationary afterglow, pw —
microwave diagnostics, IB — inclined beam, MB — merged electron-ion beam, IT —
ion trap, FALP — flowing afterglow with Langmuir probe, IR — infrared spectroscopy
in stationary afterglow setup, SR — ion storage ring, C1, C2 — compilations of

multiple experiments.

Year | o (107 cm’s™) Method Comment Reference

1949 25 SA/uw [Biondi et al., 1949b]
1951 20 and 60 SA/pw 1 and 7 torr, Hy | [Richardson et al., 1951]
1951 3 and 25 SA/pw 3 and 30 torr, H, [Varnerin et al., 1951]
1955 <0.3 SA/pw [Persson et al., 1955]
1973 2.3 SA/uw 300 K [Leu et al., 1973]
1974 2.5 IB [Peart et al., 1974]
1977 2.1 MB [Auerbach et al., 1977]
1978 1.5 IT [Mathur et al., 1978]
1979 2.1 MB [McGowan et al., 1979]
1984 <0.2 FALP [Adams et al., 1984]
1984 1.5 SA [MacDonald et al., 1984]
1988 0.2 MB [Hus et al., 1988]
1989 <0.0001 FALP Estimate [Adams et al., 1989]
1990 1.8 IR 273 K [Amano, 1990]
1992 1.5 FALP-MS 300 K [Canosa et al., 1992]
1993 0.1-0.2 FALP [Smith et al., 1993]
1994 <2 IR [Feher et al., 1994]
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Table II. Continued from previous page.

Year | o (10"7 cm3s'1) Method Comment Reference

1994 1.15 SR CRYRING [Sundstrom et al., 1994]
1995 1.4-2 FALP [Gougousi et al., 1995]
1998 0.78 FALP-MS [Laubé et al., 1998]
1999 0.7 SR TARN II [Tanabe et al., 1999]
2000 <0.13 SA [Ho] < 10" em™ [Glosik et al., 2000]
2001 1 SR ASTRID [Jensen et al., 2001]
2003 1.7 FALP 250 K [Glosik et al., 2003]
2004 0.68 SR CRYRING [McCall et al., 2004]
2004 1.6 IR 330K [Macko et al., 2004]
2008 0.75 FALP, C1 260 K [Glosik et al., 2008]
2013 0.6 FALP, C2 300K [Rubovic et al., 2013]
2015 0.6 FALP, IR 300K [Hejduk et al., 2015]

Some of the values of the recombination rate coefficients obtained in afterglow
experiments are very low and cannot be explained by third-body assisted
recombination (see refs. [Adams et al., 1984; Adams et al., 1989; Smith et al., 1993;
Glosik et al., 2000]). Smith et al. [Smith et al., 1993] in fact observed a fast decay of
electron number density in early afterglow and argued that vibrationally excited H3"
ions are responsible and H;"(v = 0) recombination is a slow process. Glosik et al.
[Glosik et al., 2000] reported a very low value of the recombination rate coefficient
for low number densities of reactant hydrogen while for [H,] > 10" cm™ the value of
the recombination rate coefficient saturates at Oes = 107 cm’s™. Note that at low H,
number densities the H;" ions have on average less than one collision with hydrogen
prior recombination so their internal states populations could have been far from

equilibrium.

32



- @ H Heassist. FALP & SACRDS 1k

— 1000 - O H;, He assist. present ? ﬁ ! 3 ‘Q—

c‘;‘t’.l) [ @ H;, H,assist. present ]
e 100 = - -Ar’, He assist. theory B&K E
G : :
§ 10
o 1k,
T L. X.*’..o”cl;ﬂ;lﬂ—
X KA
N Lol = Ag%s ]
T 01} — . $/\,/7 E
' 3 * g E
[ '[/7.90,]/ ]
" 0.01 L » He; Beriande e > 1BsK
T Y YE . A A .. 14—
x t @ He], Deloche * N, NO", O, Cao .
1E-3 [ @ He, Johnson A Ar,Dohnal .\ /i
100 200 300 400
T (K)

Figure 7. Adapted from ref. [Glosik et al., 2015]. The dependence of the values of
ternary recombination rate coefficients on temperature for helium (open squares and
full circles [Glosik et al., 2009; Varju et al., 2011; Dohnal et al., 2012a; Johnsen et
al., 2013]) and hydrogen (full squares [Glosik et al., 2015]) buffer gas. The values of
K obtained by us for Ar' ions [Dohnal et al., 2013] and by other groups for He,"
[Berlande et al., 1970; Johnson 1971; Deloche et al., 1976] and a mixture of
atmospheric ions in helium [Cao et al., 1991] are plotted for comparison. Theoretical

value scaled for Ar" ions in helium [Bates et al., 1965] is plotted as dotted line.

In the last ten years I and my co-workers used improvements in instrumentation to
characterize the H;" dominated afterglow plasma used for recombination rate
coefficient determination. We have shown that at conditions under which the values
of the H3" recombination rate coefficient were reported in refs. [Glosik et al., 2008;
Rubovic et al., 2013; Hejduk et al., 2015], the rotational and nuclear spin state
populations of the recombining ions are in accordance with thermal equilibrium at
given temperature, the electron temperature is close to the temperature of the buffer
gas (with a rather large systematic error of 40 — 70 K [Dohnal et al., 2013; Hejduk et
al., 2015; Kalosi et al., 2016]) and that the Hs" ions are dominant ions in the
afterglow and predominantly in their ground vibrational state (see panel a) of Figure
6 and ref. [Shapko et al., 2021]). The same can be stated for our studies focused on

determination of the nuclear spin state selective recombination rate coefficients for
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H;" ions that will be described below, with an exception of the nuclear spin state
populations that are given by the nuclear spin state population of the used hydrogen

gas.

For a long time, the theoretical predictions suggested that the recombination of Hs"
ions with electrons will be very slow at low collisional energies due to lack of
favourable potential curve crossings. The inclusion of the Jahn-Teller mechanism
into the calculations [Kokoouline et al., 2001] led to the increase of the calculated
recombination rate coefficient by orders of magnitude and after some refinement
[Fonseca dos Santos et al., 2007; Pagani et al., 2009; Jungen et al., 2009] to a very

good agreement with afterglow and ion storage ring data at 300 K.

The most recent theory [Pagani et al., 2009] predicts that at low, astrophysically
relevant, temperatures the recombination rate coefficients for ortho and para nuclear
spin states of Hs" differ by a factor of four or more. The groups based around TSR
and CRYRING ion storage rings confirmed that para-H;" ions recombine faster than
ortho-H;" but only small enhancement was observed at low collisional energies [Tom
et al., 2009; Kreckel et al., 2010]. Note that the rotational temperature of the Hs"
ions in the ion storage ring experiment was probably 300 K or higher [Petrignani et

al.,2011].

We have studied the recombination of ortho- and para-H;" ions utilizing the ability
of our SA-CRDS experimental setup to probe in situ the time evolutions of different
quantum states of H;" ions. The recombination rate coefficient was first measured
using normal hydrogen (thermal nuclear spin state ortho to para ratio of 3:1 at
300 K) and then the measurement was repeated using the same experimental
conditions but with H, gas passing through paramagnetic catalyst leading to ortho to
para ratio of 90:10 or better [Zymak et al., 2013]. In this way we were able to obtain
the nuclear spin state specific recombination rate coefficients for H;" ions in the
temperature range of 80 — 300 K [Varju et al., 2011; Dohnal et al., 2012a; Dohnal et
al., 2012b]. Later, we used the ortho-H;" and para-H;" populations determined in
SA-CRDS to extend these measurements to 60 K using the Cryo-FALP II setup
where the direct determination of nuclear spin state populations of recombining ions

is not possible [Hejduk et al., 2015].

34



H+ T SA-CRDS /FALP/CF |
2.5 T, % : @ Hwith"H, |
- ::oe i B ortho-H]
2 ’Q \ +
© ' A A poraH,
g 20 M DR theory
. ---. TDE
~ N g
o N \. === ortho-H,
N S \ .
1.5 5, 2 === para-H, -
5| L%
w o So (R E
8 \ ~. O \.i\.
£ 1.0n L. 1sTR
3 !V
c - -
£
Q
3
o
=
Q0
3
Q

Figure 8. Adapted from ref. [Hejduk et al., 2015]. A compilation of nuclear spin
state specific binary recombination rate coefficients obtained in Cryo-FALP II
[Hejduk et al., 2015] and SA-CRDS experiments [Varju et al., 2011; Dohnal et al.,
2012a]. The values for para-H;" and ortho-H3" ions are plotted as triangles and
squares, respectively. The open and full diamonds denote values of binary
recombination rate coefficient measured in Cryo-FALP II experiment in normal or
para enriched hydrogen gas, respectively, while the full circles are values of binary
recombination rate coefficient for H;" ions obtained using normal hydrogen in our
previous studies [Dohnal et al., 2012a; Rubovic et al., 2013]. Full lines are fits to the
corresponding recombination rate coefficients (for details see ref. [Hejduk et al.,
2015]). The dashed lines labelled “ortho”, “para” and “TDE” denote theoretical
predictions by Pagani et al. [Pagani et al., 2009] for ortho-H;", para-H;" and H;"
ions with thermal populations of states, respectively. The arrows on the right-hand
side of the figure denote values of the corresponding recombination rate coefficients

measured at 300 K in ion storage ring experiment CRYRING [Tom et al., 2009].

The binary recombination rate coefficients obtained for ortho-H;", para-H;" and Hs"
with thermal population of nuclear spin states are shown in Figure 8. As can be seen

from the figure, at 300 K the recombination rate coefficients for ortho-H;" and para-
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H;" are the same within the error of the measurement and very close to the values
reported in CRYRING experiment for 300 K [Tom et al., 2009]. As the temperature
decreases the difference between the measured recombination rate coefficients for
ortho and para nuclear spin states of H;" increases in excellent confirmation of

theoretical predictions [Pagani et al., 2009].

It is necessary to note that the models of diffuse interstellar gas clouds are unable to
get agreement with astronomical observations when our or theoretical recombination
rate coefficients for ortho- and para-H;" ions are used [Albertsson et al., 2014]. The
best fit between calculations and observations was achieved when ortho- and para-
H;" ions recombined with the same recombination rate coefficient with a value two
times higher than that reported in CRYRING experiment [McCall et al., 2004].
Some piece of the puzzle is evidently missing — the production (cosmic rate
ionisation), the destruction (dissociative recombination) or the nuclear spin state
specific reactions between ortho/para-H;" and ortho/para-H,. Clearly more
experimental work is needed to solve this conundrum. I hope that the new ion

storage ring in Heidelberg [von Hahn et al., 2016] will address this issue.

In order to extend our recombination studies to lower temperatures, we developed
the Cryo-SA-CRDS apparatus enabling operation in the temperature range of 30 —
300 K. A detailed description of this apparatus can be found in corresponding

section of this thesis or in ref. [Plasil et al., 2018].

One of the first tests of the new experimental setup was preparation of cold H;" ions
with kinetic temperature around 30 K. At such temperature, almost all H;" ions are
in the lowest ortho state (1,0) or in the lowest para state (1,1) of Hs". Changing the
nuclear spin populations of Hs" using procedure described above then results in
different population of these two rotational states of H3* [Dohnal et al., 2019]. An
example of absorption line profiles obtained with normal H; (ortho to para ratio of
3:1) and almost pure para hydrogen gas is shown in Figure 9. Thus, we can change
the population of the lowest rotational state (1,1) from 46 % up to 83 % of all Hy"
ions, the remainder being mainly in the (1,0) state. This opens way to recombination

study focused on reactivity of particular low-lying rotational states of H3".
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Figure 9. Adapted from ref. [Dohnal et al., 2019]. The absorption line profiles
obtained in Cryo-SA-CRDS experiment at 35 K for the two lowest rotational states
of Hs": ortho-H3"(1,0) and para-H;"(1,1). Upper panels: fraction of para-H, in used
hydrogen gas was "/, = 0.995 = 0.005. Lower panels: the same as in upper panels,
PH=0.25.
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Recombination of H,D" and HD," with electrons

The deuterated isotopologues of H;" — H,D*, HD," and Ds;" — are produced in
interstellar medium in a reaction chain starting with collision of H;" with HD
molecule [Hugo et al., 2009]. H,D" and HD," were detected in interstellar medium
[Tennyson et al., 2001; Millar, 2005; Parise et al., 2011] and all four isotopologues
play an important part in present chemical models of interstellar molecular clouds
[Albertsson et al., 2013; Sipila et al., 2013; Das et al., 2015]. The dissociative
recombination with electrons is an important loss process for these ions in
interstellar medium and one of the pathways for production of D atoms [Roberts et

al., 2004; Sipila et al., 2013].

Theoretical calculations by Pagani et al. [Pagani et al., 2009] suggest that H,D"
should recombine with electrons faster than HD," by a factor of three at low
temperatures prevalent in molecular gas clouds while only small isotopic effect is

predicted by Jungen et al. [Jungen et al., 2009].

In contrast to the breadth of experimental data focused on H;" recombination with
electrons there are only few studies concerning H,D* and HD,". The recombination
cross sections for HD," ions were measured in merged-beam experiment by Mitchell
et al. [Mitchell et al., 1984] and the cross sections and recombination rate
coefficients for H,D* and HD," ions were also obtained by ion storage ring
CRYRING [Datz et al., 1995; Zhaunerchyk et al., 2008], while the relative cross
sections and product branching ratios were measured in ion storage ring TSR

[Lammich et al., 2003; Strasser et al., 2004].

Unfortunately, the rotational populations of the ions in ion storage ring experiments
were probably pertaining to the temperature of 300 K [Petrignani et al., 2011] so the

applicability of these results for cold interstellar medium is questionable.

Until 2016, there were no studies of dissociative recombination of H,D* and HD," in
plasma afterglows. This is not surprising as it is extremely difficult to prepare
afterglow plasma with either H,D* or HD," as dominant ions. An example of the

dependence of the fractional populations of H;" and its deuterated isotopologues on
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the relative fraction of deuterium in hydrogen/deuterium mixture used in a stationary

afterglow experiment SA-CRDS is shown in Figure 10.

As can be seen from Figure 10 we were unable to produce plasma with fractional
populations of H,D™ or HD," substantially higher than 0.3. A similar behaviour was
observed also at 80 K and 125 K. To surmount these obstacles, I decided to utilize
the properties of the SA-CRDS setup — the ability to probe in situ number densities
of particular ionic states. Light from several DFB (distributed feedback) laser diodes
and an external cavity diode laser covering overtone transitions of H;*, H,D*, HD,"
and D;" was directed on the same optical path and then coupled in to the optical
cavity of the SA-CRDS apparatus. In this way, we were able to probe the time

evolutions of number densities of all isotopomers of H;" in discharge and afterglow

plasma.

fraction

Figure 10. Adapted from ref. [Plasil et al., 2017]. The dependences of the fractional
populations of Hs*, H,D*, HD," and D3" on Fp, = [D,]/([H,] + [D,]) obtained in SA-
CRDS experiment at 145 K with helium buffer gas pressure of 1500 Pa and [H;] +
[D,] = 1x10" ¢cm™. The full lines are for eye guiding only. The data were obtained
using known absorption lines of particular ions. For details see in refs. [Dohnal et

al., 2016; Plasil et al., 2017].
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Assuming plasma quasineutrality and that the H;" isotopomers are dominant ionic
species in the afterglow, the measured effective recombination rate coefficient can

be written as:

Ueff = A3+ fuz+ + Auzp+fuzp+ + @up2+ fup2+ + A3+ fHD3+ (38)

where ¢; and f; are the recombination rate coefficient and the relative fraction of
respective isotopomer. Fortunately, f; did not significantly change in the afterglow
plasma and were considered constant in the data analysis. Similarly to H;" and D;"
recombination, the omp+ and omps+ depended on buffer gas pressure due to helium
assisted three-body recombination. At given temperature and buffer gas pressure we
measured the dependence of the effective recombination rate coefficient (obtained
from the time evolution of the sum of number densities of all isotopomers) on Fp; =
[D21/([Hz] + [D,]). We utilized the binary and ternary recombination rate coefficients
for Hy" and D;* measured in our previous studies using the same or similar
experimental setup [Dohnal et al., 2012a; Dohnal et al., 2012b; Dohnal et al., 2012c;
Hejduk et al., 2015] and the probed fractions f; to evaluate binary and ternary
recombination rate coefficients for H,D* and HD,". The binary recombination rate

coefficients obtained at three different temperatures are plotted in Figure 11.

As can be seen from Figure 11, the error of the obtained binary recombination rate
coefficients is quite high but the disagreement with theoretical calculations by
Pagani et al. [Pagani et al., 2009] for H,D" ions is evident, especially at low
temperatures. It is important to note, that these values are the only low temperature
recombination rate coefficients available for H,D+ and HD," ions, where the
rotational populations of recombining ions were measured in situ. I am looking
forward to the new generation of ion storage rings (for example CSR in Heidelberg
[von Hahn et al., 2016]) to bring forth rotationally resolved recombination rate

coefficients and confirm (or refute) our results.
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Figure 11. Adapted from ref. [Plasil et al., 2017]. Temperature dependence of the
binary recombination rate coefficients for H,D" and HD," ions. Quantum mechanical
calculations by Jungen and Pratt [Jungen et al., 2009; Pratt et al., 2011] (H,D" - dot-
dashed line, HD," — double-dot-dashed line) and by Pagani et al. [Pagani et al.,
2009; | (H,D" — dashed line, HD," — full line) are plotted for comparison. Dotted
lines denoted by label “CRYRING” show the values obtained in ion storage ring
experiment CRYRING [Datz et al., 1995; Zhaunerchyk et al., 2008] at 300 K and

extrapolated to lower temperatures by using 7% dependence.

The measured recombination rate coefficients were dependent on helium buffer gas
number density with the corresponding values of ternary recombination rate
coefficients on the order of 10> cm®™ i.e. similar to those observed for H;" and D5*
ions. For more details on the H,D* and HD," recombination experiments see refs.

[Dohnal et al., 2016;, Plasil et al., 2017].
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Recombination of D;" with electrons

Although part of models of interstellar chemistry, and so far, not yet observed in
interstellar medium, the recombination of D3;* with electrons has not enjoyed such
spotlight as that of Hs". Nevertheless, there are several afterglow [Smith et al., 1993;
Laube et al., 1998; Poterya et al., 2002; Novotny et al., 2006], merged electron — ion
beam [van der Donk et al., 1991] and ion storage ring [Larsson et al., 1997; Le
Padellec et al., 1998] studies focused on this ion mainly by groups that also studied

the dissociative recombination of Hs* with electrons.

For a long time, the theoretical predictions insisted that D3* ions will recombine only
very slowly with electrons [Larsson et al., 2008]. Mirroring the theoretical advances
in H;" recombination, the inclusion of Jahn-Teller coupling mechanism led to
substantial increase of the calculated recombination rate coefficients [Pagani et al.,
2009; Pratt et al., 2011] and to good agreement with the most recent afterglow
[Dohnal et al., 2012c] and ion storage ring [Le Padellec et al., 1998] data.

Unsurprisingly, the same disagreements between data obtained by different groups
as was observed for H;" recombination take place also for its fully deuterated
isotopologue. In case of H;" ions, some of these disagreements were resolved when
Glosik et al. [Glosik et al., 2008] discovered surprisingly fast helium assisted three
body recombination process for H;" ions. Me and my co-workers then focused on
D;" recombination using cryogenic modification of FALP technique (Cryo-FALP 1I)

and stationary afterglow with cavity ring-down spectrometer (SA-CRDS).
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Figure 12 . Adapted from ref. [Dohnal et al., 2012c]. Dependence of the effective
recombination rate coefficient for D;" ions on helium number density at 80 K. The
data were obtained in the SA-CRDS experiment (full squares) [Dohnal et al., 2012c]
and using various modifications of the FALP technique (triangles and open squares
[Kotrik et al., 2010; Dohnal et al., 2012c]). The full and the dashed line are fits to
the data at 80 K and 100 K, respectively. The horizontal dotted line is the theoretical

prediction for binary recombination rate coefficient from ref. [Pagani et al., 2009].

Our results confirmed existence of helium assisted three body recombination process
with values of the ternary recombination rate coefficients comparable to those of Hy"
[Kotrik et al., 2010; Dohnal et al., 2012c]. An example of the dependence of the
measured effective recombination rate coefficient on helium number density
obtained for D;* ions at 80 K is shown in Figure 12. The value of the effective
recombination rate coefficient linearly increases with increasing helium number
density and its extrapolation to [He] = 0 is in reasonable agreement with theoretical
predictions. The linear fit of the data plotted in Figure 12 (aesr = onin + Kye[He])
yields the binary (apin) and the ternary (Ky.) recombination rate coefficients. These

are plotted in Figure 13 and Figure 14, respectively.

The measured values of the binary recombination rate coefficient for D;* ions are in

a good agreement with theoretical predictions by Pratt and Jungen [Pratt et al.,
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2011] while the values calculated by Kokoouline and Greene [Pagani et al., 2009]
are slightly larger than our data. According to private communication with
V. Kokoouline [Kokoouline, 2012], Pratt et al. [Pratt et al., 2011] used experimental
data for the Jahn-Teller coupling while in the ref. [Pagani et al., 2009] the couplings
were theoretically calculated — the theoretical Jahn-Teller coupling constant is about
10% larger than the experimental one, which makes the recombination rate

coefficient larger by about 20%.
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Figure 13 . Adapted from ref. [Rubovic¢ et al., 2013]. Temperature dependence of the
binary recombination rate coefficients for D;" ions. The values obtained in SA-
CRDS (rhomboids [Dohnal et al., 2012c]) and FALP (full and open circles [Kotrik
et al., 2010; Rubovic et al., 2013]) experiments are compared to the data from ion
storage ring CRYRING (double-dotted-dashed line [Le Padellec et al., 1998]) and to
the theoretical predictions by Kokoouline [Pagani et al., 2009] and by Pratt and
Jungen [Pratt et al., 2011]. The full line is a fit to our FALP and SA-CRDS data.

Of particular note is the temperature dependence of the ternary recombination rate
coefficient Ky for D3* ions. It’s value changes only very slowly between 100 K and

300 K but around 100 K drops significantly and then slowly increases with
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decreasing temperature. We have not observed similar behaviour for H;* ions

(compare with data in Figure 7).
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Figure 14 . Adapted from ref. [Johnsen et al., 2013]. Dependence of the ternary
recombination rate coefficients for D;" ions in helium on temperature. The data were
obtained in our SA-CRDS (open circles, [Dohnal et al., 2012c]) and FALP
experiments (full circles, squares, crosses, see ref. [Kotrik et al., 2010] and
references therein). The triangles denote values of ternary recombination rate
coefficient measured for Ar' ions in helium [Dohnal et al., 2013], while the stars are
ternary recombination rate coefficients reported by Cao et al. [Cao et al., 1991] for a
mixture of atmospheric ions in helium. Theoretical value scaled for Ar" ions in

helium [Bates et al., 1965] is plotted as dotted line.
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Recombination of N,H" with electrons

N,H" is one of the key ions in the chemistry of interstellar medium and has been
observed in a variety of environments such as translucent and dark clouds,
protoplanetary disks or protostellar cores and it is used as a tracer for N; in dark
clouds [Turner et al., 1974; Turner et al., 1995; Caselli et al., 2002; Anderson et al.,
2019]. NoH" is also supposed to play a role in chemistry of Titan’s atmosphere

[Vuitton et al., 2007].

The main production pathway for N,H" ions in interstellar medium is proton transfer
in reaction of H;" with N, while it is mainly destroyed in collisions with electrons

(dissociative recombination) or CO molecules (proton transfer reaction).

Owing to its importance to interstellar chemistry, the dissociative recombination of
N,H" ions with electrons has been studied for over 40 years [Larsson et al., 2008]
with the results of various theoretical and experimental studies differing by almost
an order of magnitude. The early merged beam study by Mul and McGowan [Mul et
al., 1979a] reported value of recombination rate coefficient for N,H" ions at 300 K
to be o = 7.5x107 cm’s™ but this value should be probably divided by two due to
calibration error [Larsson et al., 2008]. Flowing Afterglow with Langmuir Probe
(FALP) experiments obtained values ranging from 1.7x107 em’s™ t0 2.8x107 cm’s™
at 300 K [Smith et al., 1984; Adams et al., 1984; Smith et al., 1993; Rosati et al.,
2004; Poterya et al., 2005] while the ion storage ring CRYRING first reported the
value of recombination rate coefficient at 300 K to be 1.0x10” cm’s™ [Geppert et
al., 2004] later refined upwards to 2.7x107 cm’s™! [Vigren et al., 2012]. At lower
temperatures, relevant for astrochemistry, the FALP and ion storage ring data differ
by a factor of two or more. It can be expected that the rotational and vibrational
populations of NoH" ions in FALP experiments were in accordance with thermal
equilibrium at given temperature. The rotational temperature of ions in ion storage
ring was probably 300 K or higher [Petrignani et al., 2011]. The only experiment
with in situ identification of recombinating ions was performed by Amano [Amano,
1990] using absorption spectroscopy with a = 7x107 cm’s’ at 273 K, a value

substantially higher than in other mentioned studies.
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Only few theoretical studies focused on dissociative recombination of N,H" ions
with electrons. The direct process of dissociative recombination is highly inefficient
at low energies as shown by Talbi [Talbi, 2007] and by Hickman et al. [Hickman et
al., 2011]. The indirect process was studied by Fonseca dos Santos et al. [Fonseca
dos Santos et al., 2014; Fonseca dos Santos et al., 2016] but their results are by up to
factor of two lower than the FALP or ion storage ring results and by almost order of

magnitude lower than the results of Amano’s experiment [Amano, 1990].

To resolve these discrepancies, I opted to utilize the SA-CRDS setup to probe the
time evolutions of number densities of several rovibrational states of NoH" ions in
recombination dominated afterglow plasma to ensure that the studied ions are
rotationally and vibrationally cold and the measured quantity is really thermal

recombination rate coefficient.

In contrast to our previous studies on recombination of isotopomers of Hs* with
electrons, where usable transitions were known, in case of NoH" we had to find the
transitions originating from the low laying rotational states in the ground and the first
excited vibrational state of NoH" ions. The corresponding spectroscopic study is
described in ref. [Kdlosi et al., 2017]. Another complication has arisen due to the
higher mass of N,H" ion with respect to H3" resulting in lower Doppler broadening
and thus relatively more pronounced effect of collisional broadening. This had to be
taken into account especially at higher buffer gas pressures used to estimate the

influence of third bodies on measured recombination rate coefficient.

An example of measured time evolutions of number densities of several rotational
states of NoH" ions in the ground vibrational state is shown in Figure 15. As can be
seen from Figure 15, the relative populations of different states of N,H" are constant
in afterglow plasma and are very close to those expected for thermal population of
states. A similar picture was observed also for the first vibrationally excited state of
NoH'(vi = 0, vo = 1, v3=0) with the average vibrational temperature slightly higher
than the kinetic temperature of the ion 7Tii,. For details see ref. [Shapko et al., 2020].
It can be thus safely assumed that the measured recombination rate coefficients
correspond to NoH" ions with thermal populations of rotational and vibrational

states.
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Figure 15. Adapted from ref. [Shapko et al., 2020]. Upper panel: Measured time
evolution of number densities of several rotational states of NoH (v = 0, v, = 0,
v3=0) at 140 K, Tiiy = 139 = 6 K, [He] = 1.5x10" em™, [Ar] = 2.5x10" cm™, [H,] =
5%10'* cm™ and [N>] = 4x10" cm™. The electron number density, not measured in
presented experiments, was calculated from the ion number densities under
assumption of quasineutrality of plasma and thermal population of states. Middle
panel: Time evolution of relative populations of rotational states from upper panel.
Thermal populations of states are denoted by dashed lines. Lower panel: Time
evolution of rotational temperature of the NoH" ions in discharge and afterglow

plasma.

As is the case in every experiment reported in this thesis, prior the actual
measurement we employed a model of chemical kinetics to ascertain the best
conditions for planned experiment. For example, at high number densities of
nitrogen reactant gas the NyH" ions can be formed in three body association reaction

of N,H" ions with N, and He:
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k
N,H* 4+ N, + He —> N,H* + He, (39)

where kngy = 2.8x10% cm’s™ as measured at 80 K in SIFT experiment [Adams et
al., 1984]. Reaction (39) gives upper limit for number densities of helium and
nitrogen that can be used in the experiment. This is demonstrated in Figure 16 where
the measured effective recombination rate coefficient increases with increasing
number density of N, in accordance with the prediction of the model of chemical
kinetics. Note that the electron number density was not measured in these
experiments. As other ions than N," are produced in the afterglow, the data
evaluation procedure (see section on data analysis, equation (29)), that assumes [N]
= n, gives proportionally higher value of the effective recombination rate

coefficient.
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Figure 16 . Adapted from ref. [Shapko et al., 2020]. The dependence of the
measured effective recombination rate coefficient on number density of molecular
nitrogen at T = 200 + 5 K, [He] = (1 — 5)x10"7 cm™, [Hy] = (3 — 7)x10" cm™, [Ar] =
5x10'* cm™. The dashed line denotes recombination rate coefficients obtained from

the model of chemical kinetics (for details see ref. [Shapko et al., 2020]).
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We have seen no dependence of the measured effective recombination rate
coefficient on number density of hydrogen or helium. As N,H" recombines with
electrons via indirect mechanism of dissociative recombination [Fonseca dos Santos
et al., 2014] we were interested if the ternary recombination rate coefficients for
helium assisted recombination of N,H" ions with electrons will be of similar
magnitude as those for H;" ions (and its deuterated isotopologues). As we have seen
no dependence of the measured effective recombination rate coefficient on helium
number density, we were only able to estimate an upper limit for NoH" ternary

recombination rate coefficient.
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Figure 17. Adapted from ref. [Shapko et al., 2020]. The dependence of the
measured recombination rate coefficient for NyH™ on temperature. The data were
obtained in helium buffer gas with exception of the value at 350 K that was
measured in hydrogen buffer gas. The recombination rate coefficients obtained in
previous experiments are shown as rhomboids [Adams et al., 1984], squares [Smith
et al., 1993], stars [Poterya et al., 2005], triangles [Amano, 1990], double-dot-dashed
line [Mul et al., 1979a] and full line [Vigren et al., 2012], respectively. Recent
quantum mechanical predictions are plotted as dotted-dashed line [Fonseca dos
Santos et al., 2016]. The estimated systematic error of our data is denoted by dotted

lines.
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The obtained values of binary recombination rate coefficients for NoH' ions are
plotted in Figure 17 together with the data from experiments of other groups [Mul et
al., 1979a; Adams et al., 1984; Amano, 1990; Smith et al., 1993; Poterya et al., 2005;

Vigren et al., 2012] and theoretical predictions [Fonseca dos Santos et al., 2016].

As can be seen from Figure 17, there is a very good agreement between the values
obtained in our SA-CRDS experiment [Shapko et al., 2020] (full circles) and those
from ion storage ring CRYRING [Vigren et al., 2012] (full line) at 300 K but around
100 K the CRYRING values are by more than factor of two higher than the SA-
CRDS data. Here it is necessary to point out one of the differences between these
two experiments. In our case, the ionic rotational and vibrational populations are
very close to the buffer gas temperature, in ion storage ring, the ion rotational
temperature was probably 300 K [Petrignani et al., 2011] even at low collisional
energies. The difference between our thermal recombination rate coefficients and
those from the CRYRING experiment could be an indication of higher reactivity of
rotationally excited states with respect to the lower lying states. A similar effect was
recently observed in recombination of HeH" ions with electrons [Novotny et al.,

2019].
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Recombination of N, ions with electrons - dependence on

vibrational excitation

The abilities of the Cryo-SA-CRDS setup are nicely demonstrated in our recent

experiments focused on recombination of N," ions with electrons.

Molecular nitrogen is the most abundant gas in the atmosphere of the Earth and also
important component of atmospheres of other large objects in solar system [Elliot et
al., 2000; Krasnopolsky, 2014; Krasnopolsky, 2020]. It is considered to be prevalent
in ices on surfaces of trans-Neptunian objects [Young et al., 2020]. This results in
N," being one of the main ions in the Earth atmosphere [Min et al., 2022] and in
atmospheres of other solar system bodies such as Titan [Lammer et al., 2020] and

Triton [Yung et al., 1990].

The dissociative recombination of N, ions with electrons,

N2+e‘%N+N, (40)

is an important process in modelling of planetary ionospheres [Fox et al., 1985;
Sheehan et al., 2004; Fox, 2005] and as such has been studied for more than 70 years
both theoretically and experimentally [Sheehan et al., 2004; Larsson et al., 2008].
The recombination rate coefficients obtained in afterglow studies [Kasner et al.,
1965; Mehr et al., 1969; Zipf, 1980; Mahdavi et al., 1971; Canosa et al., 1991;
Geoghegan et al., 1991] were limited to the temperatures of 300 K or higher with
values in the range of 1.8 — 2.9x10” cm’s™. A particular issue was observed by Zipf
[Zipf et al., 1980] in his stationary afterglow experiment who reported that only
87 % of N," ions were in their ground vibrational state the rest populating mainly v =
1 and v = 2 states. Johnsen [Johnsen, 1987] and later Bates and Mitchell [Bates et
al., 1991] pointed out that at conditions present in Zipf’s experiment a strong
resonant charge transfer process between N," ions and nitrogen molecules will take

place:

N3 (v/) + Na(v = 0) & N3 (v = 0) + Np(v/), (41)

52



resulting in high vibrational temperature of the N," ions. Bates’ reanalysis of these
data also indicated that the value of the recombination rate coefficient for higher

vibrational states should be lower than for the ground state [Bates et al., 1991].

The results of the flowing afterglow studies [Mahdavi et al., 1971; Canosa et al.,
1991; Geoghegan et al., 1991], although performed without identification of the
vibrational state of the recombinating ions, are likely pertaining to the ground
vibrational state due to way how the ions are prepared in such experiments.
Nevertheless, these studies were limited to 300 K partially because of fast formation
of N, ions in three body association reaction of N, with helium and N, at low

temperatures .
N,* + N, + He » N, + He. (42)

The value of the rate coefficient for reaction (42) is higher than 2x10%° em’s™ at

300 K [Anicich et al., 2000].

Mul et al. [Mul et al., 1979b] obtained in their merged electron — ion beam
experiment value of the recombination rate coefficient an+ = 3.6x107 (Te/300)'0'5
cm’s™ valid for electron temperatures in the range of 100 — 20 000 K (according to
discussion in ref. [Larsson et al., 2008] this value should be divided by a factor of
two due to calibration error). Later merged electron — ion beam study by Noren et al.
[Noren et al., 1989] reported for vibrationally cold ions a substantially lower value
of anze = 0.4x107 cm’s™ at 300 K and the value of the measured recombination

coefficient increased with increasing vibrational excitation.

Ion storage ring experiment CRYRING [Peterson et al., 1998] and another merged
electron — ion beam study by Sheehan et al. [Sheehan et al., 2004] reported
practically identical cross sections in a broad energy range with inferred values of
the recombination rate coefficient at 300 K of 1.75x10” ¢cm’s™! and 1.50x10” ¢cm® s'l,
respectively. The vibrational populations of recombining ions reported by Peterson
et al. [Peterson et al., 1998] were 46% percent of all N, ions in the v = 0 state, 27%

mv=1,10%inv =2, and 16% in v = 3 state.

There are no experimental data on recombination of vibrationally cold N," ions with

electrons for temperatures below 300 K.
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Guberman extensively studied the collisions of N," ions with electrons using
multichannel quantum defect theory [Guberman, 1991; Guberman, 2012;
Guberman, 2014]. He predicted that at high temperatures the v = 0 state will
recombine with electrons substantially faster than the vibrationally excited states. At
300 K the ratio between the recombination rate coefficients for v =0 and v = 1 states

is less than 1.5 and decreases with decreasing temperature.

Little [Little et al., 2014] calculated the recombination rate coefficients for different
vibrational states of N, using R matrix theory. His approach was recently refined by
Abdoulanziz [Abdoulanziz et al., 2021] who included in the calculation higher
kinetic energies of incoming electrons and more vibrational levels of the target
molecular ion. These calculations were in agreement with Guberman’s predictions
[Guberman, 2014] that the recombination process is more effective for v = 0 state of
N," than for v = 1 state. On the other hand, the calculated ratio between the
recombination rate coefficients for v =0 and v = 1 states is more than 4 and does not
significantly decrease with decreasing temperature. The actual value of the v = 0
recombination rate coefficient at 300 K predicted by Abdoulanziz et al. [Abdoulanziz
et al., 2021] is higher than that of Guberman [Guberman 2014], while the value for v

= 1 state is substantially lower.

Based on this lengthy overview, it is clear that in order to obtain the recombination
rate coefficient for N,* ions in the ground vibrational state in an afterglow study,
several conditions have to be fulfilled: 1) It is necessary to probe in situ the
rotational and vibrational populations of the recombining ions to ensure that majority
of the N," ions are in the v = 0 state. 2) Used experimental technique together with
data analysis have to be able to provide reliable recombination rate coefficients even
at conditions when N, ion will not be dominant ions in the afterglow due to

formation of N4" ions at low temperatures.

We addressed the first point by using cavity ring-down spectroscopy to probe the
number densities of different rovibrational states of N," utilizing transitions
originating in the ground and the first excited vibrational state (X 2E;(V =0)-A
My(v = 2) and X *Z,'(v = 1) — A II,(v = 3)) around 785 nm and 812 nm,
respectively. Our results have shown that within the error of the measurement the

rotational temperature of N," ions was very close to the wall temperature. Less than
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1.5 % of all N," ions were in the v = 1 state ensuring that the measured results were

pertaining to the ground vibrational state.

For the second point, the simultaneous measurement of time evolutions of N,* and
electron number densities enabled us to determine the recombination rate
coefficients for N»" (for more details on recombination rate coefficient determination
at conditions when the studied ions are not dominant in afterglow plasma see
discussion in Data analysis section of this thesis). An example of measured data is

shown in Figure 18. The data were fitted by equation (35).
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Figure 18 . Adapted from ref. [Uvarova et al., 2022]. Time evolutions of measured
electron and N," number densities in afterglow plasma at 230 K,
[He] = 6.4x10'° cm’s™ and [N,] = 6.7x10" cm’s™. The dashed line is fit to the data
using equation (35). The N," number density was calculated under assumption of
thermal population of states from the absorption at the centre of the Q22(9.5) line of

the °X," - °I1, (0 - 2) Meinel band of N,".

Similar data sets as in Figure 18 were obtained for different number densities of
helium and nitrogen in the temperature range of 140 — 250 K. The resulting
recombination rate coefficients are plotted in Figure 19 together with values obtained

in previous studies. Of particular interest is the comparison to experiments in which
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the actual vibrational population of recombining ions was probed. The ion storage
ring study by Peterson et al. [Peterson et al., 1998] reported that more than half of
the N," ions were in excited vibrational states with the corresponding recombination
rate coefficient of about half of our value. The values of the recombination rate
coefficient for N, ions obtained in stationary afterglow experiment by Zipf [Zipf,
1988], with 13 % of N," ions in excited vibrational states, are between those
measured by us and by Petersen et al. [ Petersen et al., 1998]. Based on these data we
estimated that the recombination rate coefficient for N,* ions in v = 1 state at 250 K

1S oaN+v=ly = (4 £ 4)><10"8 cm’s™. For more details see ref. [Uvarova et al., 2022].
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Figure 19. Adapted from ref. [Uvarova et al., 2022]. Dependence of the binary
recombination rate coefficient for N," ions on temperature. The values from the
Cryo-SA-CRDS experiment (full squares [Uvarova et al., 2022]) are compared to
the data obtained in previous experimental [Kasner et al., 1965; Mehr et al., 1969;
Zipf, 1988; Canosa et al., 1991; Goeghan et al., 1991; Peterson et al., 1998;
Sheehan et al., 2004] and theoretical [Abdoulanziz et al., 2021] studies.

Both the measured recombination rate coefficient for the vibrational ground state and
the estimated value for v = 1 state are in a very good agreement with the most recent

quantum mechanical calculations by Abdoulanziz et al. [Abdoulanziz et al., 2021].
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Dissociative recombination of N, ions with electrons is a nice example that the
measured value of recombination rate coefficient can profoundly depend on the

internal excitation of recombining ions.

Selected experiments in 22-pole radiofrequency ion trap

The 22-pole radiofrequency ion trap technique was developed by Dieter Gerlich in
the late 20" century [Gerlich, 1992] and was successfully utilized for determination
of reaction rate coefficients for temperatures ranging from room temperature down
to below 10 K [Gerlich, 1995; Gerlich et al., 2011; Plasil et al., 2011; Zymak et al.,
2013; Kumar et al., 2018; Plasil et al., 2021].

I was lucky to work with late Dieter Gerlich during my stay in Chemnitz, Germany

and then in Prague. He was a unique person both on professional and personal level.

The description of the 22-pole radiofrequency ion trap apparatus at the Department
of surface and plasma science, Faculty of Mathematics and Physics of Charles
University can be found e. g. in ref. [Zymak et al., 2013] so only short summary will
be given here. The ions are produced in a storage ion source (SIS) by electron
bombardment then mass selected by passing through quadrupole mass spectrometer
(QMS) and guided by ion optics to the 22-pole ion trap. After set time the trapped
ions are released and after mass selection in second QMS detected using
multichannel plate detector (MCP). The trap itself is connected to cold-head of a

closed cycle helium refrigerator enabling operation in the range of 10 — 300 K.

The trapped ions cooled by collisions with buffer gas (usually helium) can react with
added reactant gas. Reaction rate coefficients for ion — molecule reactions and

product branching ratios can be determined.

I have participated on several studies involving this apparatus [Plasil et al., 2011;
Plasil et al., 2017; Kovalenko et al., 2018; Tran et al., 2018; Roucka et al., 2018;
Rednyk et al., 2019; Rednyk et al., 2021; Kovalenko et al., 2021; Plasil et al., 2021]
but I have decided to focus here on some advanced abilities of the 22-pole ion trap
setup, namely to probe the internal excitation of trapped ions and to study isomer

specific reaction rate coefficients and branching ratios.
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The radiofrequency traps have been utilized for molecular spectroscopy for almost
twenty years using schemes like laser induced reactions [Schlemmer et al., 1999],

laser inhibited cluster growth [Savic et al., 2015] and others [Roithovd et al., 2019].

In our case we followed approach in ref. [Otto et al., 2012] to determine the
rotational temperature of OH ions in the trap using photodetachment spectroscopy.
Light from a diode laser passed through 22-pole ion trap and the wavelength
dependent rate of the decay of OH ions (proportional to the photodetachment cross
section) was observed. An example of measured data is shown in Figure 20. The
sudden increases of the photodetachment rate correspond to threshold energies for

photodetachment from various rotational states of OH" ions.
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Figure 20. Adapted from ref. [Plasil et al., 2022]. Photodetachment rate at trap
temperature Tppr = 115 K and [He] = 5.5x10" cm™. The obtained rotational
temperature is Ty = 111 + 6 K. The full line denotes the fit of the data under
assumption of the thermal population of states with temperature as a free parameter
Insert: The relative populations of the lowest rotational states of OH  anion
(triangles) determined from the plotted data with the populations of rotational states
up to J = 3 as free parameters. The circles denote the calculated thermal populations
at 115 K. The value measured for J = 3 is given by indistinguishable contributions
from states with J = 3, 4, and 5 (because of the position of the corresponding
photodetachment thresholds and probed wavelength range). The cross denotes the

sum of the calculated relative thermal populations of these states.
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The analysis of the data like those plotted in Figure 20 enables not only the
calculation of the rotational temperature of trapped ions but also determination of
actual populations of corresponding rotational states (see insert in Figure 20). We
have shown [Uvarova et al., 2021; Plasil et al., 2022] that for rotational temperature
measurement as few as five or six data points are sufficient. These experiments
enabled us to prove that the rotational population of the ions reacting in the trap is in
accordance with thermal equilibrium at given temperature in the range of 50 —
200 K. For reliable rate coefficients determination it is crucial to ensure that the

reacting ions are in a well-defined state.

The second experiment, I would like to focus on, was in fact not performed in
Prague but during my stay at MPE in Garching, Germany. The experimental setup is
similar to that in Prague experiments differing slightly in construction of the 22-pole
trap itself and in detection system (Daly detector instead of MCP). The data
acquisition is based on mass selection using QMS that is not sensitive enough to
distinguish between two isomers (HCN™ and HNC" in this case) but can be utilized,

using clever scheme, to determine the reaction rate coefficients for these ions.

A mixture of HCN"/HNC™ ions was prepared in storage ion source from acetonitrile
or BrCN/H,O precursors, then mass selected and trapped in the 22-pole
radiofrequency ion trap. The actual ionic composition was monitored by reactions
with SFg or O, that have different products for HCN* or HNC™ [Petrie et al., 1990).
The trapped ions then reacted with added H, gas and the reaction product were, after
set trapping time, analysed by detection system consisting of QMS and Daly
detector. Approximately 90 % of the trapped ions corresponding to mass 27 Dalton
were HCN™. To transform the HCN™ to its low energy isomer HNC" we utilized the
isomerisation reaction with CO, that was added to the trap [Hansel et al., 1998]

resulting in more than 90 % of ions at mass 27 Dalton being HNC".

The rate coefficients for reaction of HCN™ with H, were obtained in the temperature
range of 17 — 250 K and were close to Langevin reaction rate. The rate coefficients
for the reaction of HNC" with H, were measured in the temperature range of 70 —
250 K (limited by freeze out of CO;) and increased with decreasing temperature
from half of Langevin reaction rate coefficient at 250 K to slightly below Langevin

rate at 70 K. for both ions the product of the reaction is HCNH™,
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Similar approach was used for the determination of the reaction rate coefficient for
the reaction of CN" ions with H, and its product branching ratios. The CN" ions
produced in the storage ion source from BrCN/H,O were mass selected and trapped
in the 22-pole radiofrequency ion trap. A short pulse of helium with H, admixture
resulted in production of HCN™ and HNC" at the beginning of the trapping period.
The reaction of the produced HCN* and HNC" with SFs was utilized to determine
the product branching ratios. The reaction rate coefficient for reaction of CN* with
H, was determined in the range of 17 — 250 K, while the branching ratios were

measured only for temperatures above 90 K (due to freeze out of SF6).

The results are summarized in Figure 21 and are prepared for publication.
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Figure 21. Adapted from ref. [Dohnal et al., 2022]. Reaction rate coefficients for
reactions of CN™ (red), HCN" (cyan) and HNC" (dark blue) ions with H, (top) and
branching ratio for the CN™ + H, reaction (bottom). Open symbols denote values
from previous studies (star [Scott et al., 1997], the rest from ref. [Petrie et al.,
1991]). The Langevin reaction rate coefficient for reaction of CN" ions with Hj is
1.54x10° cm’s™. Green down arrow points to the freezeout temperature of SFg that

was used for branching ratio determination.
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Conclusions

This thesis summarized years of studies of recombination of atomic and molecular
ions with electrons performed in afterglow plasma using several experimental
techniques. I focused on the influence of collisions with third bodies on the
recombination process and on the possible different reactivity of different quantum

states of ions.

I gradually realized that in order to obtain reliable recombination rate coefficients it
is necessary characterize in detail the recombining ions — their internal excitation —
and also the environment in which the recombination takes places. This is of course
very time consuming — it took approximately two years to obtain data on NoH"
recombination with electrons [Shapko et al., 2020]. The determination of H,D" and
HD," [Dohnal et al., 2016; Plasil et al., 2017] recombination rate coefficients was
even more demanding. But it is a necessary sacrifice as otherwise we would be blind
to possible effects of for example vibrational excitation of recombining ions as was

the case in many previous experiments on N," recombination [Uvarova et al., 2022].

This meticulous approach to recombination studies is supported by advances in
instrumentation. After several low temperature FALP modifications, we developed a
cryogenic stationary afterglow apparatus (Cryo-SA-CRDS) enabling recombination
studies in the range of 30 — 300 K with different diagnostic techniques [Plasil et al.,
2018; Shapko et al., 2021].

We are now in a unique position. Our present experimental equipment and years of
experience in recombination studies are coming to fruit as now we are able to study
recombination of a large scale of ions not limited by the necessity of them being
dominant specie in afterglow plasma and with resolution of particular quantum states
(see discussion in section on N," recombination and in refs. [Shapko et al., 2021;

Uvarova et al., 2022]).

As stated in a famous misquote of Shakespeare, the future is the undiscovered

country.
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Utilizing different ratios of para to ortho H, in normal and para enriched hydrogen, we varied the

population of para-H;™*

in an H;* dominated plasma at 77 K. Absorption spectroscopy was used to

measure the densities of the two lowest rotational states of H;*. Monitoring plasma decays at different
populations of para-H;" allowed us to determine the rate coefficients for binary recombination of
para-H;* and ortho-H;* ions: Pay,,(77K) = (1.9 0.4) X 1077 cm’®s ™! and °a;,(77K) = (0.2 +0.2) X

1077 em3s™!.

DOI: 10.1103/PhysRevLett.106.203201

Introduction.—H; ™ is the dominant ion in many types of
hydrogen-containing plasmas including astrophysically
relevant plasmas [1,2]. It is the simplest polyatomic ion;
its properties are well known [3,4]. The recombination of
H, " has been studied for over 50 years [5,6]. Only re-
cently, the process of binary dissociative recombination
(DR) of H;" was described by going beyond the Born-
Oppenheimer approximation and accounting for Jahn-
Teller coupling [7]. The calculated cross sections [8,9]
and the cross sections measured recently in storage ring
experiments are approaching each other [10,11]. Presently,
no reliable rate coefficient measured with storage rings
below 300 K exists [12,13]. Only two years ago, it was
demonstrated that the recombination rate coefficients
(effective a) determined from plasma decay during an
afterglow are composed of the binary and ternary process
[14]. Taking this into the account, an agreement between
experimental and calculated (DR) rate coefficients has
been achieved for 77-300 K [15-19].

For temperatures below 300 K, the theory [9] of DR of
H," predicts different values of recombination rate coef-
ficients for different nuclear spin states of Hy; ™ (Papy and
?apy for para-H, ™ with a total nuclear spin quantum num-
ber I = 1/2 and ortho-H; ™ with 7 = 3/2, respectively).
The qualitative reason is that at small collisional energies
there are more Rydberg resonances of the neutral para-Hj
that can be populated during the electron-ion collisions. Itis
because there are more low energy rotational states of the
ground vibrational state of para-H; *, for example, (J, K) =
(2,2) and (2, 1) (corresponding to energy of ~151 and
249 K). For ortho-H;*, the lowest rotational states of the
ground vibrational state have relatively higher energies [for
example, (3,0) corresponds to ~650K]. More Rydberg
resonances in para-H; enhances DR cross sections in
para-H;* more than in ortho-H;* at low temperatures
(<200 K). The difference between ”apg and ‘ap, was
partly confirmed by storage ring experiments [10].

The recent observations made towards several diffuse
molecular clouds showed a large difference between
excitation temperatures Tjo(H,) and T(H; ") derived from

0031-9007/11,/106(20)/203201(4)
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the relative intensities of lowest rotational levels of H, and
H,*, respectively (for details, see Ref. [20]). These obser-
vations lead to the conclusion that in a reliable chemical
model the nuclear spin dependences of the reactions, in-
cluding recombination of para- and ortho-H;*, have to be
considered. The dependences on spin, rotational excitation,
and temperature have to be measured.

In this Letter, we report results of our pursuit of mea-
suring the recombination rate coefficients P« and °a of
pure para-H,* and pure ortho-H;*. This is achieved by
in situ determination of para-H; " and ortho-H; ™ densities
in an H;* dominated and recombination governed plasma
in a He-Ar-H, mixture at 77 K. In the following, we will
use upper left index p, o, n, and e to indicate “‘para,”
“ortho,” “‘normal,” and ‘‘para enriched,” respectively,
e.g., PH,, °H,, "H,, and °H,. For para-H;" and
ortho-H;™ ions we use ”H; and °H;. Symbols 7 and
? f denote relative populations (fractions, 7f + °f = 1) of
H,* ions in the para and ortho state, respectively (i.e.,
rf=[PH;*]/[Hy"] and °f =[°H;"]/[H;"]). Normal
("H,) and para enriched (°H,) hydrogen were used in the
experiments. In "H,, 1/4 of the H, molecules are in para
and 3/4 in ortho states. In a low temperature hydrogen
afterglow plasma, the main processes determining the
density of PH;™ and °H,™ are diffusion and the following
processes:

Pa .
eff
PH," + e — neutral products,

Oy
0H3+ + e — neutral products, (1)
+ Ypo 0 +
PH,T 2 °H,",

Vop

where P o and ? a4 are the effective rate coefficients of
the overall recombination of PH;* and °H; ™, respectively.
Vpo and v, are frequencies of "H;™ to “H; ™ transitions
and vice versa. If collisions with 7H, and “H, dominate
such processes, then v, and v,, can be expressed as v =
k["°H,] where k is a rate coefficient of the corresponding

© 2011 American Physical Society
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nuclear spin changing reaction. The balance equations for
PH," and “H;* are

d["H;"] ["H;"]
dl‘3 = _paeff[pH3+]ne - 7'; - Vpo[pH3+:|
+ vop[PH; "], 2
d[uH +] [()H +]
761: = _oaeff[oH3+]ne - TZ - Vop[0H3+]
+ Vpo[pH3+:|, 3)

where 7p is the time constant of ambipolar diffusion.
If [PH;"]+[°H;"] = n,, then we obtain by summing
Egs. (2) and (3)

dn n
— = _(paeffpf + anffof)ng - == _aeffng -

ne

dt D D

“4)
We see that a.; determined from the decay of n, [21]
depends on Pf, °f, Pa g, and a . If Pf and °f are
constant during the afterglow, the decay can be described
by an effective recombination rate coefficient . =
Pa g’ f+ ay’f. If aqp is measured at least for two
different values of 7f, one can derive Pa and o g4.
The overall recombination includes a binary and a ternary
helium assisted recombination [15-18]. In the first ap-
proximation we can write

et (T, [He]) = ayin(T) + Ky (T)[He], )

where ay,;, and Ky, are the corresponding rate coefficients;
a similar relation can be written for 7 and °a ;.

Because of the weak coupling of the nuclear spin to the
remaining degrees of freedom in Hy;* and H,, the proba-
bility of changing the nuclear spin by radiation is very low.
In the present experiment, the main nuclear spin scram-
bling process is the reaction with H, via the formation of an
(Hs™")* reaction complex [20,22-27]. This reaction allows
efficient scrambling of the protons. Besides the dynamical
details, rather stringent nuclear spin selection rules affect
the ratio of [PH; "] and [°H; "] in the plasma [20,22-28].
Therefore the change in 7 f can be achieved by using “H,
instead of "H, [20,23,29]. By performing the measure-
ments with different [He], the values ay;, and Ky for the
individual spin states have been obtained. For a detailed
discussion of experiments with "H,, see Refs. [14,15,19].

Experiment.—In the experiment, the plasma is formed in
a pulsed microwave discharge in a fused silica tube cooled
by liquid nitrogen to 77 K. The discharge was ignited in a
mixture of He-Ar-H, (a typical composition 10'%, 10,
10'3 ¢cm™3 [30]). Para enriched “H, was produced from
"H, by using a Fe,O; catalytic converter cooled below
20 K. Nuclear magnetic resonance spectroscopy was used
to determine the fraction of PH, [ > (87 % 5)%].

The ion density was measured with a near infrared
cavity ring down absorption spectrometer [31,32]. The
densities of the two lowest rotational states of the ground
vibrational state of H;* were measured by using the tran-
sition 3v3(2,0) < 029(1,0) for °H;* and 3v}(2, 1) —
ng(l, 1) for PH;*; for notation and details, see
Refs. [31,32]. In a thermodynamic equilibrium at 77 K,
these two lowest rotational states contain = 86% of the
population of Hy*. The Doppler broadening of the absorp-
tion lines was measured to obtain the kinetic temperature
of H;". The measured kinetic temperature of ions in the
active discharge was (80 = 15) K. Because of the high
helium density [[He] = (2-18) X 10'7 cm™%)], the relaxa-
tion time for the electron temperature is below 1 us. In the
early afterglow, the electron and ion temperatures relax,
and in the later afterglow (= 50 us), we can expect that
the temperature of electrons and ions is 77 K.

Because of high [He], [H,], and n,, any ion has on
average 10° collisions with He, 10 collisions with electrons
[33], and more than 10 collisions with H, prior to its
recombination. This is why it is safe to assume that during
the afterglow the population of states within the ”H;* and

T T T T T T T 1
! 77K
10" N
TR
e 107y
o £ ! Para enriched H,
c T TR W T S U R
o !I I T I T I T I T I E
5 i n, —— o-Hz (all) |
= 1011 I 1Ny - — -fit —°-H§(3,3%=
@ E ! E
o —— p-H(all)
8 a0 ]
10

100 200 300
Time (us)

400 500 600

FIG. 1 (color online). The decay curves measured for PH3+
and °HJ using para enriched H, (°H,, top panel) and normal H,
("H,, middle panel). Obtained n, are also plotted. The line
indicated as (3,3) in the middle panel is a decay curve for
H,* in the eponymous state. The fractions ” f of ”H;* measured
in experiments with "H, and “H, are plotted in the lower panel.
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0- normal H,. TDE stands for thermodynamic equilibrium.
< 75 P2 enrichedH, o - ® coefficients of H;* with 7f = °f = 0.5 were obtained:
S tromalt® ® o ] "oy (77 K) = (1.0 £0.2) X 1077 cm®s™! for the binary
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FIG. 2 (color online). Dependencies of effective recombina-
tion rate coefficients on He density. Upper panel: Data from
experiments with "H, and “H, ("a. and “a ). Included are
data obtained in the FALP experiment using "H, (at 82 = 5 K,
open squares). Lower panel: Relative populations of PH,"
(fraction 7f) measured in experiments using "H, and °H,.
Middle panel: The effective recombination rate coefficients
Pag, and “agy for PHy" and °Hy* calculated from measured
Cagy, "oy, and P £

°H,* manifold is thermalized to 77 K and it is sufficient to
measure densities of Hy" in the lowest rotational states,
i.e, (1, 1) of P7Hy* and (1, 0) of °H; . This assumption was
confirmed also by the measurement of a population distri-
bution among (3, 3) metastable ortho state [24] and two
aforementioned states in the "H, discharge for tempera-
tures in the 77-200 K range.

Results and discussion.—When using "H, as precursor,
we observed ”f = ¢ f = (0.5; see Figs. |1 and 2. That holds
for the whole H, density range used in the present experi-
ments [(0.5=5) X 10 cm™3].

For each set of experimental conditions, the evolutions
of [PH;*] and [°H;*] were measured and n, were calcu-
lated (Fig. 1). From these evolutions, we extracted «.¢ and
P f. The first 50-100 us of the decay are excepted from the
analysis to exclude the formation-relaxation region. In
Fig. 2 (upper panel), rate coefficients measured with "H,
at 77 K are plotted as a function of [He]. The data were
fitted by using Eq. (5), and the recombination rate

probe in the flowing afterglow experiment (FALP) at
(82 = 5) K are also plotted for comparison [15].

Using “H, as a precursor, we increased the fraction of
PH, ™. The obtained g and ? f are plotted in Fig. 2. It is
evident already from these plots that the recombination of
PH,™ is faster. From ¢« g and ? f, measured with °H,, the
values P and ° v for PHy* and °H, ™ were calculated.
In these calculations, the dependence fitted through data
measured with "H, was used as a reference (full lines in
Fig. 2 indicated as " ). By fitting the data ” oy and v ¢
with a linear dependence [Eq. (5)], we obtained corre-
sponding binary and ternary recombination rate coeffi-
cients. For PH;", Pa,, = (1.9 +0.4) X 1077 cm®s™!
and PKy, = (1.9 *£0.4) X 1072 cm®s™!. For °HJ,
2ap, = (02+02) X 1077 ecm®s™! and °Ky, < (1.1 =
0.4) X 107 cm®s~!. The results are summarized in
Fig. 3—the agreement with FALP experiments [15,19] and
with the theory [9] is excellent.

Summary.—By using a cavity ring down absorption spec-
trometer, the evolution of ortho-H;* and para-H;* den-
sities has been monitored in sifu during the afterglow. From
such measurements, effective rate coefficients of recombi-
nation of H, ™, for a particular para-H, " /ortho-H; " ratio at
77 K, have been determined and the effective recombina-
tion rate coefficients of both spin modifications (” & g and
“a ) were obtained. The rate coefficients of the binary
recombination of para-H;* and ortho-H;* (Pa,;, and
?ayp;,) were determined by measuring at different [He].

To our knowledge, this is the first study of Hy™ recom-
bination with in situ determination of the composition of
the decaying plasma with respect to para and ortho states of
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H,*. Since the majority of the ions is in the lowest
rotational states of para and ortho modifications [(1, 1)
and (1, 0)] at 77 K, it is the first time that binary recombi-
nation rate coefficients were obtained for ions in the
ground vibrational, specific nuclear, and rotational states.
The theoretical prediction made for binary DR [9] is in
excellent agreement with our data. No reliable storage ring
data below 300 K exists [13].
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Recombination of D;’ ions with electrons at low temperatures (80-130 K) was studied using spec-
troscopic determination of D; ions density in afterglow plasmas. The use of cavity ring-down ab-
sorption spectroscopy enabled an in situ determination of the abundances of the ions in plasma
and the translational and the rotational temperatures of the recombining ions. Two near infrared
transitions at (5792.70 & 0.01)cm™~" and at (5793.90 £ 0.01)cm™! were used to probe the num-
ber densities of the lowest ortho state and of one higher lying rotational state of the vibrational
ground state of D;r ion. The results show that D3+ recombination with electrons consists of the
binary and the third-body (helium) assisted process. The obtained binary recombination rate co-
efficients are in agreement with a recent theoretical prediction for electron-ion plasma in thermo-
dynamic equilibrium with o, (80 K) = (9.2 2.0) x 1078 cm? s~!. The measured helium assisted
ternary rate coefficients Ky, are in agreement with our previously measured flowing afterglow data
giving a value of Ky.(80 K) = (1.2 +0.3) x 1072 cm®s~'. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4767396]

I. INTRODUCTION

The astronomical importance of trihydrogen cation Hy
has been driving research in many areas of both physics and
chemistry' for a long time. This simplest of all polyatomic
ions and its isotopologues are also very important for the-
ory, because their properties including interactions with elec-
trons, can be calculated. Processes leading to formation and
destruction of Hy ions and similar processes in which deuter-
ated isotopologues are formed or destroyed are important for
astronomy and fundamental physics. Deuteration of H and
formation of H,D™, HD;r , and D; are important processes
that enable us to characterize the environment in which the
deuteration takes place.” This also includes interstellar plasma
and plasmas under physical conditions believed to be appro-
priate for pre-protostellar cores.”> The particular importance
of H7, but also of H,D* and HDJ, was recognized and they
were detected in interstellar plasma.*~’ These detections con-
firm expectations that multiple deuterated ions play a key role
in the chemistry of the early universe.” The inclusion of HD;
and D7 in the models leads to predictions of higher values
of the D/H ratio in the gas phase.* Unfortunately, D; has not
been directly observed in the interstellar medium or in other
astronomical object up to now.

Because of its fundamental character, the recombination
of HI and DY ions with electrons has been studied for over
60 years with emphasis on H;’ (see, e.g., the book by Larsson
and Orel®). For details on recombination studies of the DY
ion, see Refs. 9-19. For both HY and D7 significant differ-
ences between recombination rate coefficients were obtained
in different types of experiments'®%1%-15:1%:20 gver many years
and the differences between the experimental values and the
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theoretical ones were very large.”! Moreover, recombination
studies of H,D* and HDJ ions are very rare.”>™

Only in the early 2000s the modern theory of bi-
nary dissociative recombination (DR) of these ions was
formulated.’*?® Agreement between this theory and exper-
iments achieved in the late 1990s and in the years 2000-
2003 was only partial. The remaining discrepancies were
assumed to be in internal excitation of recombining ions,
which can play a role at low collision energies. Because
of this assumption ion storage rings were equipped with
“cold ion sources” and better agreement was obtained for Hy
recombination.?®=3! In these experiments, it had been assumed
that the “cold” rotational distributions measured in the ion
source, survived the injection and storage in the ring. Recent
high-resolution storage ring experiments indicate that these
assumptions were not necessarily correct.’>3* At this mo-
ment, there are no reliable storage ring data for Hj recom-
bination below 300 K (see discussion in Refs. 32 and 33). We
assume that the situation with DY is similar to H (i.e., no
reliable data from storage ring experiments exist for low tem-
perature recombination of the D;L ion).

In our laboratory, we have studied D; recombination
using stationary afterglow (AISA experiment'*3*) and also
flowing afterglow (FALP).'> In our recent studies, we discov-
ered a fast ternary neutral assisted recombination of H7 and
D7 ions in plasma.'®'%:35-37 At temperatures between 77 and
300 K in helium buffer gas, the losses due to this ternary pro-
cess are comparable with the losses due to binary dissociative
recombination already at a buffer gas pressure of few hundred
Pa. When this process is accounted for, then the rate coeffi-
cient of binary process can be obtained from afterglow exper-
iments. In Hi experiments, we obtained very good agreement

© 2012 American Institute of Physics
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of the measured binary recombination rate coefficients with
the ones theoretically predicted for thermodynamic equilib-
rium (TDE) and for pure para- and pure ortho-H7 .*%*!

Among the Hi studies only few were made using
spectroscopic identification of the recombining ions (e.g.,
Refs. 42-46). The study by Amano done in pure
hydrogen*>*} is well known. Nevertheless, his value of the
recombination rate coefficient is up to three times larger than
other measured values.’®3"-4! We can speculate that in his ex-
periments the H; recombination was enhanced by the ternary
H, assisted process.

The situation with D] is different. To our knowledge,
there was no spectroscopic study of D recombination
up to now. Only few studies were made using afterglow
experiments” %12 1415 and storage ring experiments.'>!”
There are few storage ring experiments®” and no afterglow ex-
periments with H,D™ and HD; . Usable, near infrared (NIR)
absorption frequencies are known*”*3 and we have made
spectroscopic investigation of plasma containing a mixture of
these ions.*” Recombination study of these ions using cavity
ring down spectroscopy (CRDS) in the afterglow experiment
is possible, but it would be very complicated. As was already
mentioned, there are no recent storage ring studies of these
ions and none at all with “cold ion source”. The recent theory
predicts the rate coefficients for DR of these ions to be smaller
than the one of H7 at temperatures ~300 K.?7+4%-3

In the present study, we formed D dominated plasma in
local thermodynamic equilibrium and we measured the binary
recombination rate coefficient oy, and the helium assisted
ternary recombination rate coefficient Ky, of DgL recombina-
tion with electrons. To our knowledge, this is the first spec-
troscopic study concerning recombination of DY ions with
electrons.

Il. EXPERIMENTAL METHODS

The method of measuring the recombination rate co-
efficients in stationary afterglow plasma is well known, so
only a very short description will be given here (see, e.g.,
Refs. 14 and 34). In pulsed discharge, quasi-neutral DI dom-
inated plasma is formed and when the discharge is switched
off a decrease of the ion number density is monitored during
the afterglow. At these conditions the decay of the afterglow
plasma is governed by ambipolar diffusion to the walls and
by electron-ion recombination. Here, in addition to the men-
tioned processes, we also consider the conversion of D3+ ions
to DI in ternary helium assisted association reaction.'” The
main processes are

Di + e~ 2% neutral products, (1)
—+ — KHe
D3 +e” + He — neutral products, 2)
DI + D, + He 3 DI + He, 3)
+ -
Dg5 + e~ — neutral products, 4)

where oy, 1s the binary recombination rate coefficient of D3+
ions, Ky is the ternary recombination rate coefficient of He
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assisted recombination, ks is the ternary rate coefficient of He
assisted association, and «s is the binary recombination rate
coefficient of DI ions with electrons.!>>! If the recombina-
tion of DS+ is fast and the ternary association (3) is the rate
determining reaction in the sequence of processes (3) and (4),
then the balance equation can be written in the form

d[D5]
dr

where 1p is the characteristic diffusion time, tg the time con-
stant characterizing losses due to ternary association followed
by a rapid recombination of DI . If we assume quasineutrality
and if we introduce the time constant i, for “linear losses” by
equation 1/7, = 1/tp + 1/1R, then the balance equation can
be rewritten as

n
= —apin[D] Ine — Kye[Hel[DF Ine — T—e
D

ne
- ) (5)
R

dn. 5 N
= —Olel; — —, (6)
dr e L

where we introduced the effective binary recombination rate
coefficient e Which can be written in the form

oefi(T, [He]) = awin(T) + Kpe(T)[He] . @)

We have demonstrated in our previous studies'®~'® and here

we will demonstrate again, that the overall recombination of
D7 in afterglow plasma can be described in this way. To ob-
tain api, and Ky one has to measure the dependence of o
on [He] at fixed temperature 7.

lll. EXPERIMENT

The plasma is generated in a pulsed microwave discharge
in a fused silica tube (inner diameter ~1.5 cm). The tube
is cooled to 80 K by liquid nitrogen or by pre-cooled ni-
trogen vapors for measurements in the temperature range of
80-220 K. To form a D dominated plasma a mixture of
He/Ar/D, with a typical composition 10'7/10'#/10'* cm—3
is flowing through the discharge tube. The D7 ions are
formed in a sequence of ion molecule reactions. The de-
tails of the kinetics of the ion formation are well known (see
Refs. 14, 15, 18, 34, and 52). The microwave generator
(f=2.45 GHz) is equipped with an external fast high-voltage
switch to cut off the HV power to the magnetron. The switch
off transient time is less than 30 us. This was indirectly
confirmed by monitoring the spontaneous emission of the
plasma.*> A fairly low microwave power in the range 5-15 W,
with ~50% duty cycle, was used to avoid excessive heat-
ing of the gas during the discharge. A NIR-CRDS was used
as the main diagnostic tool, the principal layout is shown in
Figure 1. The discharge tube, equipped with an optical res-
onator (not in scale), forms the main part of the continuous
wave modification of CRDS. Because the apparatus was de-
scribed elsewhere (see Refs. 38—41, 45, and 46) only a short
description will be given here.

A distributed feedback laser diode covering the spectral
range of 5788-5798 cm™! was used in the present study. Dur-
ing the measurement the laser current was kept constant and
wavelength change was done by means of computer con-
trolled temperature change. An interference signal from the
Fabry-Perot etalon was used to linearize the wavenumber
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FIG. 1. Stationary afterglow with the CRDS absorption spectrometer. A dis-
charge is periodically ignited in the microwave resonator (.« W) in the middle
part of the discharge tube. A He/Ar/D; gas mixture is used to form a D3+
dominated afterglow plasma. The laser light modulated by the acousto-optic
modulator (AOM) is injected through the mirror on one side and photons
exiting the cavity through the mirror on the other side are detected by an In-
GaAs avalanche photodiode. The absolute wavelength is measured using a
Michelson wavemeter and relatively by a Fabry-Perot etalon.

scale. Two H,O lines at 5789.65 cm ™! and 5793.03 cm™~! (line
positions taken from HITRAN database®) were used to trans-
form the relative value given by Fabry-Perot etalon to abso-
lute wavelength. The resulting precision of wavelength deter-
mination is better than 0.01 cm™!. At conditions used in the
present experiment, where D] was the dominant ion, only
two absorption lines (5792.70 £ 0.01)cm™! and (5793.90
4+ 0.01)cm™! were visible during the discharge and early af-
terglow. The difference between the measured line positions
and those predicted by quantum mechanical calculations is
less than 0.02cm~'.>* Given this fact and that those two
absorption lines were only in plasma with D, present, we
concluded that they belong to DgL ion. The conclusion was
also supported by measuring the temperature dependence of
the intensities of both lines. The examples of measured pro-
files of absorption lines are shown in Figure 2. In this study
we used the transitions, which we assigned (after discus-
sion with Tennyson®*) as 3v(1, 0) < 0v9(0, 0) and 3v3(3, 2)
<« 0vY(4,2) for ortho-DI (0,0) and meta-D (4,2), respec-

2.5 T T T T

20F
ortho-D (0,0)

—7

absorption (107 cm™)

051 meta-D; (4,2)

0.0»%5%5%

2.64 2.70

2767384 390  3.96
(A-5790) (cm™)

FIG. 2. Example of absorption line profiles of D;r ions measured at the wall
temperature of Twy = 112K and P = 560 Pa of He. The kinetic temper-
ature Tkin = (112 £ 10) K was obtained from the Doppler broadening of
the absorption lines. The line center positions are: (5793.90 & 0.01)cm ™!
and (5792.70 £ 0.01)cm™! for ortho-DY (0,0) and meta-Dy (4,2), respec-
tively. The calculated values are 5793.92 cm™! for 31)21(1, 0) « ng (0,0) and
5792.68cm™! for 3v(3,2) < 0v)(4,2) for ortho-Di (0,0) and meta-D}
(4,2), respectively;“"525 ‘ ’
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FIG. 3. Panel (a) Measured number densities of the ions in ortho (0,0) and
meta (4,2) states of D;’ during the discharge and early afterglow. Panel (b)
Measured fraction ™ f; of meta-Di (4,2), ™ f; = [meta-D7 (4,2))/[D5 ]. The
value of the ratio corresponding to the TDE at 80 K is indicated by the dashed
horizontal line. Used conditions are Ty = 80 K, P = 400 Pa of He, [D;]
=4 x 10" cm™ and [Ar] =2 x 10" cm™.

tively. The rotational levels are labeled by corresponding
quantum numbers (J,G), for details on notation and calcula-
tions of transitions frequencies see Ref. 55.

An example of measured ion number density evolutions
in discharge and early afterglow is shown in panel (a) of
Figure 3. The dashed vertical line indicates the end of the
discharge and the beginning of the afterglow. The measured
evolution of the fraction ™ f; of the number density of the
meta-DJ (4,2) to the number density of DY is shown in the
lower panel of Figure 3. The horizontal dashed line indicates
the calculated ratio corresponding to the TDE at 80 K.

IV. TEMPERATURE IN THE D DOMINATED
AFTERGLOW PLASMA

In general, in an afterglow plasma the different particles
and their internal degrees of freedom are not necessarily in
complete thermal equilibrium with each other and with the
walls of the plasma container. For instance, the electron tem-
perature 7, can significantly exceed the kinetic temperature
of the ions Txj, and the buffer gas atoms temperature Ty, be-
cause the transfer of kinetic energy in electron collisions with
heavy particles is less efficient than the kinetic energy transfer
in collisions of ions and gas atoms. Also, the ions’ rotational
temperature Tg, and vibrational temperature 7v;, do not have
to be equal to the ions’ translational temperature if the cor-
responding relaxation times are long in comparison with the
characteristic time of the ion density decay. We have dis-
cussed this problem for H;r dominated plasma in Refs. 40, 41,
and 56. In the present studies, we determine kinetic tempera-
ture (Tkin) of ions from the Doppler broadening of measured
absorption lines. In Figure 4 an example of the evolution of
Txin measured at a wall temperature of Ty, = (112 £ 1) K
is plotted. The obtained equality Twa.y = Tkin means also
Twan = Tye. We have made such measurements for the whole
range of pressures and temperatures used in the present study
with the same conclusion.

The electron temperature 7, in the afterglow was not
measured in these experiments. The time constant for
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FIG. 4. The measured evolution of the kinetic temperature of the ions (7kin)
during the discharge and during the early afterglow, while a wall temperature
was Twan = (112 & 1) K and rotational temperature was Trot = (112 £ 3) K.
Used helium buffer gas concentration was [He] = 3.6 x 107 cm™3. The
mean value of the measured Tk;, is indicated by a horizontal dashed line.

electron cooling at a typical helium density used in the ex-
periment can be estimated from the electron-helium col-
lision frequency (>1 GHz) and the mass ratio 2m./mye.
The calculated time constant for electron cooling is
7. < 10 us. In previous FALP experiments, we measured
the electron energy distribution function (EEDF) in He and
He/Ar buffered afterglow plasmas under conditions similar
to those in the present study.”’° It was found that EEDF
is close to a Maxwellian distribution with a temperature
close to the buffer gas temperature.* In stationary after-
glow with CRDS, we indirectly observed fast cooling of
electrons after switching off the discharge by monitoring
visible light emissions from the discharge and very early
afterglow. Using analogy with HY, we also expect that all
excited vibrational states of D3+ are quenched in multiple
collisions with He, Ar, and D, (see discussion for H}' in
Ref. 41).

Using FALP, we also studied the collisional radiative re-
combination (CRR) in an Ar™ dominated plasma in a He/Ar
gas mixture and we measured the corresponding ternary re-
combination rate coefficient Kcrr which has a very pro-
nounced temperature dependence, Kcrr ~ o/ 2.616% In this
study, we also measured the temperature dependence of am-
bipolar diffusion. In both cases, we obtained very good agree-
ment with theory for temperatures of 77-300 K.>%* This
is an excellent confirmation that at the given experimental
conditions 7, = Tye = Twan. These estimates need to be re-
fined when the plasma contains energy sources that can lead
to heating of the electron gas. One such source can be He
metastables.’>% In the present experiments, metastables are
destroyed in reaction with Ar (by Penning ionization®® ),
At low temperatures and high electron densities the electron
heating can be caused by CRR; we will discuss this possibil-
ity later. In our previous studies of Hi recombination,*' we
showed that at the used electron densities, the CRR can ele-
vate the electron temperature only slightly in the early after-
glow at gas temperatures near 77 K, but becomes unimportant
at higher gas temperatures and lower electron densities.

From the measured relative population of the ions in the
two monitored states we determined the rotational tempera-
ture Tret. The rotational temperature Tro Was measured not
only during the discharge but also during the early afterglow
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FIG. 5. The measured rotational temperature Tro of the D3+ ions versus the
measured kinetic temperature Tki,. The dashed straight line indicates the
equality Trot = Tkin- The open triangles and filled rhomboids indicate data
measured during the early afterglow and during the discharge, respectively.

when the signal from meta-Dgr J,G) = (4,2) was still suffi-
cient. The measured dependence of Tror on Txj, is shown in
Figure 5.

Recently, we studied relaxation processes and equilib-
rium in H;r dominated plasma using very similar experimen-
tal conditions, the only difference being that now we use D,
instead of H,.**!:36 In HY studies, we monitored the pop-
ulation of two ortho states and one para state and the used
transitions were more suitable for measurements of rotational
temperatures at He buffer gas temperatures in the range of
80-200 K. We were also able to monitor the para to ortho ra-
tio, [para—H;“]/ [ortho—H;’]. In addition, in the ng experiments
we used normal and para enriched hydrogen to manipulate
the fraction of para-HJ in the plasma. From the obtained re-
sults we also concluded that Tro; = Tkin = THe = Twan for
H7 . Later on, for present experiments we will use temperature
measured from the Doppler broadening of the absorption lines
(mean value from several measurements at the same wall tem-
perature). For previous FALP data, we will use the measured
temperature of the flow tube. On the basis of the present ex-
periments and using comparison and analogy with the results
obtained in H; experiments, we concluded that the plasma in
the afterglow is in the thermodynamic equilibrium at a tem-
perature given by the wall of the discharge tube.

V. RESULTS AND DISCUSSION

We measured the variation of light absorption in after-
glow plasma using CRDS. Under the assumption that the
plasma is in thermal equilibrium and D;r is the dominant ion
we calculated the electron density decay. Examples of data
measured at 112 K are plotted in Figure 6. The measured
number densities of the ions in ortho (0,0) and meta (4,2)
states of DT, the calculated electron density and the partial
density of ions in (4,2) state (fraction ™ f; of meta-D3+ 4,2),
mfy = [meta—D;r (4,2)]/[D§']) are plotted.

We studied plasma decay at temperatures of 80—130 K
over a wide range of He pressures. The decay curves were
analyzed using “integral analysis” (for details see Refs. 57
and 64). This analysis can separate o, from 7. (see Egs. (5)
and (6)) and minimize the influence of D;“ formation followed
by a rapid recombination on the determination of «.g. The
first 50-150 us of the afterglow decay were not taken into
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FIG. 6. Panel (a) Example of the decay of densities of ions in ortho (0,0)
and meta (4,2) states of DY, measured during the afterglow in a He/Ar/D;
gas mixture at 112 K, 550 Pa of He, [D2] = 1.7 x 10" cm™3 and [Ar] = 8.4
x 1013 cm™3. Time is set to zero at the beginning of the afterglow (indicated
by vertical dashed line). The electron density (n.) is obtained from the partial
density of ions in the (0,0) state under assumption of TDE. The dashed-dotted
line indicates losses due to diffusion and reactions with the time constant .,
the dashed line indicates the fit of the electron number density decay, see
Egs. (5) and (6). Panel (b) Measured fraction ™ f3 of meta—D3+ 4,2), " f3
= [meta-Di (4,2)//[D].

account from the analysis to exclude eventual formation of
D7 in very early afterglow (for details see Refs. 18, 39, and
65). Dependencies of the effective recombination rate coeffi-
cient o on [He], measured at 80 and 100 K are shown in pan-
els (a) and (b) of Figure 7, respectively. Linear dependence of
o on [He] is obvious. Similar dependencies were measured
also at 112 and 125 K. The data from previous FALP exper-
iment are plotted in Figure 7 as open squares.'” In addition,
we performed series of experiments using new Cryo-FALP II
apparatus (for details on experimental setup see Ref. 63) at

B CRDS
4}(@) O FALP K
80K A cCryo-FALP U7

-

0‘(\/ 4

4

Theory 80 K +

0 2 4 6 8
[He] (10" cm™)

10 12 14

FIG. 7. Measured dependence of the effective recombination rate coeffi-
cients on [He] at 80 K - panel (a) and 100 K - panel (b). The data indicated
by filled squares were measured in present experiments using CRDS and the
data indicated by open squares were measured using a Langmuir probe in
previous FALP experiment (see compilation in Ref. 17). The data indicated
by open triangles were measured in this study using a new Cryo-FALP II
apparatus. For comparison straight lines obtained by a fit of CRDS data at
indicated temperatures are plotted in both panels. The horizontal dotted lines
indicate theoretical values of apg at corresponding temperatures. >’
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the same conditions (temperature, number density of Ar and
D,) as in the already mentioned FALP experiment but in a
broader pressure range and with better temperature control.
These data are plotted in Figure 7 as open triangles.

Special attention was paid to the analysis of the decay
curves measured at 80 and 100 K because of a possible in-
fluence of CRR process described by Bates.®*®” To demon-
strate and evaluate the effect of CRR we used the fact that the
overall binary rate coefficient acgrr of the ternary CRR pro-
cess is dependent on the electron density, «crr = KRR * He,
where Kcgrr is the ternary rate coefficient, only dependent
on the temperature. We measured o, in two types of ex-
periments, in FALP with a typical initial electron density of
ne, =2 x 10°cm™ and in SA-CRDS with a typical initial
electron density ne, = 3 x 10'°cm™3. The measured cf; are
plotted in Figure 7. Within experimental accuracy, the data
measured at the same temperature but with very different
electron densities give the same value of o.g. From this we
concluded that CRR contribution, which should be depen-
dent on ne, is small in comparison with the contribution from
processes with their rate coefficients independent of electron
density. This conclusion can be surprising, but it agrees with
conclusions from more detailed studies of this phenomenon
made for recombination of H; ions, for details see Ref. 41.
For comparison if one uses the classical Stevefelt formula
for calculation of acgg at 7= 77 K and n. = 3 x 10'%cm™3
then the value of acrgr ~ 3 x 1077 cm?s~! is obtained (for
details see Refs. 41 and 61). From the data plotted in
Figure 7 it is clear that Stevefelt’s calculated value of ccrg®'
is three times higher than the measured overall recombina-
tion rate coefficient o at low [He]. We experimentally veri-
fied the validity of Stevefelt formula for atomic ions by mea-
suring acgrr in Ar" dominated plasma at temperature range
of 60-300 K and we obtained a good agreement.®>% Up to
now we do not have an explanation for not observing CRR
for H;r nor D;r molecular ions while we can observe it for
atomic Art(bearing in mind the differences between both the
experiments).

We calculated binary and ternary recombination rate co-
efficients api, and Ky from the measured dependencies of
aefr on [He] (see Eq. (7)). Present measurements are made
over a broad range of [He], so the accuracy of obtained oy
and Ky, is higher in comparison with previous FALP and
AISA studies.!” The obtained values of ap;, and Ky are plot-
ted in Figures 8 and 9 as a function of the temperature and
summarized in Table I. The thermal rate coefficients apg cal-
culated for binary dissociative recombination®’-?%3% are also
plotted in Figure 8 (recombination rate coefficient plotted in
Figure 8 as theory of Pratt and Jungen was calculated from
the dependence of the recombination rate on energy pub-
lished in Ref. 28). We also included several values of rate
coefficients measured in previous afterglow experiments at
300 K.'"'? These rate coefficients were corrected by tak-
ing the He density into account in particular experiments
and the actual values of ternary rate coefficients as measured
in the FALP experiment.!” We also plotted the rate coeffi-
cients calculated from the corresponding cross section mea-
sured in storage ring experiment CRYRING.'*!° For compar-
ison of the measured oy, with acrr, we also plotted expected
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FIG. 8. D;’ binary recombination rate coefficients. The solid line and the
dashed double dotted line indicate the values for the binary dissociative re-
combination (apr) at a thermal population of the para-/ortho-/meta-states of
D;*' calculated by Kokoouline?”->" and by Pratt and Jungen,”® respectively.
The values api, indicated by filled circles were obtained in present study from
the dependencies of s on [He] at particular 7. The open circles denote the
data obtained in this study using Cryo-FALP II apparatus. The values indi-
cated by open diamonds were obtained in previous FALP experiments from
dependencies of o on [He] at fixed T.'9-1% The dotted line indicates the
rate coefficients measured in storage ring experiment CRYRING.'>!” Pre-
vious FALP data obtained in other laboratories are indicated as Gougousi, !
Laube,'? and Smith;'? these data were corrected (see text). The steep dashed-
dotted line labeled CRR is the effective binary rate coefficient acrr of CRR
calculated using Stevefelt formula (see Refs. 41 and 61) for electron density
ne =3 x 101%cm™3). The dashed line is a fit to FALP, Cryo-FALP II, and
CRDS data.

acgr in Figure 8 calculated for n, = 3 x 10'°cm™3

Stevefelt formula.*'-¢!

The measured ternary recombination rate coefficients
Ky are in good agreement with previous data measured in
FALP experiments. In our previous studies, we discussed the
ternary helium assisted recombination in terms of the life-
times of excited Rydberg states D} formed in the collision of
D7 ions with electrons.!®'® Because of long life-time of D}
(up to several hundreds of picoseconds) the process can be,
depending on the temperature, hundred times more effective
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FIG. 9. The ternary recombination rate coefficient, Ky (7'), for He assisted
ternary recombination of D;r ions. The filled circles indicate the present val-
ues obtained from the measured linear dependencies of aefr on [He] at fixed
T, see full lines in Figure 7. The open circles were obtained in present study
with Cryo-FALP II apparatus from the dependence of aefr on [He]. The open
diamonds indicate data obtained from dependence of a.fr on [He] measured
in FALP experiment (for more details see Refs. 16—18). The data measured
using Cryo-FALP with the continuously increasing temperature are labeled
by stars.!”>!8 The full line indicates theoretical ternary rate coefficients cal-
culated for D ions in thermal equilibrium.'®-!8
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TABLE I. Measured binary api, and ternary Ky recombination rate coeffi-
cients of D;’. The displayed temperature 7 is the temperature obtained from
Doppler broadening of absorption lines in the present study and temperature
of the metal wall of the flow tube in FALP experiments.'’

T[K] Obin (10’8 cm? s7h Kue (10’25 cm® s7h Reference
77 85+25 05+02 FALP'7

80 92420 1.24+03 This study
100 7.5+£2.0 26+04 This study
112 6.5+2.0 2.14+04 This study
125 69+ 1.8 24403 This study
300 27408 1.8+£06 FALP'7

than classical neutral assisted ternary recombination predicted
by Thomson®® and by Bates and Khare.%® The process is es-
sentially different from the process considered by Thomson.
The present studies confirmed the previously measured strong
increase of Ky, with temperatures starting from 80 K.

VI. CONCLUDING REMARKS

We studied electron-ion recombination in D3+ dominated
afterglow plasma in He/Ar/D, gas mixture using CRDS
for measuring ion density decays during the afterglow and
for characterizing kinetic and rotational temperature of
ions. From this measurements and using similarity with Hi
dominated afterglow plasma’®*!-3 we concluded that at used
conditions D; dominated afterglow plasma is in thermal
equilibrium with He buffer gas. The study confirmed that
the decay of D;r dominated afterglow plasma is controlled
by the binary recombination and in parallel by the three
body helium assisted recombination process. The magnitude
and temperature dependence of rate coefficients of these
processes as measured with CRDS are in agreement with
our previous flowing afterglow studies using Langmuir
probe.'®"'® The binary and the ternary recombination rate
coefficients were obtained in the temperature range of
80-130 K yielding apin(80K) = (9.2 £2.0) x 1078 cm?s~!,
apin(125K) = (6.9 4+ 1.8) x 108 cm’s™!, Ky (80K) = (1.2
+03)x 10720 cm®s™!  and Ky (125K) = (2.44+0.3)
x 10720 em® s,

As in our previous recombination study of H; dominated
plasma, neither for recombination of D3+ ions we have seen
any substantial dependence of recombination rate coefficient
on electron number density as predicted by theory of col-
lisional radiative recombination.®’ This rather surprising re-
sult is supported by comparison of effective recombination
rate coefficients obtained at the temperature of 80 K in this
study and in previous flowing afterglow measurement'’ (see
Figure 7 for details) at electron number densities different by
an order of magnitude.

This is the first study on the recombination of D7 ions
with electrons with spectroscopically resolved abundances of
the recombining ions. The results support theoretical predic-
tions and are in agreement with previous flowing afterglow
measurements'®'® and with storage ring data.'>!”
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Measurements in H;r afterglow plasmas with spectroscopically determined relative abundances of
HY ions in the para-nuclear and ortho-nuclear spin states provide clear evidence that at low tem-
peratures (77-200 K) para-H_;r ions recombine significantly faster with electrons than ions in the
ortho state, in agreement with a recent theoretical prediction. The cavity ring-down absorption
spectroscopy used here provides an in sifu determination of the para/ortho abundance ratio and
yields additional information on the translational and rotational temperatures of the recombining
ions. The results show that H{ recombination with electrons occurs by both binary recombina-
tion and third-body (helium) assisted recombination, and that both the two-body and three-body
rate coefficients depend on the nuclear spin states. Electron-stabilized (collisional-radiative) re-
combination appears to make only a small contribution. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4730162]

. INTRODUCTION

The present experiments were motivated by the fun-
damental character of the recombination of H;r ions,! its
relevance to modeling of astrophysical diffuse clouds,” and
electrical discharges in hydrogen. In cold diffuse clouds (tem-
peratures from 50 to 100 K), H;r ions are formed by cosmic-
ray ionization of H,, followed by the reaction H; + H,
— H7 + H.? The H ions subsequently either recombine by
dissociative recombination (DR) with electrons or transfer
protons to other atoms or molecules.* The recombination of
HY ions competes with the rate of molecule formation in
diffuse clouds and plays a pivotal role in the chemical evo-
lution. Even though Hj is the “simplest” triatomic ion, its
recombination is a rather subtle process that has challenged
theorists and experimentalists for many years. It has become
clear in recent years that the ortho-modifications and para-
modifications of HY, distinguished by their nuclear spins and
allowed rotational states, may recombine differently at low
temperatures. The experiments described in this paper focus
on this question. Unlike other previous experiments, they in-
corporate in situ spectroscopic identification of the recombin-
ing ion species in the recombining medium.

The spin dependence of Hi recombination also plays a
role in the interpretation of spectra observed in astrophysical
clouds. For instance, a recent analysis by Crabtree et al.’ of
several diffuse molecular clouds suggests that the observed
differences between the rotational excitation temperatures of
H, and H7 (denoted as T1,(H,) and T(HJ)) can be explained
by a kinetic model that includes both reactive collisions of
HY or para-H7 with H, and recombination with electrons.
The model makes specific allowance for the dependence of
all relevant reaction rates on the ortho/para states of both

0021-9606/2012/136(24)/244304/14/$30.00
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H, and H;r. Surprisingly, reasonable agreement between ob-
served and calculated excitation temperatures was found only
when the DR rate coefficients of para-H; (nuclear spin /
= 1/2) and H;r (nuclear spin I = 3/2) were assumed to be
nearly equal, which, however, is in conflict with the theoret-
ical prediction® that the low-temperature DR rate coefficient
of para-H7 is considerably larger than that of HJ .

The history of HI recombination studies has been ex-
tensively covered in a number of reviews’~'> and in the
book by Larsson and Orel.'* Many of the once puzzling dis-
agreements among measured recombination coefficients have
either been resolved or can be rationalized by invoking third-
body stabilized recombination processes that occur in plas-
mas but not in beam-type experiments. Also, earlier serious
discrepancies between experimental results and theory were
largely resolved in 2001 when it was shown that the Jahn—
Teller mechanism can account for the observed magnitude
of dissociative recombination rates of Hi ions.'* Subsequent
improvements of the theory!” yielded a thermal rate coef-
ficient of the dissociative recombination at 300 K of apgr
= 5.6 x 1078 cm®s~! which comes close to the magnitude of
many experimental values. Theoretical predictions also agree
quite well with the temperature dependence of the thermal
rate coefficients inferred from ion-storage-rings (ISR) exper-
iments. The more recent ISR studies employed ion sources
specifically designed to produce rotationally cold ions (“cold
ion sources”)!®"'® and the results supported the theoretical
thermal rate coefficients.'” At that time it appeared that a sat-
isfactory solution to the “H;r enigma,” the often-cited term
coined by Bates et al. in 1993,%° had been found. However,
it proved difficult to verify experimentally that the H ions
circulating in the storage rings were truly rotationally cold

© 2012 American Institute of Physics
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and this problem has not been entirely solved. It had been as-
sumed that the “cold” rotational distributions inferred from
spectroscopic observations in the ion source survived extrac-
tion into the storage ring and were not altered further in the
ring, but recent experiments using high-resolution storage-
rings indicate that these assumptions were not necessarily
correct.?!?> The problem awaits clarification by further ex-
periments. Also, high-resolution storage rings data exhibit
resonances at particular collision energies that have not been
clearly assigned to specific recombination paths and are not
predicted by theory.?> Thus, a truly satisfactory convergence
of theory and experiment has not been achieved. Petrignani
et al.*> summed up the current situation of storage-ring ex-
periments: “Presently no rate coefficient measurement with a
confirmed temperature below 300 K exists.” Plasma afterglow
measurements at reduced temperatures have been made, but
those, as will be discussed later, have their own set of compli-
cations. Paraphrasing Bates et al.”’ and Larsson et al.,'” we
can sum up the state of the art today in the words: “...the
saga of the H3+ enigma continues. ..."

Recent theoretical calculations® predict that the low-
temperature DR rate coefficients for para-H_;r are larger than
those for HY ions, by a factor of about ten at temperatures
below 10 K. This prediction has been qualitatively confirmed
at low electron-ion collision energies in storage-ring exper-
iments using para-enriched Hi,'"?* but, as has been men-
tioned before, the actual para/ortho abundance ratio of the
recombining ions was not experimentally verified. This prob-
lem, of course, is closely linked to that of the rotational pop-
ulations. Further progress will require direct in sifu deter-
mination of the para/ortho ratio and rotational excitation of
the stored Hy ions. Experimental photodissociation measure-
ments on H3 ions in the ring may be one feasible approach
(see discussion in Refs. 24 and 25).

The experiments described here make use of the plasma
afterglow technique but add spectroscopic capabilities. Here,
the ion densities are many orders of magnitude larger than
those in storage rings which enables in situ spectroscopic ab-
sorption measurements of rotational populations of Hy ions
under recombination-controlled conditions. The feasibility of
such experiments was demonstrated by us in a recent study
in which we measured binary recombination rate coefficients
for para-Hj and ortho-Hj ions (Payi, and °aiy) at buffer
gas temperature ~77 K.>%?7 The present study extends this
work and provides recombination rate coefficients for pure
para-H and pure ortho-HJ over a wider range of tempera-
tures from 77 K to 200 K. As before, the experiments were
carried out in a stationary afterglow (SA) in conjunction
with a near-infrared cavity-ring-down absorption spectrome-
ter (NIR-CRDS) for direct in situ determination of the kinetic
temperature, the rotational temperature, and the spin states of
the ions.

In a SA experiment®® electrons and ions undergo multiple
collisions with buffer gas atoms (here He and Ar) and reagent
molecules (here Hy) prior to their recombination. The early
phase of the afterglow is dominated by ion-formation and
ion-conversion reactions, electron thermalization, and equi-
libration of internal degrees of freedom of the ions. Ideally,
this early phase should be completed rapidly so that the only

J. Chem. Phys. 136, 244304 (2012)

relevant processes during the recombination phase are binary
electron-ion recombination and ambipolar diffusion of ions
and electrons. However, the neutral constituents (He, H,, and
Ar in our case) and ambient electrons and ions can affect the
overall recombination process as well as the para/ortho ratio
and this requires careful consideration. There are two known
ternary recombination processes that contribute to the plasma
decay, ternary neutral-assisted recombination (largely due to
the helium buffer),?’ and ternary electron-assisted collisional
radiative recombination (CRR).>*3> We have recently stud-
ied the ternary helium-assisted recombination of HY and DY
ions with electrons at conditions similar to those of the present
experiments®**~7 and found that H ions recombine by both
the binary process with rate coefficient oy, and by ternary
(“He-assisted”) process with ternary rate coefficient K. The
observed plasma decay yields an “effective” rate coefficient
Oefr given by the sum e = apin + Kpe[He] that can be de-
composed into its parts by measuring the dependence of o
on helium density [He].

The role of electron-assisted CRR is less clear because
experimental data and theoretical calculations exist only for
atomic ions but not for molecular ions. For atomic ions
the predicted very strong negative temperature dependence,
acrr ~ neT~*3, of the CRR rate coefficient, has been con-
firmed for temperatures above 300 K,3%3%3% and recently
also for Ar* ions at temperatures below 300 K.>>4" In low-
temperature plasmas most molecular ions are removed by fast
dissociative recombination (see, e.g., book by Larsson and
Orel'?) and the contribution from collisional radiative recom-
bination is usually negligible. However, at temperatures ap-
proaching 77 K the effective binary rate of CRR (Refs. 38
and 39) becomes comparable to typical DR rate coefficients
for electron densities >10'° cm™>. Somewhat surprisingly, the
H7 afterglow studies of Amano*'*** at gas temperatures near
77 K and electron densities >10'' cm™ seemed to indicate
that CRR did not play a significant role. However, as Bates?’
pointed out, the occurrence of CRR is “inevitable,” and to
make matters worse, the observed plasma decay due to CRR
can give the appearance of binary recombination since the en-
ergy released by CRR can lead to a time-dependent electron
temperature. A quantitative re-analysis of Amano’s experi-
ments is beyond the scope of this paper. It is far from obvious
that CRR made only a negligible contribution. It is also diffi-
cult to accept the author’s conclusion that clustering of Hj to
form fast recombining H ions was entirely absent.

In our flowing afterglow (FA, FALP (Ref. 34)) and sta-
tionary afterglow (SA (Refs. 26 and 43)) experiments we can
measure at gas temperatures close to 77 K and cover a wide
range of electron and ion densities, from 10® to 10'! cm™3.
This makes it possible to separate binary and helium-assisted
ternary recombination of Hj ions from CRR. We will con-
clude (see Appendix) that CRR may have a slight effect at the
lowest temperature (77 K), but most likely it is completely
negligible at higher temperatures.

Il. EXPERIMENTAL METHODS

The basic methods of measuring recombination rates
in afterglow plasmas are well known and will not be
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discussed here in great detail. This section focuses on the
interconversion processes between para-Hi and ortho-H7
ions, and their recombination. Technical details of the experi-
ments will be presented in Sec. III.

A. Afterglow processes in para-H} and ortho-H;
dominated plasma

In the following upper left indices p, o, n, and e de-
note “para,” “ortho,” “normal,” and “para-enriched” hydro-
gen (e.g., PHz, °Ha, "Haz, and °Hy) and P f, and °f, de-
note their fractions. Para-HJ and ortho-HJ ions denote PH7
and "H;L, while P f; and °f; stand for their fractions (i.e.,
Pfy = [PHIVIH{] and °f, = ["H{VIH{] with Pf; +°f;
= 1). Absence of an index implies that the spin modification
is not specified.

In a low-temperature afterglow plasma in a gas mix-
ture of helium (the “buffer gas™) with small additions of ar-
gon and hydrogen the principal processes affecting the densi-
ties of PHY and °H7 are recombination, ambipolar diffusion,
para/ortho conversion in reactions with H,, and formation of
HgL in ternary association, i.e.:

+ — paeff
PH; +e~ — neutral products, (1a)
oyr+ — anff
H; +e~ —  neutral products, (1b)
PHY +H, 5 °HI +H,, (10)
°Hf +H, =3 PHI +H,, (1d)
Pyt Pr +
H; +H; +He — HJ + He, (le)
O.L,R
°Hi +H, + He — HI + He, (1f)

where Paer and g stand for effective (apparent binary)
recombination rate coefficients of pure para-H3+ and pure
ortho-HY ions, respectively. vy, and v,, are the frequencies
of para-nglortho-Hgr conversion due to reactions with H,.
The spin state of the neutral hydrogen molecule in reactions
(1c)and (1d) will change also, but because the neutral hydro-
gen is far more abundant than the ions, the resulting change
in Pf, can be neglected. Ptg and °tR are time constants for
ternary association, later we will assume that Pty = °tR for
simplification. The continuity equations for the ion densities
[PHS ] and [ °H7 ] during the afterglow are:

drPH; PH

% = —Paegr[ PH3 Ine — UH ) Vpol "H3 1 + vop[ °H ]
[PHY]

- 2
— (2)

d 0H+ 0H+
T ot e — ] [PHTT vl °H
_L°H3] (3)

TR
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where 7. is electron density and tp is the time constant for
ambipolar diffusion, assumed to be equal for both spin modi-
fication of HJ . Three-body association of Hj with H, to form
H{ is at the hydrogen and helium densities used in the present
experiments relatively slow in comparison with the rate of
the recombination (for details see Refs. 9, 34, and 44) and
we can conclude [H;r] < [Hg’]. Assuming that the plasma is
quasineutral and that it contains no ions other than H;’ (.e.,
ne = [PHJ ]+ [°HT 1), the continuity equation for the elec-
tron density (obtained by summing Eqgs. (2) and (3)) becomes

dn n n
— = —("f3 Pttt + ° f3 teiring — — — —. (4a)
dr D TR

The experimental data (see Sec. V) show that the frac-
tions P f; and °f; are nearly constant during the afterglow.
This implies that the para/ortho ratio is maintained by re-
actions (1c)and (1d) on a time scale that is short compared
to the recombination time scale. In that case, one can de-
fine an overall effective (apparent binary) recombination rate
coefficient for a given mixture of ortho and para ions by
et = P f3 Patesr + © f3 Cerr. Equation (4a) then simplifies to

dn, 5 e
= —aem? = ¢, 4b
” Qefih; o (4b)

where 1/7, = 1/tp + 1/tr. The time constant 7 character-
izes losses due to diffusion and reactions (1e) and (1f).

A measurement of a.g for two or more different values
of P f3, but under otherwise identical conditions (temperature
and density of He and H;), then permits a determination of
the individual recombination rate coefficients Paer and g
These rate coefficients still do not necessarily represent purely
binary recombination. In earlier work we observed that Hy
recombination in low-temperature (<300 K) helium-buffered
afterglows occurs not only by binary recombination but also
by ternary helium-assisted recombination.®3%3%3¢ In those
studies "H, was used as a precursor gas to form Hj It was
then found that the effective recombination coefficient o
varies linearly with helium density [He], i.e.,

oesi(T, [He]) = apin(T) + Kne[He], (&)

where api, and Ky are the binary and ternary recombina-
tion rate coefficients. Previous experiments at 77 K (Ref. 27)
showed that the same linear relation holds for the state-
selected effective recombination rate coefficients Pag and
®agr. Hence, least-square fits to data of a.g as a function of
the helium density for two different values of P f; can be an-
alyzed to obtain oy, and Ky for each of the two spin states
of H;

In experiment, P f; can be enhanced from about 0.5 to
0.8 by substituting para-enriched hydrogen for normal hydro-
gen. This was tested by a preliminary set of experiments, to
be discussed next. Technical details of the para H, generator
and the optical absorption measurements will be presented in
Sec. III.
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FIG. 1. Panel (a): Calculated temperature variation of the fractions P f3 and
° f3 in thermal equilibrium, compared to measured values of P f3 during
the discharge phase (open triangles) and during the afterglow (closed circles
and triangles) in experiments with either "H, or “Hy. Panel (b): Calculated
thermal-equilibrium fractions P f, and © f,. The dashed horizontal lines indi-
cate the values of P f, in experiments with either "H or *Hp (measured by
NMR).

B. Method of controlling the relative abundance
of para-Hj and ortho-H}

In the experiment, normal "H, is obtained by cooling
normal hydrogen from 300 K to lower temperatures without
ortho—para conversion, i.e., in a container without a catalyst.
Hence, "H, will have fraction Pf, =1/4 and °f, = 3/4.
Para-enriched H; is produced by cooling normal hydrogen
to cryogenic temperatures in the presence of a catalyst and
then letting it warm up without the catalyst to the desired tem-
perature. Our experiments confirmed earlier findings that an
increase of P f; in hydrogen discharges can be achieved by
using °H, instead of "H, (see, e.g., Refs. 45 and 46), and that
the increase of P f; observed during the microwave discharge
persists into afterglow phase.?%27-43

Figure 1 shows the equilibrium values P f; and ° f; and
P £, and ° f, for temperatures from 0 to 300 K, calculated us-
ing published energy levels.*”-*® The same graph shows our
experimental values of P f; and °f5. In normal H, measured
P f2 approach 0.5 at temperatures above ~77 K, this is the
value corresponding to thermal equilibrium at these tempera-
tures. When para-enriched H; is used, measured P f; becomes
significantly larger (~0.8).

lll. EXPERIMENTAL APPARATUS
A. Stationary afterglow

The plasma is generated in a pulsed microwave dis-
charge in a fused silica tube (inner diameter ~ 1.5 cm) cooled
by liquid nitrogen to nearly 77 K or by pre-cooled nitro-
gen gas for measurements in the range 80-220 K. The tube
contains a mixture of He/Ar/H, with a typical composition

J. Chem. Phys. 136, 244304 (2012)
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FIG. 2. Schematic diagram (not to scale) of the discharge tube and the op-
tical resonator (cw—CRDS). The discharge tube at the center (containing a
He/A1/H; gas mixture) is immersed in liquid or pre-cooled gaseous nitrogen.
The light signal exiting the optical cavity is measured by a photodetector (In-
GaAs avalanche photodiode).

10'7/10'/10' cm™3 (details of the ion formation reactions
are given in Refs. 8, 9, 34, 37, 44, and 49. The gas handling
system includes a “para H, generator,” used to prepare sam-
ples of para-enriched H,, indicated here as ®H,.*> The mi-
crowave generator 2.45 GHz is equipped with an external fast
high voltage switch to cut off the power to the magnetron
within a fall time of < 30 us. A fairly low microwave power
in the range 5—15 W, with ~50% duty cycle, was used to avoid
excessive heating of the gas during the discharge.

B. CRDS spectroscopy

The principal diagnostic technique employs cavity ring
down absorption spectroscopy in the continuous wave modi-
fication (cw-CRDS), based on the configuration described by
Romanini et al.’® The instrument used here was fabricated
in our laboratory for spectroscopic time-resolved studies of
elementary processes in plasmas, such as ion-electron recom-
bination (see, e.g., Refs. 43 and 51-54). The light source is
a fiber-coupled distributed feedback (DFB) laser diode with
a central wavelength of 1381.55 nm, linewidth <2 MHz, and
maximum output optical power of 20 mW. The wavelengths
are measured by a wavemeter and a Fabry—Perot etalon. The
ring-down signal exiting the optical cavity is detected by an
InGaAs avalanche photodiode. A schematic picture of the ap-
paratus is shown in Fig. 2.

The cw-CRDS instrument in conjunction with associated
data processing electronics records the time-dependent opti-
cal absorption signals during the discharge and the afterglow.
The observed absorption strengths are then converted to ion
concentrations. By tuning the wavelength of the laser diode
one can also determine the kinetic temperatures of the Hi
ions from the Doppler-broadened absorption line profiles, and
their evolution during the discharge and in the early afterglow.

All spectroscopic absorption measurements were per-
formed on the second overtone transitions originating from
the ground vibrational level of HJ . The lowest rotational lev-
els (1,0) (ortho) and (1,1) (para) of the vibrational ground
state were monitored routinely, but the higher lying level (3,3)
(ortho) was probed only occasionally. These first two tran-
sitions were chosen for routine scanning because they have
closely spaced frequencies that can be covered by a single
DFB laser. This made it possible to switch quickly from ob-
serving one to the other Hi spin state. Figure 3 shows the
relevant rotational levels and Table I lists the transitions. The
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FIG. 3. Rotational energy levels of the ground vibrational state of H;’. The
energy levels (J,G) are labeled by quantum numbers J and G.” The zero of
the energy scale is taken at the forbidden (0,0) level, indicated by a dashed
line. The rotational states, (1,0), (1,1), and (3,3) observed in the present study
are indicated by arrows. Compiled from the data in Ref. 56.

energy levels are labeled (J,G) by their quantum numbers J
and G.>

C. Para H, generator

Normal hydrogen gas at 300 K is a mixture of 1/4
para-hydrogen and 3/4 ortho-hydrogen (i.e., P f, = 0.25 and
°f, =0.75, see Fig. 1). It is well known that the composi-
tion changes extremely slowly when the hydrogen is cooled
or heated, unless the gas is in contact with a suitable para-
magnetic catalyst that facilitates re-alignment of the proton
spins. By using a catalyst and cooling to low temperatures,
nearly pure samples of para-hydrogen in the lowest rotational
state (J = 0, v = 0) can be produced. When the catalyst is then
removed and the gas is reheated, the hydrogen retains its low-
temperature para/ortho composition for a sufficiently long
time to carry out experiments with para-enriched hydrogen.

We produced para-enriched hydrogen in a closed-
cycle helium cryostat that cools hydrogen in a conversion
chamber’’ filled with the catalyst Fe,O3. Nuclear magnetic
resonance (NMR) was used to check the actual para/ortho
ratio in the enriched para-hydrogen °H,. The experimental
setup for measurement of para-hydrogen enrichment was sim-
ilar to the one used in study by Tom.’® The NMR measure-
ments indicated (87 + 5)% content of para-hydrogen, i.e.,
P £, = 0.87,°° which is adequate for our experiments. In the
following text we will use this value of P f, without explicitly
mentioning its error. It suffices to enrich the hydrogen to a
level where the fraction of para-HJ significantly exceeds the
value P f; = 0.5 in normal hydrogen. Figure 1 shows exper-
imental data on the para-enrichment of H measured in the
discharge and in the afterglow for “H, and for "H,.

J. Chem. Phys. 136, 244304 (2012)

IV. TEMPERATURES IN THE H}
AFTERGLOW PLASMA

The different particles in a plasma afterglow and their
internal degrees of freedom are not necessarily in complete
thermal equilibrium with each other and with the walls of the
plasma container. For instance, the electron temperature 7t
can significantly exceed that of the ions Tx;, and gas atoms T
because the energy transfer in electron collisions with heavy
particles is inefficient. Also, the ion’s rotational temperature
Trot and vibrational temperature Ty;, do not have to be equal
to the ion’s translational temperature.

A. lon and neutral gas kinetic temperatures

Since the exchange of translational energy between ions
and neutral gas atoms is very efficient, the kinetic temper-
ature of the Hj ions during the afterglow should be nearly
the same as the gas temperature, provided that the plasma is
free of macroscopic electric fields that, in principle, can heat
the ions. The ambipolar electric field is too weak to cause a
significant heating. This expectation was confirmed by time-
resolved scans of the Doppler-broadened absorption lines of
H;r ions over the experimental temperature range from 77 K
to 220 K. The inferred temperatures of the H7 ions during
the discharge and the afterglow were equal to the wall tem-
perature within ~10 K (see also Figs. 3 and 4 in Ref. 43).
This also confirmed that the gas temperature in the discharge
region approaches that of the walls. Previous afterglow stud-
ies in this lab performed under similar conditions,*” but using
absorption lines of H,O rather than of H;r, led to the same
conclusion.

B. Electron temperature T,

The electron temperature 7. was not measured in these
experiments. In previous FALP experiments®' ™% we used
Langmuir probes to determine the electron energy distribu-
tion function in He and He/Ar buffered afterglow plasmas un-
der conditions similar to those in the present study. It was
found that the electrons gained a Maxwellian distribution with
the gas temperature very quickly after the metastable helium
atoms from the microwave discharge had been depleted by
Penning ionization of argon atoms.®* The electron cooling
time constant at typical helium densities can also be estimated
as the product of the electron-helium collision frequency
(>1 GHz) and the mass ratio 2m./my., which yields a cool-
ing time of 7, < 10 us.%> We indirectly observed fast cooling
of electrons by monitoring visible light emissions from the
discharge and in the very early afterglow.’’ These estimates

TABLE I. Transitions monitored in the present study. For details on the spectroscopic notation see Ref. 55.

Energy levels were taken from Ref. 56.

Wavenumber (cm ™) Spin Low. Ivl. (cm™1) Up. Ivl. (cm™1) Transition

7234.957 o 315.349 7550.316 3v2'(4, 3) « 0v3(3, 3)
7237.285 p 64.1234 7301.4084 3012, 1) < (1, 1)
7241.245 o 86.9591 7328.2041 3v2'(2, 0) < ng(l, 0)
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FIG. 4. Rotational temperatures of H;r ions. Panel (a): Relative populations
of H;’ ions in ortho (1,0) and (3,3) and para (1,1) states versus kinetic temper-
ature of the ions measured in the experiments with normal Hy. The data ob-
tained during the discharge (before switching it off) and during the afterglow
(at ~ 150 ws) are indicated by the filled and the open symbols, respectively.
The full lines indicate the calculated populations of the indicated states for
ions in thermal equilibrium at temperatures equal to Tkin. The dashed line in-
dicates joint population of all other states. Panel (b): The measured rotational
temperature of ortho manifold (7Ret—ortho) Versus measured kinetic tempera-
ture (Tkin)- The data were obtained in experiments with "H, and with °Hp.
The dashed straight line indicates equality TRot—ortho= TKin-

need to be refined when the plasma contains energy sources
that heat the electron gas, for instance, recombination of ions
by collisional radiative recombination. It is shown in Ap-
pendix that this heating mechanism at used electron densities
can elevate the electron temperature slightly in the early after-
glow at gas temperatures near 77 K, but becomes unimportant
at higher gas temperatures and lower electron densities.

C. Vibrational excitation of the H} ions

We expect that all excited vibrational states of H;r are
quenched in collisions with He, Ar, and H,. The reaction H2+
+ H, can produce H7 ions with vibrational excitation up to
v = 5 but the ions with internal energies above 0.57 eV are
rapidly destroyed by proton transfer with Ar, leaving only ions
in v < 2 (for details see Refs. 23 and 53). There is also a
high probability that the vibrational excitation of Hi will be
quenched in collision with H,. Kim et al.%® obtained a rate
coefficient 3 x 107'% cm®s~! for vibrational relaxation of Hy
ions in Hy. At [Hy] ~ 10" cm™3 this leads to vibrational re-
laxation within 30 us (see also discussion and references in
Ref. 67). We conclude that at Ar and H; densities of the or-
der of ~ 10'* cm™3 vibrational excitation will be quenched
within 30 us after ion formation. Collisions with He atoms
are more frequent by at least by three orders of magnitude,
but vibrational quenching by helium can be very low, as it
is, e.g., in collisions of He with vibrationally excited N QL ions
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(see, e.g., Ref. 68). To estimate the rate of formation of HgL
ions (in reactions with H, Ar, and He) we studied the pro-
cesses at very early afterglow at several He densities and at
low H, and Ar densities ([H,], [Ar] ~ 10'2 cm™3) in our pre-
vious study®® and we found qualitative agreement with results
obtained from kinetic model.

D. Rotational and nuclear spin states of the H} ions

The determination of the spin-dependent recombination
rate coefficients of HY ions relies on accurate knowledge of
the relative abundance of ions in the ortho-states and para-
states and corresponding rotational states. In this experiment
these quantities were measured by optical absorption, rather
than by modeling the kinetic processes, but we will briefly
describe the reactions of relevance.

The probability of changing the nuclear spin alignment
by radiation is very low and likewise collisions with He or
Ar atoms are inefficient in causing spin changes. The prin-
cipal rotational equilibration and spin scrambling process is
the proton-hopping or exchange reaction of H] with H, that
proceeds via a short-lived (H;’)* reaction complex. The re-
action has been studied in great detail.>>”-’%> It has been
found that the ratio of [pH;]/["H;] in plasmas containing
H; is constrained by nuclear spin selection rules and depends
on the relative concentrations of PH, and °H» (Refs. 70-75)
and on temperature. Rotational-state changes without chang-
ing the nuclear spin state, i.e., within the para or ortho man-
ifold, are possible by radiation and in collisions with He or
Ar. Electron collisions can change the rotational states within
the para or the ortho manifold with rates approximately ten
times faster than the rate of the dissociative recombination
(for details see Ref. 76) which means than on average an H3+
ion has ten thermalizing collisions with electrons prior to its
recombination at our conditions. For this reason, we expect
that ions are rotationally thermalized within the para and ortho
manifolds.

Rotational temperatures of the ions were inferred from
measurements of absolute densities of ions in three rotational
states. Panel (a) of Fig. 4 shows the populations of two ortho-
states and one para-state, measured during the discharge and
during the afterglow in experiments with normal H, at tem-
peratures 77-200 K. The relative populations of the ortho-
and para-states were computed by dividing the measured ab-
solute ion densities in a given state by the density of all Hf
ions, assuming a thermal rotational state distribution. At tem-
peratures where two H}' absorption lines were observable,
the rotational temperature Tror—ortho Within the ortho mani-
fold was obtained also. The relation between the rotational
temperature (Trot—ortho) and the kinetic temperature (7x;,) of
the ions is shown in panel (b) of Fig. 4. The data plotted in
panel (b) were obtained in experiments with "H, and with
°H,. The agreement between Trot_ortho and i, is very good
(ITRot—ortho— Txinl <15 K'). During the discharge, a slightly
higher rotational temperature Tret—ortho cOmpared to the ki-
netic temperature Tk, is expected since the ions are produced
with higher rotational excitation and then relax by collisions
to lower states. During the afterglow, the lifetime of the Hy
ions is longer (because ambipolar diffusion is slower) and
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FIG. 5. Panel (a): Evolution of [pH;r], [°H3+], and n. measured in ex-
periments with enriched hydrogen, °Hp, at Tye~ 77 K and [He] =4
x 107 em™3, [*Hy] = 3 x 10 cm™3, [Ar] = 6 x 103 cm—3. The decay in
the early afterglow is caused by recombination. Panel (b): Evolution of P f3.
The final value of P f3 ~ 0.7 during the late discharge and in the early after-
glow exceeds the equilibrium value of P f3 ~ 0.5 in normal hydrogen.

more time is available for rotational relaxation. Some produc-
tion of rotationally excited H;’ ions may occur in very early
afterglow. Therefore, in the determination of Tro(—ortho W€ €X-
cluded data obtained during the first ~ 150 us after switching
off the discharge.

We concluded that the ions under study were kinetically
and internally thermalized in plasmas containing "H,, within
the experimental uncertainties of Trot—ortho» Tkin» and P f5(see
Figs. 1 and 4). In plasmas containing °H,, we also found
that Trot—ortho ~ Tkin ~ THe (see panel (b) of Fig. 4), but in
this case the relative abundances of para-H and ortho-H7
(P f3 and ° f3) are not in thermal equilibrium (see panel (a) of
Fig. 1). The enrichment of para-H will be discussed next.

E. HJ para to ortho ratio

We measured absolute densities [PH7 ] and [°H7 ] dur-
ing the discharge and during the afterglow to determine the
dependence of the para-H; and ortho-Hgr fractions on experi-
mental conditions. The time resolution in our experiment suf-
fices to record the temporal evolution during the discharge
and during the early afterglow. Typical evolutions of [PHJ ],
["H;r] and electron densities are plotted in panel (a) of Fig.
5 for the case where “Hj was the precursor gas. The electron
density 7. is taken as the sum [PH7 ]+ [ °H7]. Panel (b) of
Fig. 5 shows the measured fraction P f; of [pH;]. After the
rapid change in the early discharge the variation during the
discharge becomes slow. The faster change of P f; at the be-
ginning reflects the transition from the nascent HJ, formed
by proton transfer from ArH™ or HJ to Ha, to the steady
state established in subsequent reactions with H,. A thorough
discussion of the reactions is contained in two recent papers
by Crabtree et al.**%). During the discharge, the para/ortho
composition of Hy (P f,) changes slowly as a consequence
of H, dissociation and recombination and hence P f; also
changes during the discharge. When we refer to values (e.g.,
TRot—orthos Tkin) measured “during the discharge” we mean
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FIG. 6. Dependence of P f; on Pf, measured in a He/Ar/H, mixture at
300 K (discharge) and 170 K (discharge and afterglow). Arrows point to the
values of P f, in "Hp and ®Hj that were used in the recombination studies.
Open symbols: Values in the discharge (tpisch ~ 2 ms). Filled symbols: Val-
ues during the afterglow (zafterglow ~ 150 us).

values measured shortly before switching off the discharge
(Tpisch ~ 2 ms), unless stated otherwise (see also discussion
in Ref. 43).

Our systematic measurements of the evolution of the
para/ortho composition show that, under the conditions of this
set of experiments, the fraction P f; remains nearly constant
during the afterglow, and that it can be varied by using nor-
mal or para enriched hydrogen. We also measured the depen-
dence of Pf; on P f, which was varied from P f,= 0.25 to
~0.87 by mixing "H, with °H,, while keeping the overall
hydrogen density ([ "Hz] + [ °Hz]) constant. The dependence
of Pf; on Pf, measured at 300 K and at 170 K (see Fig. 6)
is linear and the same was found to be true at other tempera-
tures (for details see Ref. 43). The linearity is a consequence
of the spin-scrambling reaction with hydrogen.”>~’* Crabtree
et al.*%® have recently discussed in great detail the general
dependence of P f; on P f, and other experimental conditions.
For the present study of H] recombination a quantitative un-
derstanding of the reaction kinetics is not required; it is only
important that P f; is known and can be varied over a signifi-
cant range.

V. EXPERIMENTAL RESULTS - STATE SELECTIVE
RECOMBINATION

The measured electron-density decay curves were ana-
lyzed to obtain apparent binary recombination rate coeffi-
cients for two particular values of P f3(see Egs. (2)—(4)). Fur-
ther details can also be found in Ref. 27. We carried out a sys-
tematic set of measurements which differed only in the value
of P f,, but employed otherwise very similar conditions. The
densities of para (1,1), ortho (1,0), and ortho (3,3) states of H3+
were monitored. Examples of data measured at 170 K with
"H, and with ®H, are plotted in Figs. 7 and 8, respectively.
Note the large difference in measured populations of particu-
lar rotational states of H; in both experiments (see panels (b)
of both figuers). In this set of experiments we obtained P f;
~ 0.5 for "H, and P f3 ~ 0.7-0.8 for °H, (see panels (c) of
both figures). Note also that in both experiments the values of
P f5 are nearly constant during the afterglow.
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FIG. 7. Panel (a): Example of decay curves of densities of ions in para (1,1),
ortho (1,0), and ortho (3,3) states of Hf*', measured during the afterglow in
a He/Ar/"H, gas mixture at 170 K, 1440 Pa of He, [Hy] = 1 x 10" cm ™3,
and [Ar] = 2 x 10" cm™3. Time is set to zero at the beginning of the after-
glow. The vertical bar shows the end of the discharge period and the begin-
ning of the afterglow. Electron density is obtained as a sum of ion densities.
Panel (b): The measured relative populations of para (1,1), ortho (1,0), and
ortho (3,3) states of HT, note the nearly constant values during whole after-
glow. Panel (c): Measured fraction P f3 of para—H;r.
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FIG. 8. Panel (a): Example of decay curves of densities of ions in para (1,1),
ortho (1,0), and ortho (3,3) states of H_'*', measured during the afterglow in
a He/Ar/®H» gas mixture at 170 K, 1550 Pa of He, [Hy] = 1 x 10" cm~3,
and [Ar] = 2 x 10" cm™3. The vertical bar shows the end of the discharge
period and the beginning of the afterglow. Panel (b): The measured relative
populations of para (1,1), ortho (1,0), and ortho (3,3) states of H;“ Panel (¢):
Measured fraction P f3 of para—H;
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FIG. 9. Examples of the evolutions of the reciprocal number density 1/n.
during the afterglow when using normal "Hj or para-enriched °H at other-
wise identical conditions. The effective (apparent) binary recombination rate
coefficient is given by the slope of the linear part of the plot.

From the densities of the ions in (1,1) and (1,0) states
we calculated, assuming thermal equilibrium (TDE) within
the para-manifolds and ortho-manifolds, the total densities
[PH{ ] and [ °HJ ] and their sum, i.e., the electron density. The
electron-density decay curves can be approximately analyzed
by graphing 1/n. versus decay time. The slope of the linear
part of the plot yields the effective (apparent) binary recombi-
nation rate (for details see Ref. 61). Examples of such graphs
of data obtained with "H, and “H, are shown in Fig. 9.

This simple form of analysis demonstrates that recombi-
nation in afterglows containing para-enriched hydrogen Hp,
i.e., with higher relative population of para-H7 , is faster than
when normal hydrogen is used. However, it neglects am-
bipolar diffusion and eventual reactive losses characterized in
Egs. (2)and (3). Hence, we used the more advanced “inte-
gral analysis” of the measured electron density decay curves
(for details of “integral analysis™ see Refs. 61 and 77). This
analysis can separate g from 7. and minimize influence of
ternary association (le) and (1f) on determination of «.g. The
first 50-150 us of the afterglow decay were excluded because
probably new ions were still being formed (for details see
Refs. 8, 27, 43, and 69. At 77 K special attention was paid to
analysis of the decay curves because of a possible influence
of the CRR process, which is discussed in Appendix.

The dependences of "o and “aer on He density mea-
sured at 170 K are shown in panel (a) of Fig. 10. Panel (c)
shows values of the corresponding fractions P f;. Note that
the fractions P f; are different in "H, and in °H,, but are in-
dependent on helium density [He]. Both, "otefr and g in-
crease linearly with increasing [He]. Therefore (see Eq. (5)),
we can obtain separate binary and ternary recombination rate
coefficients for known para/ortho ratios. The values obtained
with normal hydrogen refer to the thermal equilibrium Hy
with P f3 ~ 0.5. In our previous FALP experiments using "Hj
we assumed but did not prove that P f;= 0.5. The present ex-
periments with "H, confirmed that P f;= 0.5 and Trot—ortho=
Txin- In other words, the values of a;, and Ky, recombination
rate coefficients obtained in our previous FALP experiments
were the values appropriate for thermal equilibrium.333-37
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[He] (10" cm™)

FIG. 10. Measured dependence of effective recombination rate coefficients
aefr on He density at 170 K. Panel (a): The values o, measured using "Hp
as the precursor gas ("a.fr, open circles) and the values measured using *Hp
(e, filled circles). Panel (b): The calculated values Pae and o for
pure para—H§r (filled triangles) and pure H;r (open triangles), respectively.
For comparison straight line obtained by fit of values "ef in panel (a) is also
plotted. Panel (c): The P f3 fractions of para-H;' measured in the experiments
with "Hy and “Hp.

We measured the dependences of "gr and “oegr on [He]
for temperatures in the range 77-200 K. From the depen-
dences of "o and g on [He] and the corresponding val-
ues of P f; we calculated values Pagr and °ag for pure para-
Hj and for pure 0rth0-H_+, respectively. In these calculations,
linear fits to the data measured with "H, were used as a
reference (the full lines in panels (a) and (b) of the Fig. 10
indicated as "o.g). The obtained negative values of ‘o
were truncated to zero and the corresponding values of Pagr
were corrected accordingly. By fitting the data Py and
°aegr (panel (b) of Fig. 10) with a linear dependence (Eq.
(5)) we obtained the corresponding binary (Pay,;, and ‘o)
and ternary (P Ky, and °Ky.) recombination rate coefficients
for pure para-HJ and for pure ortho-H7 . This form of data
analysis is also described in Ref. 27.

VI. RESULTS—TERNARY HE ASSISTED
RECOMBINATION OF PARA-H; AND ORTHO-H;

The present SA-CRDS experiments cover a range of
pressures from 200 to 1600 Pa, corresponding to max-
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FIG. 11. Measured effective recombination rate coefficients Paegr and s
(closed and open triangles, respectively) as a function of He density at
77 K (panel (a), for details see also Ref. 27) and at 140 K (panel (b)). The full
lines indicate "og. The stars in panel (a) are data measured in previous FALP
experiment at 77 K (Ref. 34) and the large square in panel (b) represents
data measured in previous FALP and stationary afterglow experiments at
130 K.3*7° The slopes of the straight-line fits yield the corresponding ternary
recombination rate coefficients (Ky.) while the intercept for [He] — 0 gives
the corresponding apiy.

imum He densities of 1.6 x 10" cm™ at 77 K and
~6 x 10'7 cm™ at 200 K. The ability to vary the He density
over a large range of nearly a factor of 10 improves the accu-
racy of the inferred ternary rate coefficients. The dependences
of o, on [He] were measured at four temperatures (77, 140,
170, and 200 K) using "H, and °H,. The dependences of Pag
and °ceg on helium density obtained for 170 K are shown in
panel (b) of Fig. 10 and dependences obtained for 77 K and
for 140 K can be found in our previous papers>”-’® and are
shown in Fig. 11 (the values of Po.g were omitted in Fig. 11
for better clarity). From the dependences of Poegr and ot on
[He] we obtained (using Eq. (5)) the corresponding binary and
ternary recombination rate coefficients oy, and K. In spite
of the fairly large scatter in the data it is clear that ternary
recombination depends on the spin state of recombining ions
(on P f3). This large scatter is mirrored in error bars of the val-
ues shown in Figs. 12 and 13. As can be seen from Fig. 11,
zero values of extrapolated °ay;, cannot be excluded at the
lowest temperatures. For all three temperatures the ternary
helium-assisted recombination of para-H7 is faster than the
recombination of Hy .

Figure 12 shows the ternary recombination rate coef-
ficients PKy. and °Kpy. as a function of temperature, as
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FIG. 12. Ternary recombination rate coefficients P Kye, °Khe, and "Kye-
The data obtained in previous CRDS (closed circles) and FALP/SA (open
squares) experiments>>3* are also shown. The dotted lines drawn through
the para and ortho data are only meant to guide the eye. In the insert diagonal
elements Qj; of lifetime Matrix Q for the two lowest initial rotational states
of H;’ are plotted. Each curve is labeled with the corresponding quantum
numbers (J,G).5:34

obtained from the slopes of graphs of the kind shown in
Figs. 10 and 11. The values "Kpye corresponding to thermal
equilibrium at 77, 140, 170, and 200 K (open rhomboids in
Fig. 12) were obtained in the same way from "o (see Figs.
10 and 11). Particular attention was paid to experiments at 77
and 140 K (see Fig. 11) where we obtained high accuracy by
measuring at larger helium density range (when comparing
current CRDS data to FALP data, see Fig. 11). The CRDS
data at 100 and 330 K (closed circles in Fig. 12) and FALP
data at 200 K were measured in previous experiments and
were obtained from the measured dependences of "o on
hydrogen number density in the “saturated region.” For de-
tails see Ref. 34. Values of Ky, at 250 K and 300 K were
obtained from the slopes of the linear dependence on helium
number density from the data collection of SA and FALP
data.’* Because of the lower electron density in FALP exper-
iment plasma decay is longer and formation of H{ can influ-
ence the decay at higher helium densities. We have taken this
effect into the account by enlarging error bars of the FALP
data. Having in mind high He density and low temperature we
used kinetic models to verify our assumptions on influence of
H{ formation on plasma decay and on determination of ce.
Note that H5+ formed in association (1e) and (1f) is in used ex-
perimental conditions removed from plasma within ~ 10 us
and the association is loss determining process. Possible error
caused by H;r formation is within statistical error of the data,
as was confirmed by the chemical kinetics model. In Fig. 12
we did not include the data previously measured in “contin-
uous regime” where FALP was first cooled to 77 K and after
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FIG. 13. Measured temperature dependences of the binary recombination
rate coefficients "pin, Ppin, and o, for r101'mal—H;r (measured in exper-
iments with "Hy), para—Hf, and ortho—H;, respectively (see also Ref. 78).
Previous FALP data®33:3* measured with "H, are indicated by full circles.
Combined SA-CRDS/FALP data at 100 K and 305 K (Refs. 8 and 34) are
indicated by a full circle in a square. The temperature 7 in the SA-CRDS
experiments is given by Tkin, while in the FALP it is the temperature of the
flow tube. That is why we use 7= 82 K for data obtained in experiment made
with discharge tube (SA—CRDS) immersed in liquid nitrogen, otherwise we
indicate it as 77 K (e.g., in Fig. 5). Error bars (present CRDS data) represent
statistical errors (see linear fits in Figs. 10 and 11). The dashed lines indicate
the theoretical rate coefficients for para-H7, ortho-HJ, and for Hf ions in
the thermal equilibrium (TDE).° The curves labeled CRR are the effective
binary rate coefficients of collisional radiative recombination (CRR) calcu-
lated from the Stevefelt formula (see Refs. 31, 32, and 38) for electron densi-
ties ne = 5 x 10° cm ™3 (dotted line) and n, = 3 x 10'© cm~3 (dash-dotted
line). For details see the Appendix.

stopping cooling effective rate coefficients were measured at
continuously increasing temperature (for details see Ref. 8).
The accuracy of data obtained in “continuous regime” is lower
when comparing with accuracy of present data obtained from
dependences on helium density (Figs. 10 and 11).

In our previous studies®**3* of recombination of H
with electrons we discussed the ternary recombination rate
coefficient Ky in terms of the lifetimes of excited metastable
Rydberg states H} formed in collision of Hi ion with
electron.®3%3* At low collision energies the calculated values
of the lifetimes depend on the spin state of the recombining
ions and on collision energy. In the inset in Fig. 12 the
calculated diagonal elements Qj; of the lifetime Matrix Q for
the two lowest initial rotational states of H; are plotted. The
calculated lifetimes are long enough to enable /-changing
collision of Hj} molecule with helium buffer gas atom.
The calculated ternary recombination rate coefficients®* for
paral—Hgr and ottho—H;’, shown as dashed lines in Fig. 12,
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are in qualitative agreement with measured values. P Ky
is greater than °Kye due to the longer lifetimes of para-Hj
Rydberg resonances. Although some rather rough assump-
tions were made in the theoretical calculations (mainly the
independence of the rate coefficient of /-changing collision
on temperature) the overall agreement with the measured data
is quite good in comparison with older theories of ternary
assisted recombination.”®" An alternative explanation of
ternary recombination of Hj’ has been suggested by Johnsen
and Guberman.'?

More accurate theory should address decrease of ternary
rate coefficients at temperature decreasing towards 77 K and
also observed small difference between PKy. and °Kpye at
77 K (see also Ref. 27), which are in contradiction with cal-
culated dependences.

Vil. RESULTS—BINARY RECOMBINATION
OF PARA-H; AND ORTHO-H}

The values of Patyiy and °yiy for pure para-HJ and pure
ortho-H3+ and values of "oy, measured in the present exper-
iment are plotted versus temperature in Fig. 13. Plotted are
also values "oy, for H;r ions in thermal equilibrium obtained
in our previous FALP experiments.®3*3* The theoretical rate
coefficients for pure para-HY, pure ortho-HJ , and for Hf ions
in thermal equilibrium® are also shown in Fig. 13. The agree-
ment between experimental and theoretical binary recombi-
nation rate coefficients "o, Poin, and oy, is very good.
Also, the agreement between the present "oy, values and
those obtained in our earlier FALP experiments using Lang-
muir probes is very good over the whole temperature range,
even though in the present experiments the electron densities
in the early afterglow were higher by at least a factor of 20.%
The agreement at higher temperatures (140, 170, and 200 K)
indicates that the measured rate coefficients at 77 K do not
depend on electron density (see overlap of FALP and CRDS
data plotted in Fig. 11), which means that CRR has little ef-
fect on the binary recombination rate coefficients Poy,y, and
®apiy (for details see discussion in the Appendix).

VIll. POSSIBLE CONTRIBUTION OF CRR

The afterglow experiments described here had to be
performed at high ion and electron densities (approaching
10" cm™3) in order to obtain adequate optical absorption.
Hence, we were concerned that electron-stabilized recombi-
nation (CRR) might contribute to the recombination loss, es-
pecially at the lowest gas temperature of 77 K. The dominant
term in the “classical” treatment of CRR for atomic ions by
Stevefelt et al.’>® yields a three-body CRR rate coefficient
Kcrr = 3.8 x 1072 T,*3 cm%s~!. The formula (hereinafter
referred to as the “Stevefelt formula™) has been experimen-
tally verified for recombination of atomic argon ions at tem-
peratures down to 60 K (Refs. 32 and 40)). Its validity for
molecular ions seems plausible but has not been tested.

An uncritical application of the commonly used ““Steve-
felt formula”® results in an effective binary CRR rate co-
efficient of 3 x 1077 cm®s~! (at T, = 77K and an electron
density n, = 3 x 10'° cm™3, see Fig. 13), larger than the bi-
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nary HJ recombination coefficient measured in normal H, at
the same temperature. At later afterglow times, e.g., when the
electron density has dropped below 5 x 10° cm ™3, the contri-
bution of CRR becomes much smaller (see Fig. 13). However,
the real situation is more complicated because the electrons
that are captured by CRR transfer energy to other electrons,
thereby raise the temperature of the electron gas, and reduce
the rate of the strongly temperature-dependent CRR. The esti-
mates of the electron heat balance described in the Appendix
indicate that the electron temperature in the very early after-
glow may be as high as 100 K, when the gas temperature is
77 K. This would reduce the contribution of CRR consider-
ably but not make it entirely negligible. The model calcula-
tions described in the Appendix suggest that the effect of CRR
is negligible, even at 77 K.

The fact that the present data for normal hydrogen are
very close to those measured by us in flow tubes (FALP) at
ten times smaller electron densities®* supports our conclusion
that CRR makes only a small contribution to recombination.
While the exact contribution of CRR is difficult to determine,
our main conclusion, namely that para-H3+ and ortho-H3+ re-
combine with different rates, remains unaffected since CRR
should not distinguish between nuclear spin states, however
this question is in need of further clarification. Under prepa-
ration is the SA—CRDS experiment where wall temperature
will be below liquid nitrogen temperature, i.e., below 77 K.

IX. DISCUSSION AND CONCLUSION

Our investigations show that the low-temperature recom-
bination of H;F ions depends strongly on the nuclear spin
states of the ions. CRDS proved eminently capable of quan-
tifying the populations of para-H; and ortho-HJ in the dis-
charge and during the afterglow and to verify that the after-
glow plasma was in thermal equilibrium with the He buffer
gas. By adding normal and para enriched hydrogen to He
buffer gas we were able to form plasmas with different par-
tial populations of para-Hj (fractions, Pf3) and ortho-Hy
(fractions, °f3) and to deduce both binary and ternary (He-
assisted) recombination rate coefficients for pure para-H3 and
ortho-H7 ions. The rate coefficients were measured at temper-
atures from 77 to 200 K. As far as applications to astrophys-
ical clouds are concerned, the binary rate coefficients are the
most important. Applications to laboratory hydrogen plasmas
will have to include the ternary coefficients as well. It is worth
mentioning here that the recent observation of laser lines in
hydrogen/rare gas discharge was explained by three-body re-
combination of H7 .*!

This is the first time that binary and ternary recombina-
tion rate coefficients have been determined for Hi ions with
in situ measured abundances of the para and ortho nuclear
spin state and actual kinetic and rotational temperature. The
results support theoretical predictions and are compatible with
the partial results obtained in storage-ring experiments.
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TABLE II. Electron processes and corresponding characteristic times calculated for a plasma at Tge = Tkin = Trot = 77K, T = 82K, ne =5 x 100 ecm—3,
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3

and [He] = 5 x 10'7 cm=3 (~500 Pa). Definition of symbols: v: electron velocity; oe/me(v): tabulated cross section of electron-He elastic scattering; (....):
average over relative velocity distribution; Ap: Debye length; A: impact parameter for 90° coulombic scattering; mp.: mass of He atom; m.: electron mass; A:
coulombic logarithm; A »: energy difference between rotational states (1,1) and (2,1); ny, no: number density of H;’ ions in rotational states (1,1) and (2,1);
az, app: rate coefficients for electron (de)excitation between the states 2 — 1 and vice versa; Kye: ternary rate coefficient of helium assisted dissociative

recombination; apin: rate coefficient of binary dissociative recombination.

Reactants Process T [us] Remark Reference
e + He Elastic scattering 0.0008 “Te/He = 1/[Hel(0e/He - V) 8
e+e Coulombic scattering 0.004 “Tefe = 1/ne (v A%In(Ap/A)) 83,84
e + He Elastic cooling 2.9 “Te/me = “Te/He(Mue/2me) 65
" . . ) _ 632meed (kg Te)¥? 36
e+ Hj Coulombic cooling 3.4 T = # T ’
e+e+Hf CRR 43 tcrr = 1/n¢Kcrr *
+ . . _ 3 kn(Trot—Te) 76,87
e+ Hj Rotational cooling 140 “TRot = 3 A5 (nyam —neany)
e+ H;r + He Ternary recombination 200 Tiernary = 1/ Kne[Helne 34
e+ HY Binary recombination 250 Tpin = 1/Qpinnt 34
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APPENDIX A: ELECTRON HEATING AND EFFECT
OF COLLISIONAL RADIATIVE RECOMBINATION

In this appendix we consider the heat balance for elec-
trons in low temperature plasma. First we consider the heat
balance between the heat released by CRR and heat trans-
fer to ions and neutrals and the resulting increase of the elec-
tron temperature. In the second step we consider the effect of
electron heating on the afterglow decay.

We denote characteristic times between electron colli-
sions as “t (left superscript ¢) and characteristic times for
equipartition of energy as ®t (left superscript €). Right sub-
script will be used to denote collision partners. For example,
the characteristic time for electron/He collisions is denoted
as “7¢/y. and the electron temperature relaxation time due to
electron/He collisions is denoted as °7./pe. Both quantities
are related by the equation: “Te/me = Te/me(Mpe/2me).%

In these calculations we do not distinguish between the
para and ortho nuclear spin states of H;r In this approx-
imation we treat the interactions as spin independent. The
relevant collision processes are listed in Table II together
with calculated characteristic times for conditions typical
in our experiment: Tye = Tkin = Trot = 77K, T. = 82K, n.
=5x10"cm™3, and [He] = 5 x 10" cm™3 (~500 Pa).
Collisional radiative recombination adds AEcgr to the
internal energy of the electron gas. We assume that this en-
ergy is of the order of AEcgg = 0.13 eV per recombined
electron. This corresponds to the ionization potential of the
lowest Rydberg state recombining predominantly by colli-
sions rather than radiative transitions.*® 32 Varying the A Ecgr
by a factor of 2 had no qualitative effect on the conclu-
sions of our simulations. The CRR ternary rate coefficient

is taken as Kcrr = 3.8 X 10’9Te’4'5 cm®s~! 3% Heat transfer

from the electron gas to neutrals (He) and ions occurs via
electron/He collisions, electron-ion coulombic collisions, and
by rotational excitation of H;r between the rotational levels
(1,1) and (2,1). We use recently calculated thermal rates (see
Ref. 76) for rotational energy transfer. Electron-electron colli-
sions establish and maintain a maxwellian energy distribution
of the electron gas.

The maxwellization of the electron gas by electron-
electron coulombic collisions®>®* is much faster than the
cooling processes under our conditions. Hence, we can de-
fine an electron temperature and write a simple equation for
the internal energy of the electron gas U:

dU

T Ocrr — Qelastic — Qeji — ORots

where the Qcrr, Qelasiic» Qe/i» and Qro; terms represent the
heating by CRR, cooling by elastic collisions with neutrals,
cooling by coulombic collisions with ions, and cooling by ro-
tational excitation of ions, respectively. This equation can be
rewritten in terms of relaxation times defined in Table II:
dT.  2AEcger/3ks  Te =T  To —Tkin  Te — Ta
dr TCRR “Tes “TRot
(A2)

(AD)

B
Te /He

In determining the electron temperature, the time deriva-
tive term can be neglected, because the relaxation processes
are fast enough to maintain the equilibrium temperature at
each time during the afterglow. The electron temperature is
then obtained by numerically solving Eq. (A2) with zero time
derivative.

For the beginning we use the theory of CRR of atomic
ions® to estimate a rate of CRR of Hy ions, then the effective
binary rate of CRR should be comparable to the rate of effec-
tive binary recombination at 77 K and n. > 10'© cm™ (see
plots in Figs. 11 and 13). We deliberately chose conditions
where a large influence of CRR can be expected. We then nu-
merically model afterglow recombination in the presence of
electron heating by CRR and compare the results to our ex-
perimental data. The evolution of electron density on axis of
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FIG. 14. Model fits of sample data measured in normal hydrogen at 77 K.
Panel (a): The dashed line (i) shows the best fit to the data when a.g and
Acrr are treated as free parameters. The short dashed line (ii) indicates the
best fit when a.f is treated as a free parameter, but Acrg is taken as that given
by the Stevefelt formula.’® The dashed-dotted line (iii) shows model results
assuming that both the Stevefelt value of Acrr and the FALP values of aefr
(Ref. 34) are correct. Panel (b): The corresponding evolution of the electron
temperature calculated for conditions corresponding to fit (iii).

the discharge tube is given by the differential equation (4b)
augmented with the CRR term

dn, n

3 2 e
= —Kcrr (Te) ng — oy — —,
dr ™D

(A3)

where T, is given by Eq. (A2) and is dependent on n.. In
the numerical models, the value of Kcrr Was taken as Kcgrr
= AcrrT.* cm®s~! with either Acrr = 3.8 x 107 K*3 or
with Acgr as a free fitting parameter.®® The latter choice is
permissible since no accurate measurement or theory of CRR
for H ions is available. Figure 14 compares numerical fits to
sample data measured in normal hydrogen at 77 K. As before,
the first 100 us of the afterglow were excluded to eliminate
possible effects of ion formation in the early afterglow.

It can be seen in Fig. 14 that the best fit to the data is
obtained for a value of the CRR coefficient close to zero (line
(i) in Fig. 14). The fit obtained under the constraint that Kcgrr
is given by the Stevefelt formula is noticeably worse, even
when o is reduced (line (ii)). An even worse agreement
is obtained when o, is taken as the FALP value measured
previously** (see panel (a) of Fig. 11) and the Stevefelt value
is used for Kcrr (line (iii)). Since the previous FALP mea-
surements were performed at lower electron densities, they
should not be affected by CRR even if the Stevefelt value of
Kcrr is appropriate for H7 .

The same fitting procedures were applied to several of
our normal and enriched hydrogen datasets and led to the
same conclusion that CRR has only a negligible effect. Hence,
we did not correct the measured values of a.y for CRR con-
tributions. The apparent absence of CRR is surprising. It is
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known to occur for atomic ions and the high Rydberg states
involved in CRR are essentially the same for molecular ions.
On the other hand, it is also possible that the electron temper-
ature in the experimental afterglow plasmas was somewhat
higher than we estimate. This would greatly reduce the rate
of CRR but make only a minor difference in the dissociative
recombination coefficient of H7 .
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ABSTRACT: We present results of plasma afterglow experiments on
ternary electron-ion recombination rate coefficients of H;" and D;" ions at
temperatures from S0 to 300 K and compare them to possible three-body
reaction mechanisms. Resonant electron capture into H;* Rydberg states is
likely to be the first step in the ternary recombination, rather than third-
body-assisted capture. Subsequent interactions of the Rydberg molecules
with ambient neutral and charged particles provide the rate-limiting step that
completes the recombination. A semiquantitative model is proposed that
reconciles several previously discrepant experimental observations. A
rigorous treatment of the problem will require additional theoretical work

and experimental investigations.

1. INTRODUCTION

The recombination of H;" ions and their deuterated analogs
with thermal electrons has been studied for more than four
decades, motivated largely by its pivotal role in the chemistry
and physics of astrophysical clouds and the atmospheres of the
outer planets, applications to man-made discharges, and basic
interest. However, a true reconciliation of often discrepant
experimental data, and a convergence of theory and experiment
have not been achieved, as has been pointed out in recent
reviews of the subject (see, e.g., Johnsen and Guberman'). This
article focuses on three-body recombination of H;" ions, ie.,
the enhancement of recombination by collisions with ambient
plasma particles, such as electrons, ions, and neutrals.
Theoretical®® and experimental®™® work on purely binary
recombination of H;" has made enormous progress since the
advent of storage rings, advanced afterglow techniques, and the
modern Jahn—Teller type theories.” At this time, the theory
reproduces the experimental values of the thermal (Maxwel-
lian) rate coefficients very well, but discrepancies still exist
between the calculated resonances and the structures seen in
high-resolution storage-ring data, as has been discussed in great
detail by Petrignani et al.” Some of these resonances may also
play a role in the three-body effects discussed here (see section
S).

It is important to realize that third-body assisted recombi-
nation does not always lead to experimentally detectable
dependences on ambient gas density. We briefly illustrate this
point by revisiting the early experiment of Leu et al.'">"" Their
microwave-afterglow measurements yielded an H;" recombina-
tion coefficient (2.4 X 1077 cm?/s at 300 K) that is far larger
(by a factor of nearly 4) than that obtained later (about 0.6 X
1077 cm3/s) in low-pressure afterglows'>™'* and storage-ring
experiments.®"® Leu et al. employed helium as buffer gas, at

-4 ACS Publications  © 2013 American Chemical Society
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densities from 4.4 X 10" to 8.6 X 107 cm™ at T = 300 K, and
from 4.1 X 10" to 7.8 X 10"7 cm™ at 205 K. They found that
the recombination rates were independent (within about $%)
of density and that they were independent of the experimental
electron densities from § X 10° to about 1/20 of that density.
Over the limited range of temperatures the measured
recombination coefficients varied with temperature as T2,
exactly what was expected for binary recombination, and hence
the authors were confident that they had observed binary
recombination of H;", but as we will discuss later, they probably
measured a “saturated” three-body reaction that only gives the
appearance of binary recombination. A crude estimate of the
three-body rate coeflicient at 300 K would be given by the ratio
(24 x 107 — 0.6 X 1077)/ 44 x 10" = 4 X 107 cm®/s, a
rather large value that cannot be ascribed to known three-body
mechanism'® such as collisional radiative recombination in
which atoms act as third bodies. We emphasize that the large
body of data for ions other than H;" collected by the
microwave technique was confirmed later and that three-body
effects are not at all common. The gas phase recombination of
H,", the simplest triatomic ion, clearly has some unusual
features!

Systematic measurements of the neutral-assisted recombina-
tion have been carried out in the Prague laboratory over a
period of about four years and have recently been extended to
unprecedented low temperatures (S0 K). Both stationary and
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flowing afterglow apparatus were employed, always in
conjunction with mass spectrometric identification of the
recombining ions. In some measurements the traditional
Langmuir probe technique was used to determine electron
densities. Although accurate recombination coefficients can be
obtained by this method, the internal state of the ions remains
unspecified. Hence, optical absorption (cavity-ring-down-spec-
troscopy, CRDS) was added to observe the decay of Hy" (D5*)
ions in known vibrational/rotational states and to measure the
dependence of the recombination on the nuclear spin
modification (para, ortho, meta). Complete descriptions of
the earlier experiments can be found in Glosik et al,'¢™'%*?
Varju et al,>>** Kotrik et al,*' Plail et al,*® Rubovi¢ et al,**
and Dohnal et al.>>™%’

The earliest such measurements,”® carried out over a small
range of helium densities, were consistent with a lack of density
dependence. However, as the accuracy of the data improved,
and the density range was increased, a dependence of the
recombination on neutral (helium) density was invariably
observed. The measurements revealed that the three-body
coefficients vary with temperature and that they also depend on
the nuclear spin states of the Hy* (D;*) ions (see Varju et
al,””** Plasil et al,* and Dohnal et al.>>*7).

We limit the discussion to plasmas in which helium is the
dominant neutral gas and ignore possible eftects of the minority
gases that are often present in afterglow experiments, typically
argon and hydrogen. Tests showed that small additions of
argon have no significant effect. The hydrogen density is kept
small (<10 cm™), sufficient to maintain thermal equilibrium
among rotational states (within either the para or ortho
manifolds) and to convert precursor ions (mainly Ar*) rapidly
to H;" (D5*). We digress briefly to discuss one important
measurement that was performed in pure hydrogen to assess
the possible effect of H,.

Amano’s® pioneering and very influential optical absorption
measurements in pure hydrogen afterglows yielded a large
recombination coefficient of 1.8 X 1077 ¢cm?/s at 300 K, about 3
times larger than the now accepted binary value. Amano did
not observe a dependence of the recombination coeflicient on
hydrogen density in the range from 3.2 X 10" cm™ to 10 times
that value, which seems to indicate an absence of a three-body
contribution due to hydrogen. However, as was pointed out
earlier, the absence of a density dependence is not conclusive
proof that three-body effects are not present. If one were to
ascribe the larger observed recombination coeflicient entirely to
H,-stabilized recombination (ignoring possible contributions
from electrons), the three-body rate would have to be larger
than (1.8 X 1077 — 0.6 X 1077)/3.2 X 10" = 3.75 X 107 cm®/
s, about 100 times faster than the estimate made earlier for He
as third body. This estimate is compatible with that obtained in
the experiments of Gougousi et al>' In the afterglow
experiments described here, the H, density was kept below
10" ¢m™ and hence H,-assisted recombination should have
been negligible. In later work Amano®” extended his measure-
ments to low temperatures (~110 K) and found even larger
recombination coefficients. Under those conditions, conversion
of H;" to Hs" is not negligible (see Johnsen) and there is the
further complication that the electron densities in Amano’s
studies were unusually high (~3 x 10" cm™).

Neutral particles are probably not the only third bodies that
affect H,* recombination. Two afterglow experiments,®** both
performed at low helium densities, indicated that the H,*
recombination slowed down in the later afterglow (ie., at
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smaller electron densities), but the same was not observed in
recombination studies of O, ions, the “benchmark” ion often
used to test experimental procedures. However, this observa-
tion has also been ascribed to vibrationally excited H;* ions.**

In the following, we will present experimental data on the
temperature dependence of neutral assisted recombination,
followed by a discussion of possible reaction mechanisms. The
proposed mechanisms have in common that they invoke high
molecular Rydberg states with principal quantum number 5,
formed either by third-body assisted capture or by resonant
capture into autoionizing states. If such states are sufficiently
long-lived, their interactions with third bodies may induce
dissociation into stable recombination products, thus making
the recombination irreversible. In the case of molecular ions,
the ionic core may be rotationally (or vibrationally) excited so
that several sets of Rydberg states exist that converge to
different ionization limits. One should also be aware that the
electron “orbits” can be quite large so that many ambient gas
particles will be closer to the ion core than the Rydberg
electron. For instance, at gas densities of 3 X 10'” cm™ (~10
Torr at 300 K), the spherical volume of an n = 50 state contains
several thousand atoms. The density of charged particles is
typically much lower, but above the Inglis—Teller limit®3°
(Mpax ~ 80 at n, = 1 X 10° em™, n,,,, ~ 60 at n, = 1 x 10
cm™?) the Stark broadening due to neighboring charged
particles is on the same order as the energy difference between
adjacent Rydberg states.

2. EXPERIMENTAL DATA ON THE TEMPERATURE
DEPENDENCE OF THE HELIUM-ASSISTED
RECOMBINATION COEFFICIENT

A comprehensive set of rate coefficients of H;" and D;" has
been collected in helium-buffered afterglow plasmas in the
Prague laboratory. Some of the data were measured earlier, and
some were obtained as part of the present investigation. The
instruments used and the methods of analysis are the same as
those employed in determinations of the binary recombination
coefficients and there is no need to repeat detailed descriptions
(see, e.g, Kotrik et al,*” Dohnal et al,*® and Rubovi¢ et al.**).
In all these measurements the electron and ion temperatures
were the same as the gas temperature, the hydrogen and
deuterium gases were taken from room-temperature reservoirs,
and their nuclear spin states have their “normal” abundances.
We will not discuss recent measurements with para-enriched
gases (see Varju et al,”> Dohnal et al,® *” and Hejduk et
al.®).

As a precaution, a series of measurements was performed
(Dohnal et al.*®) to rule out the unlikely possibility that the
measured dependences on helium density were due to
unrecognized systematic errors, for instance in the determi-
nations of electron densities or in the corrections for diffusion
losses. In these tests the well-known recombination coeflicient
of O," ions was measured at T = 230 K for helium densities (in
units of cm™) from 3.8 X 10" to 5 X 10", and at T = 155 K
from 2.7 X 10" to 5.6 X 10", No detectable variation with
density was observed and the absolute values agreed with the
known recombination coefficients.

The three-body (ternary) Hy" (D) rate coefficients Ky, are
derived from graphs of the measured “effective” rate coeflicient
vs the density of helium, assuming that binary recombination

(o) and ternary recombination simply add, i.e., that
Xef = Opin + KHe[He:l (1)

dx.doi.org/10.1021/jp311978n | J. Phys. Chem. A 2013, 117, 9477—9485



The Journal of Physical Chemistry A

Experimental values of a ¢ (Figure 1), collected by the SA-
CRDS (stationary afterglow —cavity ring-down spectrometer)
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Figure 1. Dependence a4 on helium density at T = 80 = 3 K, as
measured in a stationary afterglow in conjunction with cavity-ring-
down spectroscopy (SA-CRDS) and in flowing afterglows (Cryo-
FALP I and Cryo-FALP II). (a) D;" data (from Dohnal et al,*® Kotrik
et al?"). (b) Hy* data (from Glosik et al.,'® Varju et al.?®). The dashed
horizontal lines show theoretical values of the binary coefficients
(Pagani et al,* Fonseca dos Santos et al.®).

and the flowing afterglow (CRYO- FALP I and II), are
consistent with a linear dependence over the differing density
ranges covered by the experiments. No measurable dependence
on electron density was observed, even though the Cryo-FALP
I and II data were obtained at low electron densities (typically
n, =2 X 10° cm™) in the afterglow plasma and the SA-CRDS
data were obtained at much higher electron densities (typically
3 X 10" cm™).

However, the linear addition of binary and ternary
recombination implied by eq 1 is valid only when the two
recombination mechanisms occur in parallel, but not when
binary and ternary recombination share the same “finite
resource”, for instance, an intermediate excited state that is
formed by electron capture (see section S). The observations
discussed in the Introduction suggest that a,g is more likely to
approach a constant value at higher [He]. Hence, the
experimental values of Ky, maybe only approximate first-
order values that are valid in the limit of small helium densities.

Figure 2 shows measured Ky, data for H;* in the
temperature range from T = 50 K to T = 350 K, the first
such data ever obtained for molecular ions at temperatures
below 77 K.

It has been verified in additional studies (Dohnal et
al, 7?73 Kotrik et al.’’) that such plasmas are close to
thermal equilibrium (Ty, = T. = T,,). Although the
consistency of the present data with those obtained in earlier
experiments is not perfect, the overall temperature depend-
ences are similar. The present experiments covered a wider
range of densities and have better accuracy. At temperatures
below about 100 K the three-body coefficient falls off with
decreasing temperature and then approaches the three-body
coefficient for neutral-stabilized recombination. For compar-
ison, we have added experimental data points obtained by
Dohnal et al.*® in plasmas that contained only atomic Ar* ions

9479

10 T T T
+
H, %
—~ Y S X e ¢ %’
) 1F ° I Lo ° |
£ ‘l* @ presentdata
o \ & CRDS normal H,
& J R O CRDS extrapolation
o A O Cryo-FALP | and FALP
T 01t LY (- - «Theory Ar' 4
2
X * N, NO', 0}, Cao * .
A Ar' Cryo-FALP Il S
0.01 : SV
100 200 300 400

Figure 2. Upper data set: measured variation of Ky, of H;" ions with
gas temperature, obtained when normal hydrogen was used (Varju et
al,*® Dohnal et al,*® Glosik et al.'®). Lower data set: measured helium-
assisted collisional radiative recombination rate coefficient of Ar* ions
(Dohnal et al.*®), and earlier results of Cao and Johnsen.*® Dashed
line: theoretical values of the Ar* rate coefficient (Bates and Khare'®).

(in the absence of hydrogen) and those agree very well with
earlier data*® and with theory of neutral assisted collisional
radiative recombination (N-CRR, see section 3). At higher
temperatures, the latter recombination mechanism makes only
a negligible recombination.

Figure 3 shows a similar data set for D;" ions. Here, the rapid
decline of the rate coeflicient below 100 K is more obvious. In
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Figure 3. Upper data set: measured variation of Ky, of D;" ions with
gas temperature (Kotrik et al,>’ Dohnal et al.*). Lower data set:
measured helium-assisted collisional radiative recombination rate
coefficient of Ar* ions (Dohnal et al.*®) and earlier results of Cao
and Johnsen.*® Dashed line: theoretical values of the Ar* rate
coefficient (Bates and Khare'®).

these data it is also clear that the D;* ternary rate coefficient
rises again below ~70 K, exactly as is observed for atomic argon
ions, removing all doubt that neutral collisional radiative
recombination occurs in both cases.

Although H;* and D;" are similar in many respects, there is
no reason to believe that they recombine with the same rates or
that the three-body rate coeflicients should be identical because
their rotational and vibrational levels are different. The three-
body coeflicients exceed those of collisional radiative
recombination in both cases at all but the lowest temperatures.
Also, the temperature dependence clearly does not obey a
simple inverse power-law dependence on temperature, such as
is often seen in three-body reactions such as ion—molecule
association reactions. A casual inspection of the data, especially
those for D%, suggests that the three-body recombination
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involves an activation energy or a resonance that requires a
minimum energy.

3. MODELS OF THREE-BODY ELECTRON-ION
RECOMBINATION OF H;* AND Ds*

Many, if not most, molecular ions recombine by the direct
mechanism. Here, the captured electron induces rapid
dissociation and there is insufficient time for stabilizing
collisions with third bodies. When, as is the case in indirect
recombination, the electron is first captured into autoinizing
Rydberg states, collisions with third bodies can affect their
subsequent evolution, if the lifetime of such states is long
enough. The density of third bodies here enters in the
“stabilizing” step. It is also possible, though, that the third
bodies play a role in the formation of Rydberg states, as in
collisional radiative recombination. It is not obvious which of
the two mechanisms is more important and whether the
capture step or the stabilization step are rate-limiting,

The earliest attempts®' to explain the peculiar recombination
in H;* containing afterglow plasmas (at low helium densities of
3 X 10" cm™ at T = 300 K) were made at a time when
theoretical calculations predicted a very small binary recombi-
nation coefficient. Gougousi et al.>' observed that the
recombination rate coefficient declined in the late afterglow, a
finding that was quite similar to that found in earlier afterglow
experiments by Smith and Spanél.** Gougousi et al. proposed a
model in which an electron was captured into a long-lived
Rydberg state with a vibrationally excite core, followed by
electron induced I-mixing (I being the Rydberg electron’s
angular momentum) and eventual stabilization by a reaction
with ambient hydrogen. In hindsight, the lifetimes used in their
model were probably too long, and improved theories” showed
that binary recombination was not as slow as earlier theories
had suggested. The experimental observations of Gougousi et
al. and Smith and gpanél, however, should not be dismissed as
“early data”.

When later afterglow experiments (Glosik et
Kotrik et al,”* Dohnal et al.>) showed that the recombination
rate increased with the density of the buffer gas (helium), the
authors developed an approximate model in which electrons of
low angular momentum (I = 1) are captured into rotationally
excited Rydberg states, subsequently suffer I-mixing in collisions
with helium, and are eventually stabilized. As will be discussed
later, rather large l-mixing rates for high Rydberg states have to
be invoked to obtain agreement with experiment. An alternate
mechanism (Johnsen and Guberman') invokes three-body
capture into lower Rydberg states that have higher I-mixing
rates. This estimate, however, relies on the approximation that
states with binding energies less than —4kT (the so-called
“bottleneck”) are in thermal Saha equilibrium, which is not
necessarily true if those states are subject to stabilization other
than by collisional energy loss.

In the following, we will use the following abbreviations: E-
CRR and N-CRR denote electron or neutral assisted collisional
radiative recombination of atomic ions. We use E-CDR and N-
CDR (electron or neutral collisional dissociative recombina-
tion) for molecular ions that can be stabilized by dissociation.
In reality, all these processes can occur together, do not add in a
simple manner, and are difficult to separate.

We begin with a brief introduction to the essential properties
of collisional radiative recombination for ions with an atomic
core. Though neither of these processes provides an adequate
explanation for the three-body effect observed in the case of

16—19,22
al, %
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recombining H;" plasmas, some aspects of the problem are best
understood by first considering atomic ions before examining
modifications that should be made in the case of molecular
ions. Electron assisted collisional radiative recombination (E-
CRR) involves three-body capture of an electron by the ion in
the presence of other electrons. One of the electrons is
captured into a high Rydberg state whereas the second electron
carries away the excess energy. Subsequent collisions with
ambient electrons then cause a net downward cascade that
eventually makes reionization impossible.

Th4e1 rate coefficient for E-CRR is given by (see, e.g., Stevefelt
et al*)

O crr = 2.7 X 107°(T,/300) **n, [cm®/s] @)

Here and in the following we will ignore the additional terms
that represent radiative effects. The validity of eq 2 at very low
temperatures T, (down to 52 K) was recently verified for Ar*
ions in a helium-buffered afterglow plasma in a Cryo-FALP II
experiment (Kotrik et al,””** Dohnal et al*®). Excellent
agreement of experimental and theoretical values was obtained.
The capture into high Rydberg states (a few kT below the
ionization limit) is much faster than that given by the formula
above, but most of the Rydberg atoms will be reionized, rather
than recombined. The capture rate coefficient can be calculated
from the detailed balance between capture of free electrons and
ionization of Rydberg atoms in thermal Saha equilibrium as

(n) = n*Ag ek, n, [cm’/s]

Peap 3)
Here Ay, is the thermal de Broglie wavelength
Aa = (W) (2amkT)>? )

and ¢, is the ionization energy of a Rydberg atom (13.6 [eV]/
n*) with principal quantum number #, divided by kT, [eV], i.e.
13.6
n’kT,

S

©)

The electron ionization coefficient k;,, in eq 3 is quite
accurately known. Vriens and Smeets*’ derived the semi-
empirical analytical formula

_9.56 X 107°(kT,) " exp(—¢,)

e + 438, + 1.32¢,

k [cm?®/s]

on (6)
Here, kT, has to be inserted in units of electronvolts. More
elaborate calculations by Pohl et al.** have confirmed the
validity of this formula, and Vrinceanu® has shown that the
ionization coeflicient is only weakly dependent on the
electronic angular momentum. If one now makes the simple
assumption that low Rydberg states with binding energies
above kT cannot be reionized, the capture rate coefficient of eq
3 in conjunction with eq 6 provides a rather good estimate of
the E-CRR rate of eq 2 that, however, is somewhat fictitious
because it ignores the contribution of downward n-changing
collisions. Capture into higher Rydbergs is much faster than
acgr of eq 2. For instance, capture into a range of Rydberg
states from n = 40 to n = 80 at n, = 1 X 10'® cm™ proceeds
with an effective binary capture rate coefficients of @, ~ 1 X
107 cm®/s at T, = 300 K, @, ~ § X 107° ecm®/s at T, = 100 K.
Note that the equilibrium between capture and collisional
ionization will be maintained on a time scale of 1/k,, 1., about
1078 s for n = 80 (at 300 K and n, = 1 X 10" cm™), which is
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much shorter than the recombination time scale of afterglow
experiments.

In the case of atomic ion cores the capture into high Rydberg
states is almost entirely compensated by reionization, but the
same need not be true for molecular cores that, at least in
principle, can be stabilized by predissociation into fragments
that can no longer be ionized. This is the basic idea of the
collisional dissociative recombination (E-CDR), first prosed by
Collins.*® If one assumes that all Rydberg atoms with p from 40
to 80 predissociate rapidly, the effective recombination
coeflicient approaches the capture coefficient that rises linearly
with n, and is very large, ~1 X 107¢ cm®/s at T, = 300 K and ,
=1 X 10" em™, ~5 X 107 cm®/s at 100 K. The effective
recombination coeflicient will rise with n, until the reionization
rate exceeds the predissociation rate and then levels off.
However, the assumption that a large fraction of the Rydberg
predissociate rapidly is probably not realistic. The capture
populates all allowed angular momentum states evenly (because
the inverse, ionization, is only weakly I-dependent) but only
very few of those, namely those with small | are likely to
predissociate (see Chupka*”). If only ions with low ], e.g,, in | =
1, are capable of predissociating, the estimates of the E-CDR
rate coefficient will be reduced by the factor (21 + 1)/n?
approximately 107 at n = 50. One might presume that I-mixing
by electrons would be effective in converting high-I ions to
predissociating I-states. The [-mixing rate by electrons from a
given I' to a different [ is indeed very large (Dutta et al.**), but
the rate for converting a random / to a given I’ is smaller by the
factor (2I' + 1)/[n* — (2I' + 1)], again a number on the order
of 1073, Thus, it appears unlikely that E-CDR is an important
process under the conditions of the afterglow experiments,
unless Rydberg molecules in high I-states dissociate rapidly or
are destroyed by some other reaction. If E-CDR were
important, its rate should increase quite fast with decreasing
temperature and lead to a strong dependence on electron
density. This, however, is not what is experimentally observed.

Collisional radiative recombination, however, should become
noticeable at very low temperatures and high electron densities.
For instance, at 100 K and n, = 1 X 10"® cm™ eq 2 gives crr
~ 4 % 1078 cm?/s.

Similar considerations apply to neutral-assisted recombina-
tion processes. The approximation made in the above estimates
of the electron-assisted three-body capture is not applicable in
the case of neutral-assisted capture. Ionization of Rydberg states
by helium atoms as opposed to electrons is slower by about 10
orders of magnitude (see Lebedev*®). Hence, one would obtain
extremely small rates of capture into high Rydberg states. This
estimate is inappropriate because those states are populated
predominantly by multiple electron-atom collisions that
gradually reduce the total energy. A more reasonable estimate
can be based on the treatment by Flannery,”® who obtained the
following rate coefficient for the neutral assisted recombination

of atomic ions:
1/2
] Ge,atomnatom
(7)

Here, m, and M, denote the masses of the electron and gas
atoms (e.g, helium), 0, is the electron-atom momentum
transfer cross section, and R, = ¢*/kT (=5 X 107 cm at 300 K).
R, is the trapping radius. The assumption is made that an
electron that collides with an atom inside this radius

recombines with unit probability, whereas those colliding

8kT

m,

e

a=8rn

RORZ[

atom
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outside that radius will escape recombination. If R is taken as
2R./3, the recombination coefficient decreases with temper-
ature as T > and agrees with the energy-diffusion model of
Pitaevskii.>' In the case of recombination in ambient helium
(USINg Gy gom = S X 107'% cm?), one obtains
a(T) = 2.1 x 1077 (T/300) **n(He) [cm?/s] (8)
A smaller (by about 40%) rate coefficient was obtained by
Bates and Khare'® in their classical treatment of the problem.
At temperatures above 100 K, this recombination coeflicient is
far smaller than what is needed to explain the neutral assisted
coefficient in the H;" recombination studies. However, at
temperatures below 50 K and n(He) = 6 X 10" em™ a(T) of
eq 8 exceeds 1 X 1077 cm?/s, which is clearly not negligible.
It is difficult to construct a general theory of third-body
assisted recombination of molecular ions because the decay of
molecular ions in high Rydberg states depends critically on the
specific molecule. However, one can estimate the relative
efficiencies of helium and electrons in leading to recombination
from the ratio of the rates in eqs 2 and 8. At T, = 300 K, one
ambient electron has about the same stabilizing effect as 107
helium atoms. If one now, as before, assumes that high Rydberg
atoms can also be stabilized by predissociation, it seems
reasonable to expect that the flux into such states is controlled
by helium atoms with an efficiency that is smaller by 10’
compared to that of electrons. For example, a density of
ambient electrons of n, = 1 X 10" cm™ would have an effect
similar to that of helium with density n(He) = 1 X 10" cm™.
Such conditions are fairly typical in experiments. Again,
however, the magnitude of N-DRR is expected to be significant
only if a very large number of Rydbergs states can predissociate,
which seems unlikely. Also, the N-DRR rate coeflicient would
increase as the temperature is reduced, rather than exhibiting a
drastic decline, such as that seen in the D;" data below 100 K
(Figure 3).
We conclude that that neither E-CDR nor N-CDR provides
a compelling or even plausible explanation for the experimental
findings. However, at very low temperatures collisional radiative
recombination, given by eqs 2 and 8, becomes competitive with
binary recombination. It may seem surprising that collisional
dissociative recombination is less important than collisional
radiative recombination. The reason is that dissociation is
effective only for states of low ], whereas collisional stabilization
also occurs for states with high [ and much higher statistical
weights.

4. RESONANT CAPTURE AND L-MIXING MODEL

A more promising mechanism of the helium-assisted
recombination may be electron capture of a p-electron into
an autoionizing resonance with a rotationally excited core,
followed by a helium-induced change of the Rydberg electron’s
angular momentum (l-mixing), and final stabilization by
predissociation or perhaps some other stabilizing mechanism.
This is the model that has been invoked in several earlier
publications.'®*"  Calculations of the lifetimes (or “time
delays”) of such resonances show that they can be indeed
quite large (100—1000 ps) but the subsequent collisions that
lead to irreversible recombination are more difficult to quantify.
Essentially, the effective rate coefficient is estimated as

Oefr = facapkln(He)/yu [cm3/s] (9)
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Figure 4. Reduced H;* rate coefficient observed in storage-ring experiments as a function of collision energy, drawn from data supplied by
Petrignani.53 Vertical dashed lines indicate the energies at which the calculated lifetimes"® of (1, 1) to (2, 1) resonances have maxima. The energies
C, E, and G correspond to resonant capture into n = 39, 50, and 78, respectively.

where v, = 1/7, is the reciprocal of the autoionizing lifetime,
@, denotes the capture coefficient, and k; is the [-mixing rate
from the initial p-state to higher angular momenta. The factor f
denotes the fraction of the H;" ions that are capable of
capturing electrons, e.g., are in an appropriate rotational state.
That number is estimated to be about 0.25. If one uses 7, =
107" s, @, = 3 X 1077 em’/s, and k; = 3 X 107° cm*/s, one
obtains a three-body rate coefficient of 2.25 X 1072 cm®/ s, in
good agreement with the experimental value assuming that
Rydberg states from p = 40—80 contribute. Equation 9 is valid
only in the limit of vanishing helium density. At finite helium
densities, I-mixing also depletes the resonant state. Hence, eq 9
should be replaced by

kpn(He)
A = f :

o fnHe)
“P n(He) + 1, (10)

which agrees with formula 9 in the limit n(He) = 0. At a helium
density of 3 X 10" em ™3, a(He) is now only about 50% of that
given by eq 9. At higher helium densities it “saturates” at fa,,
and the differential three-body rate (dat.g/dn(He) approaches
zero. The saturation should be taking into account in
comparisons of experimental data to model calculations. We
note also that eq 10 only considers /-mixing by helium atoms. If
one includes the much faster [-mixing by electrons, the
“saturation” would set in at lower helium densities under
many experimental conditions.

The assumption that the [-mixing rate coefficient due to
helium is given by k; = 3 X 107® cm®/s, independent of the
principal quantum number, is in conflict with the theoretical
conclusion of Hickman®> that for higher n it should decline as
n~27. Also, the theories of l-mixing consider only mixing from [
> 2. The rates for mixing from [ = 0, 1 to higher [ are actually
smaller because the quantum defects are larger. Unfortunately,
there are no direct measurements of [-mixing coefficients for
high p for molecular ions to reach a clear decision.

The assumption that the autoionizing high-I Rydberg states
formed by I-mixing predissociate much faster than they
autoionize is also not obvious, and there is no good argument
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that rules out the opposite assumption. In the following section
we will explore a modification of the resonant-capture model
that is, in part, based on experimental observations. In a more
rigorous treatment, multiple capture resonances should be
considered and their contributions should be added.

5. COMPLEX MODEL

At low electron densities binary rotational capture will always
be a faster route to Rydberg states than three-body assisted
capture. Hence, we will neglect contributions due to three-body
capture. The resonant lifetimes that were used in earlier
treatments were calculated from the matrix that describes the
rotational capture of p-electrons and their release assuming that
the ionic core, except for changing its rotational state, remains
unaffected. Other channels, such as predissociation or vibra-
tional excitation were deemed to play no significant role. It
seems possible, however, that the rotational resonances lead to
more complicated complexes, in which the ionic core becomes
highly vibrationally excited and eventually decays into
dissociating channels. This conjecture motivated us to examine
the energy dependence of the H;" recombination that has been
observed in storage-ring experiments

The high-resolution storage-ring data on H;* recombination
Petrignani et al.”*> show several recombination peaks at
energies from 40 to 160 cm™"' (0.005—0.02 €V) that are not
predicted by theory. As shown in Figure 4, their positions
correlate with the calculated'® positions of the lifetime maxima
for the rotational resonances from the (1, 1) to the (2, 1)
(excitation energy of 173 cm™") rotational states of para-H;*. In
Figure S of Petrignani et al. the peaks are labeled C and E (we
labeled the next higher peak “G”). In this graph, the “raw”
(referring to narrow, non-Maxwellian energy distributions) rate
coefficients have been reduced by multiplying with the square
root of the collision energy to remove the overall energy
dependence. It is still not entirely clear whether or not H;"
recombination measurements in storage rings are free from
possible effects due to electric stray fields.
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One could dismiss the correlation as coincidence, but
resonant capture by H;" in the (1, 1) state, the rotational
ground state of para-H;", is a natural first step in complex
formation. Helium, of course is absent in the storage ring, and
the electron density is much lower than in afterglow
experiments. Hence, it appears that some of the long-lived
rotational resonances actually lead to binary recombination.
The largest (very broad) peak in the storage ring data at SO
cm™" (labeled A) has no counterpart in the lifetime graph of (1,
1) to (2, 1) resonances and probablz has a different origin.
Storage ring data by Kreckel et al. * (see their Figure 8)
indicate that the central part of peak “A” remained the same
when para-enriched rather than normal hydrogen was fed to the
ISR ion source. Peak “A” may reflect a rotational resonance
from the para (2, 1) to the (3, 1) rotational state. If this
assignment is correct, this resonance could contribute to
afterglow recombination at T = 300 K, but it should not play a
role at very low temperatures, because the abundance of the (2,
1) rotational state would be small.

Returning to three-body effects, we now assume that the
Rydberg states formed by rotational capture of a p-electron
actually interact with the ion core and form an ensemble of
complexes with lifetimes that exceed those given by the lifetime
matrix. We further assume that the complexes can autoionize,
dissociate in the absence of third-body interactions, and that the
dissociation rate can be enhanced by third bodies. The resulting
recombination rate coefficient in terms of several, however not
well-known, rate coeflicients has the form

kHen(He) + kene + Vdiss,O
P kyn(He) + k., + Vgiso T U

aeff(He) =

(11)

The effective recombination coefficient is the product of a
capture rate coeflicient and the ratio of recombination channels
to all decay channels. It is similar to eq 10, but the rate
coefficients have different meanings. Here, ky, and k., denote
the net rate coefficients for complex stabilization (i.e., leading to
predissociation rather than collisional ionization) by helium
atoms or electrons, respectively. 14, is the predissociation rate
in the absence of third bodies, and v, is the autoionization
frequency. We prefer to use decay frequencies rather than
lifetimes, because an ensemble of complexes does not
necessarily decay with a single exponential time constant.

The coeflicients in eq 11 are not known and it is not likely
that they can be deduced from simple theoretical arguments.
However, it is easy to find values that approximately reproduce
the experimental data. Figure S shows a fit of eq 11 to data
obtained at T = 300 K for three different electron densities. The
autoionization rate has been chosen as v, = 8 X 10% 1/s such
that the model agrees with those of the Prague experiments
rather than with those of Leu et al."’

The data by Smith and Spanél** and by Gougousi et al.*' are
shown with upward arrows, from the values that they observed
at low n, (late afterglow) to those at high n, (early afterglow). If
one chooses k, =107k, the same “efficiency factor” used in
section 3, the model roughly reproduces the range of rate
coefficients observed in those experiments at different n.. A
precise fitting of those data is not possible and would be
pointless because the accuracy of those data at low n, is
considerably worse than at high electron densities. At high
n(He) the model gives a weaker dependence on n, in
agreement with the findings by both Leu et al.'® and the Prague
experiments. Although a linear extrapolation of the Prague data

9483

3.0
Hy*  T~300 K
25 + + + +
2.0
o
-
£
Q15
;E’ X Gougousi et al
: +  Smith & Spanel
ELO A CRDS
3 @ Cryo-FALP1
¢ leuetal
05 ne=2E10cm-3
====ne=2E9 cm-3
------- ne=2E8 cm-3
0.0
0 2 4 6 8 10

[He] 10Y em -3

Figure S. Comparison of eq 11 to experimental data at T = 300 K. The
following values were used for the rate coeflicients and decay rates:
U = 2.55 X 1077 em®/s, ki = 2 X 1077 cm®/s, k, = § X 107> cm’/s,
Viso = 1 X 10° 1/s, v, = 8 X 10° 1/s. See text for additional
explanations. Data points from Gougousi et al,*' Smith and Spanel,**
CRDS and Cryo-FALP I from Glosik et al.'® and Leu et al.''

to n(He) = 0 is not strictly compatible with the model, it results
in a binary value that is only slightly too high.

Our exploratory model provides a common framework that
makes the apparent discrepancies between experimental data
easier to accept. Obviously, the model is crude because it uses
the same rate coeflicients for all members of the ensemble of
complexes. This is unavoidable, given the severe lack of
knowledge of the relevant parameters. It is also difficult to
estimate how the effective recombination coefficients would
vary with temperature. At low electron temperatures resonant
capture can only occur into Rydberg states with smaller
principal quantum numbers and the spacing between states will
increase. Thus, one might expect that three-body effect would
become smaller at low temperatures. The changing rotational
distribution of H;" is likely to have an effect also.

In the complex model, collisions with third bodies enhance
the recombination rate at the expense of the autoionization rate
v,. If v, is vanishingly small, however, then (see eq 11) the
recombination rate is limited by electron capture and third-
body effects disappear. In the simplified theory of Jungen and
Pratt’ electrons are captured by vibrational excitation mediated
by the linear Jahn—Teller effect and autoionization is assumed
to be negligible. Because their theory reproduces the rate
coeflicients measured in storage rings quite well, the agreement
can be seen as a possible argument against the complex model.
However, in a later and more detailed paper Jungen and Pratt>®
conclude that purely rotational capture into autoionizing states
should also be considered and that recombination in that case
would not be capture limited. It is difficult to go further without
knowing the relative efficiencies of the capture mechanisms.

6. CONCLUSIONS

The multiyear efforts to elucidate the ternary recombination of
H;" and D" ions, in particular the novel extension to very low
temperatures, have resulted in a rather unique set of data. It is
particularly pleasing to see that the traditional three-body
reaction (ie., the Bates and Khare mechanism'®) becomes
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detectable at temperatures below 70 K. This observation
strongly supports the validity of the afterglow methods used
here.

It appears that many of the seeming discrepancies between
afterglow recombination data on H;" (D;*) can be traced to
third-body effects involving both neutral and charged particles.
Although these measurements of third-body assisted recombi-
nation have narrowed the range of plausible mechanisms,
developing a quantitative theoretical model is seriously
hampered by the lack of needed data, especially on rates of
predissociation, their dependence on angular momentum, and
coupling between electronic and core degrees of freedom. The
tentative model proposed here presents an attempt to develop a
common framework that seeks to reconcile experimental
observations.

The data obtained in helium-buffered plasmas are nearly
complete, but there is a lack of data in other rare gases. Neon
might be a good choice for further work because the
momentum transfer between electrons and neon is far smaller
than with helium. The only experiment in neon buffer*® was
done at a single pressure and does not permit any inferences
regarding pressure dependences. Hence, we did not discuss this
work but note that it resulted in smaller recombination
coeflicients than those obtained with helium buffer gas.

There remains some doubt about the role that electrons play
as stabilizing body because the only two experiments®*>" that
point to electron-stabilized recombination may have alternate
explanations. Additional experiments, especially measurements
at very low temperatures, may be worth the effort.

Finally, it would certainly be highly desirable to have more
theoretical information on the configuration interaction
between electronic and core excitations in H;" Rydberg states,
and to identify clearly the origin of the resonance peaks that are
seen in storage-ring experiments.
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ABSTRACT: The results of an experimental study of the H;" and
D;" ions recombination with electrons in afterglow plasmas in the
temperature range 50—230 K are presented. A flowing afterglow
apparatus equipped with a Langmuir probe was used to measure
the evolution of the electron number density in the decaying
plasma. The obtained values of the binary recombination rate
coefficient are @, = (6.0 % 1.8) X 107°(300/ T)036%009 cpy3 =1
for H;" ions in the temperature range 80—300 K and at;,p * = (3.5
+ 1.1) X 107%(300/T)°7***® cm® s7' for D,* ions in the
temperature range 50—300 K. This is the first measurement of the

binary recombination rate coefficient of H;" and D" ions in a
plasma experiment down to 50 K.

I. INTRODUCTION

The recombination of the simplest polyatomic ion H;* (and to
some extent of its deuterated isotopologues) with electrons has
been the subject of extensive study by both experimental and
theoretical physicists during the previous fifty years." This
process is fundamental for modeling of astrophysical diffuse
clouds® and other hydrogen containing plasmas. The long
history of H;* recombination studies has been summarized in a
number of reviews>® and in the thorough book by Larsson and
Orel’ The once puzzling disagreements in magnitude of
recombination rate coefficients obtained in different types of
experiments have been largely resolved by taking into account
third-body stabilized recombination processes that can
substantially enhance the overall recombination in plasmas
over the pure binary recombination rate coefficients measured
in beam type experiments.'”'! Moreover, the large discrepancy
between experimentally obtained recombination rate coeffi-
cients and some early quantum mechanical calculations' has
been successfully resolved by including the role of the Jahn—
Teller effect.”*™'® Theoretical predictions now agree very well
with values obtained in ion-storage-rings experiments'’~>® and
in afterglow experiments.“’m’l1’21’22

In comparison, the neutral assisted ternary recombination of
H;" and D;" ions with electrons as found in helium buffered
afterglow experiments is still not fully understood. The
recombining H;" and D;* ions form long living metastable
Rydberg states'"*" with lifetimes in the order of hundreds of
picoseconds. At pressures above 100 Pa, this is long enough for
several collisions with particles of the buffer gas prior to
recombination. Although some mechanisms for these inter-
actions have been proposed,®!! none of them fully explains the
experimental data. This topic is thoroughly discussed in another
article in this volume®® together with new experimental data on

-4 ACS Publications  © 2013 American Chemical Society 9626
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the ternary helium assisted recombination of H;" or D" ions
with electrons.

The theory of the dissociative recombination of H;" ions
with electrons also predicts a large difference between the
recombination of ortho- and para-H;" (more than 10 times at
10 K, 2.5 times at 80 K and no difference above 300 K)."> This
was partially confirmed by storage ring measurements
conducted using normal and para-enriched hydrogen (normal
hydrogen contains 25% of para-H, and 75% of ortho-H,—i.e.,
the population of the rotational states of H, in thermodynamic
equilibrium at 300 K)."***72° Tom et al.>* found that para-H,*
recombines about twice as fast as ortho-H;" at low collisional
energies (10 K). The rotational temperature of H;* ions in this
experiment was probably higher than 300 K (see discussion in
refs 20 and 26). In recent stationary afterglow experiments”’ >
a cavity ring down spectrometer (CRDS) was used to probe the
decay of ions in specific rotational states and to determine the
state specific recombination coeflicients. According to these
experiments at 77 K para-H;" ions recombine three to 10 times
faster (if the error bars are taken into account) than ortho-H;*
ions. In these experiments, the H;" ions were in thermody-
namic equilibrium (TDE) with the helium buffer gas; ie., the
measured kinetic and rotational temperatures of the H;" ions
were close to the wall temperature, Ty, = T,oy = The = Tvarr

Another afterglow experiment with spectroscopically re-
solved number densities of the recombining H;* ions was
conducted by Amano in pure hydrogen in the early nineties.*’
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His value of recombination rate coefficient & = 1.8 X 1077 cm?

s™' at 273 K and measured at pressure below 100 Pa is rather
high and it probably indicates a very effective H, assisted
ternary recombination.

The recombination of D;* ions with electrons was also
studied in storage ring experiments®’ and in plasmatic
experiments.**"** Up to now there is only one study in a
D;" dominated plasma with spectroscopically resolved
recombining ions.>® In that experiment the measured kinetic
and rotational temperatures of the recombining ions was also
close to the buffer gas temperature (for details see ref 33).

In addition to the ternary neutral assisted recombination, an
entirely different ternary process that can enhance the overall
recombination rate in low temperature afterglow plasma is
electron assisted ternary recombination (collisional radiative
recombination, E-CRR).>* At 80 K and an electron number
density of n, = 5 X 10" cm™ the predicted effective binary
recombination rate coefficient due to E-CRR is § X 1077 cm?®
s~'—much larger than the actual values measured in Hy* or D,"
dominated afterglow plasmas under the same conditions.”>>
The thorough analysis of experimental data made by Dohnal et
al”® has shown that the E-CRR contribution to the overall
recombination rate in their experiments is more than order of
magnitude lower than that predicted by the theory of E-CRR.**
We have recently studied the E-CRR of Ar" ions in the
temperature range 50—200 K,***° and we have obtained
reasonable agreement with the theory. It is rather puzzling that
we can measure value for the recombination rate coefficient
close to the calculated one for the atomic ion Ar* and not for
the molecular ion H;*. Recently, Shuman et al.*” observed the
dependence of the mutual neutralization of Ar" ions with
various molecular anions on electron number density. Although
the process they proposed is different than E-CRR (and 10—
100 times faster), it is clear that the magnitude of the electron
induced enhancement of the recombination rate of more
complicated species (e.g, molecular ions) is still an open
question (especially given the lack of experimental data on the
subject). One of the motivations for the present experiments
was to study the role of E-CRR on the overall recombination of
H,*/D;" ions in an afterglow plasma.

In this article we will present the results of our study of the
recombination of H;* and D;" ions with electrons in the
temperature range 50—230 K, extending our previous measure-
ment down to 50 K. The present measurements were
performed with better temperature stability and over a broader
range of pressures than in our previous flowing afterglow
experiments'*'"*! to gain better accuracy of obtained binary
and ternary recombination rate coefficients. To the best of our
knowledge this is the first study of recombination of these
molecular ions in an afterglow plasma below 80 K.

Il. EXPERIMENT

In this study we used a Cryo-FALP II apparatus—a
modification of the standard FALP (Flowing Afterglow with
Langmuir Probe) device. The details of the FALP technique
may be found in refs 9 and 38. The current experimental setup
is described in ref 36 so only a short description will be given
here.

The helium buffer gas is ionized in a microwave discharge in
the upstream glass section of the flow tube, enters the stainless
steel flow tube, and is pumped out by a Roots pump located at
the other end of the flow tube. Argon is added a few
centimeters downstream from the discharge to remove

metastable helium atoms and to form an Ar" dominated
plasma. Further downstream, H, or D, is added to form H;" or
D;" dominated plasmas. The sequence of ion—molecule
reactions leading to the formation of H;* (D;*) dominated
plasma is discussed, e.g., in refs 5 and 39. The decrease of the
electron number density along the flow tube is measured by
means of axially movable Langmuir probe.

In our previous SA-CRDS (stationary afterglow with cavity
ring down spectrometer) experiments”’ >*~>** conducted
under conditions (pressure, temperature, and gas composition)
similar to those in the present experiment, the measured kinetic
and rotational temperatures of the H;" or D;* ions in the
afterglow were close to the buffer gas temperature. Therefore,
we have good reason to suppose that the internal temperature
of the recombining ions is close to the buffer gas temperature
also in the presented study which essentially extends previous
measurements down to 50 K. Nevertheless, as discussed below,
the actual para-H;" to ortho-H;" ratio could have been slightly
shifted in favor of ortho-H;" at temperatures below 80 K.

The electron temperature T, was not directly measured in
these (SA-CRDS and Cryo-FALP II) experiments. Recently, we
have studied the collisional radiative recombination of Ar" ions
with electrons, a process with a steep dependence on electron
temperature.>>>® The results were in overall agreement with the
theory of E-CRR* indicating that T, was not significantly
higher than the buffer gas temperature. Another indirect
measure of the value of T, is the rate of ambipolar diffusion.
Ambipolar diffusion time constants measurements for the Ar*
ions in helium gas, performed using the same experimental
setup as in present study,” confirmed that in the studied range
80—200 K the measured ambipolar diffusion is close to the
expected value, i. e. again that the electron temperature is not
higher than the buffer gas temperature (within experimental
error of 10%).

lll. DETERMINATION OF THE BINARY
RECOMBINATION RATE COEFFICIENTS

Here and in the following text we will refer to the recombining
ions as H;*, but the same considerations apply to D;* ions
unless stated otherwise.

It has been shown in previous afterglow experiments
that the recombination losses due to the ternary helium assisted
recombination of H;" or D;" ions can be comparable to that
due to the dissociative recombination at buffer gas pressures of
a few hundred pascals. Furthermore, at low temperatures and
high densities of H, and He, H;* cluster ions, which quickly
recombine with electrons with a recombination rate coefficient
as ~ 107° cm® 57!, are formed in three body association
reactions.*"*

The overall losses of charged particles in a Hy;" dominated
plasma with a small fraction of H;" ions, following the
derivation in refs 35 and 42 can be described by the equation

4,10,11,21

dn, d[H,*]
dt dt
_ + + +
= —abin[H3 ]ne — (ISR[H3 ]ne — KHE[He] [H3 ]ne
ne ne
- I<E-CRR[H3+]"e2 - T
o TR (3)

where 1, is the electron number density, [H;"] is the number
density of H;" ions, [He] is the number density of neutral
buffer gas atoms (helium in this experiment), @, is the binary
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recombination rate coeflicient of H;" ions, o is the H;" binary
recombination rate coefficient, R = [H¢"]/[H;"] =~ Kc[H,] (K¢
is the equilibrium constant, the ratio R is equal to Kc[H,] if R
does not change in time), Ky is the ternary recombination rate
coefficient of neutral assisted ternary recombination (N-CRR),
Ky crp is the ternary recombination rate coeflicient of electron
assisted collisional radiative recombination (E-CRR), 7y, is the
time constant of ambipolar diffusion, and 7y is the time
constant of losses due to reactions with impurities and
consequent fast recombination of formed ions. Assuming that
H," is the dominant ion in the decaying plasma, and that the
plasma is quasineutral, eq 3 can be then simplified:

dn

e 2 e
= —-q.n- - —
dt eff'e ] (4)
where
aeff = aextrap + aSKC[Hl] = (efro + I<He|:He:| + aSKC[HZ]

()

is the effective binary recombination rate coefficient, and 1/7; =
1/7p + 1/7x. The Oy is part of the effective recombination
rate coefficient independent of hydrogen number density. In
the limit of vanishing helium and hydrogen densities, o ([H,]
g O) [He] g 0) = effp = (abin + KE—CRRne)'

In the previous paragraph we have assumed that losses by N-
CRR and E-CRR can be linearly added. This assumption might
not be necessarily correct because of competition between both
ternary processes.* At temperatures above 100 K and electron
number densities 1, ~ 10° cm™, the predicted losses due to E-
CRR* are negligible in comparison with the losses due to
dissociative recombination of H;" (or D;"). At lower
temperatures the losses due to E-CRR could be comparable
with those from the dissociative recombination reaction.
Nevertheless, we decided not to evaluate the Kg cpr from the
measured decay of the electron number density. If the E-CRR is
present, it would be included in the a,g, term of eq S, because
the H, and He dependent terms are evaluated separately (see
below).

The “integral data analysis” described in ref 44 enables us to
evaluate the effective recombination rate coefficient, a.g and
the time constant, 7;, from the measured evolution of the
electron number density.

To correct for the presence of H" ions, we measured the
dependence of the effective recombination rate coeflicient, g
on the H, number density at each temperature and pressure.
Examples of such dependences are plotted in Figure 1.

The recombination rate coefficients of H;" ions with
electrons at a given temperature and pressure aextrap(T, [He])
= a.4(T,[He],[H,]—0), are then obtained by linear extrap-
olation of the measured a4 to [H,] = 0, as shown in Figure 1.
The steepness of the slope fitted to these data increased with
helium density and decreasing temperature. The number
density of H, was always kept above 5 X 10" cm™ because
it has to be high enough to form H;" rapidly from the Ar*
precursor ions and to maintain a constant para- to ortho-H;*
ratio. Otherwise, the faster recombining species would be
depleted preferentially. We perform calculations of the chemical
kinetics to determine the best conditions for the experiment.
The discussions in refs 4 and 11 suggest that at conditions
similar to the present experiment, the number density of H,
should be greater than 10" cm™. In this study [H,] was in the
range 5 X 10" to 2 X 10" cm™>, sufficient to maintain the para-
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Figure 1. Dependence of the measured effective recombination rate
coefficient of recombination of H;* ions with electrons on H, number
density at 90 K (upper panel) and 70 K (lower panel). Dashed lines
are linear fits to the data. The extrapolation of these fits to [H,] = 0

gives the value of Quy,(T,[He]) at the given temperature and

pressure.

H,* to ortho-H;" ratio at the value ap%ropriate for the para/
ortho composition of the H, gas used.**

Examples of measured dependences of as on the helium
number density for H;" and for D;" are plotted in Figure 2.
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Figure 2. Upper panel: dependence of the effective recombination rate
coefficient of recombination of H;" ions with electrons on the helium
buffer gas density measured at each of the following temperatures: 60,
70, and 90 K. Lower panel: as in the upper panel but for D;" ions at
the temperatures 60, 80, and 90 K. The dashed lines are linear fits to
the data. The displayed errors are statistical errors.

These data were obtained at number densities of H, in the
range 1 X 10" to 7 X 10'> cm™. In general, the binary and the
ternary recombination rate coefficients can be obtained from
the dependences plotted in Figure 2, as is discussed, e.g,, in ref
28. At low temperatures (especially at S0 K) and at higher
helium densities the formation of Hs* (D<*) would cause an
additional increase in the effective recombination rate
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coefficient. The binary a.g and the ternary Ky, recombination
rate coefficients at a given temperature were thus obtained
using eq S from the dependence of (g, (T,[He]) on the
helium number density. The errors displayed in Figures 1 and 2
are statistical errors of the fit to the time decay of electron
number density.

IV. RESULTS AND DISCUSSION

The measured dependence of the binary recombination rate
coefficient @y, (e, see below) of the recombination of Hy*
ions with electrons on temperature is plotted in Figure 3. The

k} T T
H+ @ present
My o FAP ]

& SA-CRDS

o
£
o
o
5.5
05F : 3
* DR theory TDE:
i ---- dos Santos
CRR Y CRR,% —-—- Jungen
1% B
50 100 200 300
T(K

Figure 3. Temperature dependence of the binary recombination rate
coefficient for the recombination of H;* ions with electrons. Present
Cryo-FALP 1II data are indicated by full circles. Open rhomboids
indicate values measured by Varju et al.>” and Dohnal et al.*® using the
SA-CRDS apparatus with spectroscopic identification of the
recombining ions. Open circles are binary recombination rate
coefficients measured in this laboratory using the FALP technique
(see discussion in refs 11 and 28). The dashed double dotted line
shows data measured at the storage ring CRYRING." The dashed,
and the dot dashed, lines marked TDE are theoretical calculations by
Fonseca dos Santos'® and Pratt and _]ungen,46 respectively. The dotted
lines marked CRR, and CRR, indicate calculated®* recombination rate
coeflicient for E-CRR at electron number densities of 10° and S X 10'°
cm™>, respectively. The thick full straight line is a fit to the FALP,
Cryo-FALP II, and SA-CRDS data in the range 80—300 K: atp,y,” =

(6.0 + 1.8) x 107%(300/T)*3*%%® ¢m? 7%, The full lines labeled para
and ortho are recombination rate coefficients calculated by Fonseca
dos Santos' for para-H;* and ortho-H;" ions. The full square is the
value of oy, measured using the Cryo-FALP II apparatus with para-
enriched H, instead of normal H,.

present data are plotted as full circles. Values from previous
FALP,"! SA-CRDS,*”*® and CRYRING" experiments are also
plotted in Figure 3 together with the thermal dissociative
recombination rate coefficients calculated by Fonseca dos
Santos et al.'* and by Pratt and Jungen.'®*® We computed the
thermal values from the energy dependent recombination rate
coefficients published by Pratt and Jungen.** The estimated
errors of the measured recombination rate coefficients o, are
+30%.*” The main contributions of the systematic errors arise
from the electron number density measurement by Langmuir
probe and from uncertainties in the determination of pressure
and gas flows. The statistical error from the aforementioned
fitting steps (less than 10%) is negligible in comparison with
the systematic one.
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The dotted lines in Figure 3 labeled CRR; and CRR, are
effective binary recombination rate coefficients of E-CRR
(ag.crr) at electron number density of 10° cm™ (a typical value
for the present Cryo-FALP II experiment) and 5 X 10'® cm™
(a typical value for the SA-CRDS experiment), calculated from
the dependence ap cpp = 3.8 X 107 T™*° ., cm® s7" (see ref
34), respectively. Note that at T ~ 80 K, the difference between
the values of ay;, obtained in the present study and in the
previous SA-CRDS experiment”” is less than 2 X 107 cm® s7".
This suggests that the effect of E-CRR on the recombination of
H;" ions with electrons is at least 20 times lower than predicted
by theory of E-CRR* A substantial increase of the
recombination rate coefficient below 80 K (in accordance
with the T™*° temperature dependence of ay.crr) Was not
observed. This leads to the conclusion that under our
experimental conditions Qg = O,

We have previously measured the rate coefficients of E-CRR
of Ar* jons using the same setup as in current experimente’s’36
and we have found good agreement with theory of E-CRR.**
We do not have an explanation for the seeming absence of E-
CRR in the H;* dominated plasma investigated here.

The thick full straight line plotted in Figure 3 is the fit of the
FALP, Cryo-FALP II, and SA-CRDS data in the temperature
range 80—300 K giving the value - = (6.0 = 1.8) X

1078(300/T)%*%%® cm® 5™, We included in the fit only the
data for which we have information about the internal state of
the recombining ions. The agreement of the present data with
our previous afterglow experiments, storage ring values and
with the theoretical calculations is very good. Below 80 K the
experimental values begin to deviate from the theoretical ones.
To form H;" ions, we used normal H, from a 300 K reservoir,
with a para- to ortho-H, ratio of 1:3. The para- to ortho-H,
equilibrium ratio at 50 K is approximately 3:1. We suspect that
this huge difference could shift the population of H;" ions
toward ortho-H;*. At 77 K where the para- to ortho-H,
equilibrium ratio is 1:1, the resulting percentage of para-H;*
states was 45 + 2% depending on conditions (see Figure 10 in
Hejduk et al.*®). There is a difference in magnitude of the
recombination rate coeficients of para- and ortho-H;" below
300 K. para-H;" recombines 2 times faster than ortho-H;" at
10 K as measured in storage ring experiment CRYRING™ or
3—10 times faster at 80 K as measured in our stationary
afterglow experiment.”” The theory'® suggests that para-H;*
recombines 2.5 times faster than ortho-H;" at 80 K (Figure 3).
This would lead to substantial decrease of measured o, if the
fraction of ortho-H;" ions was enhanced with respect to the
equilibrium population of states of the H;" ions.

To see the influence of the different para- to ortho-H;" ratios
on the overall recombination in plasma, we used hydrogen with
an enriched fraction of para-H, at otherwise identical
conditions as in presented experiments with normal H,. The
para-enriched hydrogen was produced using apparatus
described in ref 40. According to the measurements of the
reaction rate coefficient of the reaction of N* with H,,*® the
produced H, gas contained 99.5 + 0.5% molecules in para-H,
states. Using this para-H,-enriched gas to form the H;*
dominated plasma, the obtained value of the binary
recombination rate coefficient was (1.2 + 0.3) X 1077 cm®
s! at 80 K in comparison with the value of (0.8 & 0.3) x 1077
cm® s7! obtained using normal H,. The result is plotted in
Figure 3 as a full square. Unfortunately, we are not able to
measure in situ the para- to ortho-H;" ratio in the present Cryo-
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FALP II setup. The fraction of para-H;" ions obtained in SA-
CRDS experiment at 80 K when para-enriched H, was used
was 70—75%.*" We suppose that the para-H,* fraction in our
Cryo-FALP II experiment is similar.

The experiments with D;" dominated plasmas were similar to
those with H;" dominated plasmas. We measured the
dependence of the effective recombination rate coefficient on
the D, number density at particular temperatures and pressures
and obtained the binary oy,;, and the ternary Ky, recombination
rate coefficients for the recombination of D;* ions with
electrons. The measured binary recombination rate coefficients
of recombination of D;* ions with electrons are plotted in
Figure 4 together with values from previous SA-CRDS,*

2 T T T
h < + @ present
1.5 D3 O FALP
~ & SA-CRDS
m(/)
§ 1 1
E
8.5
0.5 R

Theory TDE:
— — - Kokoouline
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Ry/?//ve :

50

100 200 300
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Figure 4. Temperature dependence of the measured binary
recombination rate coefficient for the recombination of D;" ions
with electrons. Full circles indicate the present data obtained in the
Cryo-FALP II experiment. Open rhomboids are the values obtained in
SA-CRDS experiment.*® Open circles are data from previous FALP*'
experiments. The dashed double dot line indicates results from the
storage ring CRYRING.>" The theoretical calculations of Kokoouline*’
and Pratt and Jungen® are plotted as dashed lines and dot dashed
lines, respectively. The full straight line is a fit to the FALP, Cryo-
FALP II, and SA-CRDS data in the range 50—300 K: a,p, = (3.5 %

1.1) x 107%(300/T)%73+%% ¢m3 571,

FALP,”' and CRYRING®' experiments. The theoretical
dependences calculated by Kokoouline® and by Pratt and
Jungen* are also plotted in Figure 4. We calculated the
recombination rate coefficients labeled Jungen and Pratt in
Figure 4 by thermally averaging their energy dependent
recombination rates published in ref 46. The full straight line
plotted in Figure 4 is the fit to the FALP, Cryo-FALP II, and
SA-CRDS data in the range 50—300 K, giving a value for
recombination rate coefficient @yp: = (3.5 £ 1.1) X

1078(300/T)°7*%% ¢m?® 57!, The theory™ predicts that the
difference between the recombination rate coefficients of each
nuclear spin state modification of D;* (ortho, para, and meta) is
only small and not so pronounced as in the case of H;". For
example at 50 K ortho-D;" should recombine 1.5 times faster
than meta-D;*. Moreover, the relative population of nuclear
spin modifications in the D, gas used in the experiment is close
to the equilibrium value even at 60 K due to the closer spacing
of the rotational energy levels of D, in comparison with H,. At
300 K the para-D, to ortho-D, equilibrium ratio is 2, at 60 K the
para-D, to ortho-D, equilibrium ratio is 1.8. Therefore, we
suppose that the ortho/para/meta-D" ratio is maintained in the
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whole temperature range used in this study. This is probably
why the values for the D;* recombination rate coefficient
obtained below 80 K continue to follow the T ~°7* dependence
(the full line plotted in Figure 4). As in the case of H,", the
results obtained for D;" are in good agreement with theoretical
calculations and with other experiments. No substantial
difference between present values and values obtained in SA-
CRDS experiment® conducted at order of magnitude higher n,
was observed. As in the case of H;" dominated plasma we have
seen no substantial influence of E-CRR on the overall
recombination of D;* ions with electrons over the range of
experimental conditions.

Together with binary recombination rate coeflicients ay,;, we
also evaluated the ternary recombination rate coeflicients Ky,
for the recombination of H;" and D;" ions with electrons in the
temperature range 50—230 K. These results are published
elsewhere™ together with a thorough discussion of possible
ternary recombination processes occurring in low temperature
plasmas. The temperature range 80—300 K was already covered
in our previous experiments;u’m'zg’33 the present data were
measured over wider temperature and pressure ranges than in
the FALP'"*' experiments and with better accuracy and
temperature stability. The agreement with these previous
studies is good.

V. CONCLUSION

We have measured the binary and the ternary recombination
rate coefficient for the recombination of H;* and D;* ions with
electrons in the temperature range 50—230 K. The results are
in good agreement with previous afterglow experiments (FALP
and SA-CRDS), storage ring data, and theoretical calculations.
The obtained binary recombination rate coefficients follow the
dependence @y, = (6.0 £ 1.8) X 107%(300/T)*3*+%% cm? 57!

cm’ s
for H;" in the temperature range 80—300 K and @, = (3.5 +

1.1) X 1078(300/T)*7**%? ¢m3 57" for D;" in the temperature
range 50—300 K. We have seen no enhancement of the
measured recombination rate coefficient of H;" and D;" ions
due to E-CRR even at the lowest temperature. This is in
agreement with our previous SA-CRDS experiments>”>>
conducted at higher electron number densities than in present
study. The addition of para-enriched H, instead of normal H,
led to the increase of the binary recombination rate coefficient
at 80 K from (0.8 + 0.3) X 107 cm® s™! with normal H, to (1.2
+ 0.3) X 1077 cm® 57" with para-enriched H,. This is the first
measurement of the recombination rate coefficient of H;* and
D;" ions in a plasma experiment down to 50 K.
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Ternary electron-assisted collisional radiative recombination (E-CRR) and neutral-assisted radiative recombi-
nation (N-CRR) have very strong negative temperature dependencies and hence dominate electron recombination
in some plasmas at very low temperatures. However, there are only few data for molecular ions and almost none
for atomic ions at temperatures much below 300 K. In this experimental study we used a cryogenic afterglow
plasma experiment (Cryo-FALP II) at temperatures from 50 K to 100 K to measure ternary recombination rate
coefficients for Ar" ions in ambient helium gas. The measured magnitudes and the temperature dependencies
of the ternary recombination rate coefficients for electron-assisted and neutral-assisted collisional radiative
recombination agree well with theoretical predictions (Kg-cgr ~ T™*> and Kye-cgr ~ T2 to T~2°) over a

broad range of electron and He densities.

DOI: 10.1103/PhysRevA.87.052716

I. INTRODUCTION

Electron-ion recombination in cold plasmas can occur
by several mechanisms. When the ions in the plasma are
molecular, dissociative recombination (DR) [1] is almost
always much faster than third-body-assisted recombination,
unless the densities of third particles (electrons, ions, and
neutrals) are very high or the temperature is very low. Hence,
in many afterglow determinations of DR rate coefficients of
molecular ions at temperatures near 300 K, neutral densities
below 1 x 107 cm~3, and electron densities <1 x 10'© cm—3,
third-body-assisted recombination can usually be neglected.
Experimental methods have now been developed that are
capable of measuring DR rate coefficients at the very low
temperatures (near 50 K) that exist in cold interstellar clouds.
At those temperatures, third-body-assisted recombination be-
comes competitive with DR and must be clearly separated from
binary DR. The studies described here test existing theories
of ternary recombination at very low temperatures in helium-
buffered plasmas containing predominantly atomic argon ions,
thus largely eliminating DR. The remaining recombination
processes consist of ternary recombination in which electrons
and helium atoms act as third bodies and a slow conversion
of atomic argon ions to molecular Ar,™ ions that recombine
by DR. As will be shown, the relative contributions of the
three mechanisms can be separated and the results confirm
theoretical calculations.

In the following we will refer to ternary electron-assisted
collisional radiative recombination (see, e.g., [2]) as E-CRR
and to the ternary neutral-assisted recombination process (see,
e.g., [3]) as N-CRR, where N denotes the neutral atom (e.g.,
He). The overall reaction equations for atomic argon ions in
the presence of electrons and helium atoms can be written as

Art 4o e SEE Ar 4o (1)
and
Art + e~ + He 2% Ar 1 He, )

1050-2947/2013/87(5)/052716(9)

052716-1

PACS number(s): 34.80.Lx, 52.27.Aj, 52.20.—j

where Kg-crr and Kpye-crr are ternary recombination rate
coefficients (in units of cm®s~!). Writing the reactions in
this form is not meant to imply that a single three-particle
collision completes the recombination. In general, several
energy-reducing collisions are required to render the product
atom stable against reionization. Both E-CRR and N-CRR
have been extensively treated by semiclassical theories (see,
e.g., [2,4]) that solve the coupled equations for three-body
electron capture into discrete Rydberg states, ionization, and
stepwise collisional and radiative reduction of the electron
energy. Results of numerical calculations of E-CRR by
Stevefelt et al. [2] can be expressed by the following formula
for the effective binary rate coefficient:

ap-crr = 3.8 x 107°7,*3n, 4+ 1.55 x 1071077063
+6 x 1077, 28,93 cm? 57! (3)

where T, is the electron temperature in K and 7., is the electron
number density in cm™>. At low temperatures the second
and third terms on the right-hand side tend to be small in
comparison with the first term and one can define a three-body
rate coefficient Kg-crr by dividing E-CRR by the electron
density:

KE-CRR = aE—CRR/”e =38 x 1079Tei4'5 Cl’Il6 Sil. (4)

Recently, Pohl er al. [5] have revised the rates of electron
capture into high Rydberg states and of the energy exchange
between high Rydberg states and free electrons. In the limit
of small energy transfer the revised rates differ drastically
from the earlier rates, however, the steady-state recombination
rate is only weakly affected. The numerical coefficient in
Eq. (4) is reduced to 2.77 x 107°. The only experimental
data on E-CRR for temperatures below 300 K are those of
our Cryo-FALP I studies of Ar* ions [6] at 77-180 K, and
our recent study at temperatures 57-200 K [7]. Those agreed
well with theory. However, our studies of the recombination
of H3™ and Ds;% ions with electrons gave no indication of
E-CRR, a rather puzzling result since E-CRR should have
been faster than binary dissociative recombination at very
low temperatures [8—10]. Those observations motivated us
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to conduct the present studies of E-CRR in a range of
temperatures that is largely unexplored. Ternary recombination
in cold and ultracold plasmas is also of interest in the formation
of antihydrogen [5,11].

As a consequence of the small electron-to-neutral mass
ratio, transfer of electronic energy to heavy particles is slow
and N-CRR is less efficient than E-CRR by many orders
of magnitude. A good estimate of the recombination rate
coefficient can be derived from the energy-diffusion model
[3,12—14] that treats the electron energy states as a continuum,
as discussed in great detail by Flannery [3]. Flannery derived
the following rate coefficient for the case of atomic ions in
their parent gas:

1/2
> O¢,atom/latom - )

Here, kg is the Boltzmann constant, m, and M, denote the
masses of the electron and gas atoms (e.g., helium), o, atom 1S
the electron-atom momentum transfer cross section, and R, =
e/ kgT,(=5.6 x 107 cm at 300 K). Ry is a “trapping radius,”
the assumption being made that electrons that collide with an
atom inside this radius recombines with unit probability, while
those colliding outside that radius will escape recombination.
If Ry is taken as 2R, /3, the recombination coefficient decreases
with temperature as 7,72 and agrees with the energy-diffusion
model of Pitaevskii [12].

The more elaborate theory of Bates and Khare [4], in which
recombination proceeds by stepwise collisional deexcitation
of excited Rydberg states of the ion, yields nearly identical
recombination coefficients (for Het in He) at temperatures
below 125 K, but lower values (by approximately a factor of
2) at 300 K. Much larger values (~10%° cm® s~! at 300 K) have
been calculated by Whitten et al. [15], but, as has been pointed
out by Wojcik and Tachiya [13,14], the results of Whitten et al.
depend sensitively on several assumptions, for instance, that
the Rydberg populations of states with binding energies less
than 4kg T are in thermal equilibrium.

It is not quite clear how the theoretical results should be
modified when the ions and neutrals have different masses, the
case of interest in our experiments. Bates and Khare [4] suggest
that the recombination rate at low temperatures and densities
is approximately proportional to the reciprocal of the ion-atom
reduced mass, i.e., that the mass Myom in Eq. (5) should be
replaced by 2M,q, where M4 is the reduced mass of the ion
and gas atoms. If one adopts that rule, the recombination of
Art ions in helium should be slower by a factor of 0.54 than
that for He™ in helium. This scaling agrees with the conclusion
of Wojcik and Tachiya [13,14] that the energy-diffusion model
for heavy ions yields smaller rates by a factor of 2 than for
ions of the same mass as the gas atoms.

In the case of recombination of atomic argon ions in ambient
helium of density [He] Eq. (5) reduces to

one-crr(T,) = 1.2 x 10727(T,/300)">°[He] cm®s™!.  (6)
The momentum transfer cross section for electron-helium

collisions was taken as 5.4 x 1071 cm? [16], independent of
energy.
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The ternary rate coefficient Kye-crr is obtained by dividing
oe-crr DY the helium number density:

KHe-cRR = OHe-crr/[He] cm®s™". (7)

Experimental data on ternary neutral-assisted recombina-
tion N-CRR at temperatures >300 K have mostly confirmed
theoretical predictions [3,4], including the expected T 27
temperature dependence. Deloche et al. [17] found similar
coefficients for both atomic and molecular ions. The only
experimental measurements at low temperatures (77-150 K)
by Cao and Johnsen [18] yielded rate coefficients close to those
expected for atomic ions, even though the ions were most
likely simple diatomic ions (N»*,0,%,NO™). On the other
hand, our recent low-temperature studies of recombination
of H3" and D3 ions, summarized in [9,10,19-23], gave
much faster ternary He-assisted recombination with rate
coefficients Kpe-crr(300 K) > 1072 cm®s~!, indicating that
ternary recombination of H3* and D3 ions can also proceed
by dissociation of long-lived intermediate rotationally excited
H;* and D3* Rydberg molecules.

In this paper, after describing the Cryo-FALP II apparatus,
methods of data analysis, and test measurements on O, " ions,
we will discuss the determination of the electron temperature
in the afterglow plasma by monitoring the decay of the electron
density due to ambipolar diffusion. Finally we will present new
data on ternary electron- and helium-assisted recombination of
Ar* at temperatures down to 50 K.

II. EXPERIMENTS

A. Experimental apparatus

The recombination measurements described here were
carried out in a decaying fast-flowing plasma, created by
passing helium gas through a continuous microwave discharge
and converting the primary active particles (mainly helium
metastables) to argon ions by adding argon through a gas
inlet downstream from the discharge. When the decay of the
electron density is monitored by a Langmuir probe, a thin
tungsten wire, the technique is referred to as the flowing
afterglow Langmuir probe (FALP) method. Afterglow optical
emissions from the decaying plasma, for instance, argon
emission lines resulting from recombination, are present but
were not analyzed in these experiments. While the FALP
method has been used extensively to study recombination in
decaying plasmas, the extension to very low temperatures
required construction of the Cryo-FALP II apparatus to
be described below. Also, additional efforts are needed to
characterize the thermal properties of the plasma.

We note in passing that it might have been simpler to con-
struct a cryogenic pulsed “stationary afterglow.” However, the
FALP arrangement offers better control of plasma parameters
and avoids exposing all reagent gases directly to an intense
discharge, which can lead to undesired excitation of atomic or
molecular species.

In the Cryo-FALP II apparatus (see Fig. 1) the reaction
section of the flow tube can be cooled down to 40 K
and recombination processes can be studied down to 50 K.
Effective binary recombination rate coefficients above 1 x
1078 cm®s~! can be reliably measured. A very broad range
of helium pressures and partial pressures of reactant gases
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FIG. 1. (Color online) Simplified diagram of the Cryo-FALP
IT apparatus (not to scale). The three sections A, B, and C have
temperatures of 300, 100, and 40-300 K, respectively. The axially
movable Langmuir probe measures the decaying electron density
along the section C of the flow tube.

can be covered which enables accurate measurements of rate
coefficients of binary and ternary recombination processes.
Using Cryo-FALP II we recently studied E-CRR of Art
at temperatures 57-200 K and at electron number densities
n, ~10°=10'" cm=3 [6,7] and we found good agreement
with theoretical predictions (see, e.g., [2]). At those electron
densities E-CRR of Ar™ was the dominant loss process
during the afterglow. The present work focuses mainly on
He-assisted ternary recombination (He-CRR) of Ar™ ions at
very low temperatures and lower electron densities. However,
the relative contributions of E-CRR and He-CRR are often
of similar magnitude and the data analysis (see Sec. IIB)
necessarily involves both processes.

A detailed description of the FALP technique can be found
in the papers by Mahdavi [24] and by Smith [25] and in the
book by Larsson and Orel [1]. The high-pressure version
of the FALP and Langmuir probe technique is described
in [26]. A short description of Cryo-FALP II is also given
in Refs. [7,22,23].

The flow tube of Cryo-FALP II has three sections A, B, and
C with different temperatures. The internal diameter of the flow
tube is ~5 cm and the length is ~80 cm. Helium buffer gas
flows through the glass section (A, 300 K) where it is partially
ionized in a microwave discharge (2.45 GHz, power of 10—
30 W). Downstream from the discharge the plasma contains
mainly helium metastables (He™), He™ ions, and electrons.
At high helium densities ([He] ~ (1—25) x 10'7 cm™3) most
He™ ions are converted by ternary association to He,*. The
addition of Ar gas ([Ar] ~ (0.01—10) x 10 cm™3) further
downstream from the discharge region at the beginning of
the stainless steel section B of the flow tube converts the
He,* ions by charge transfer reaction to Ar" ions. The
metastables He™ are converted to Ar™ ions by Penning
ionization [27,28]. The Ar"-dominated plasma is carried along
the section B of the flow tube that is cooled to ~100 K by
liquid nitrogen. In sections A and B at temperatures above
100 K the recombination of He,™ and Ar" ions is very slow
and the plasma decay is caused mainly by ambipolar diffusion
to the walls of the flow tube.

PHYSICAL REVIEW A 87, 052716 (2013)

After precooling in section B the plasma enters section
C, made from stainless steel. This section is connected to
the cold head (Sumitomo CH-110) by copper braids, and
temperatures of the flow tube wall in the range of 40-300 K
can be achieved. To obtain good thermal insulation the whole
section C and the cold head are placed in another vacuum
chamber. Calculations showed that the buffer gas temperature
Tye in section C is equal to the wall temperature Tw of the
flow tube, and that the ion and electron temperatures (7ion
and T,, respectively) in the afterglow are equal to that of
the buffer gas, i.e., Tjon = T, = Tye = Tw. The temperature
distribution along the flow tube and the resulting temperature
of the He buffer gas was calculated by a computer model
(see [7]). The calculated relaxation time constant for the
electron temperature is <0.1 ms, i.e., electron temperature
relaxes to the buffer gas temperature immediately after removal
of the He metastables (see [26,29]). We verified the electron
thermalization by analyzing characteristic times of ambipolar
diffusion (see Sec. II D). The results supported the assumption
Tw = T,. The ion thermalization is many times faster (with
time constant < 0.1 us) because the masses of ions are
similar to those of the neutral atoms. This was also confirmed
by spectroscopic measurements in H3*- and D3 "-dominated
plasma at otherwise very similar conditions (see [8—10]). In
the following we will refer to the kinetic temperatures simply
as T without subscripts.

The gas handling system and the flow tube itself employ
UHV technology and high-purity He and Ar are used.
Helium is further purified by passing it through two in-line
liquid-nitrogen-cooled molecular sieve traps, resulting in an
estimated level of impurities of the order of 1072 ppm. A
throttle valve at the downstream end of the flow tube (prior
to the Roots pump) adjusts the working pressure and the flow
velocity of the buffer gas to the desired values.

The recombination measurements, carried out in section
C of the flow tube, rely on the electron density decays as
determined by an axially movable Langmuir probe (length
7 mm, diameter 18 pum). To convert positions in the flow
tube to afterglow time, the plasma velocity is needed. It is
measured by modulating the discharge and observing the time
of the Langmuir probe response at certain positions on the flow
tube axis. The plasma velocities range from 1 to 20 ms™!,
depending on pressure, helium flow rate, and on the flow
tube temperature (see Fig. 2 in [7]). The plasma velocity
is not constant along the whole flow tube because the wall
temperature is different in different sections.

The Langmuir probe characteristics are measured point by
point along the flow tube, and the actual values of the electron
densities are obtained from the saturated electron current to
the probe at positive probe potential [30,31]. The reliability
of Langmuir probes used in this mode has been established
many times, e.g., by comparing recombination rate coefficients
obtained with laser absorption spectroscopy (CRDS technique
[32]) to those obtained with Langmuir probes [8-10] or
by measuring recombination rate coefficients of well-known
recombination processes, e.g., dissociative recombination of
0,7 ions with electrons (see Sec. II C).

To establish optimal conditions for the measurements of
the ternary rate coefficients we developed a kinetic model
which includes all significant processes taking place during the
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afterglow [33,34]. The temperature evolution along the flow
tube was explicitly taken into the account. The calculations
show that Ar" is the dominant ion at the beginning of the
section C, and that the plasma is completely thermalized at
that position.

B. Data analysis and conditions of measurement

In a quasineutral afterglow plasma, dominated by a single
ion species A" in ambient helium gas, the loss rate of electrons
and ions is given by

dn, d[AT] + +
= = —apin[A" I, — Kye-crr[HeE][AT |n,
dt dt
ne ne
— Ke-crr[AT I — = — =, (8)
(%)) TR

where oy is the rate coefficient of binary recombination (e.g.,
DR) and tp, is the time constant of ambipolar diffusion. The
additional term containing time constant Tg accounts for a
loss due to possible reactions (for details see Sec. IID). By
combining the recombination terms into an effective binary
rate coefficient o and combining the diffusion and reaction
loss terms into a linear loss term characterized by a time
constant 7, one obtains
dn, d[AT] 5 M

= = — - —, 9
d dr eftlte = 7 ©)

where
a.ii(T,[Hel,n.) = apin + Kue-crr[Hel + Kg-crrre  (10)

and

1 1 1
—=—4+—. (11)
159 L3») R

We note that a linear addition of the contributions of He-
CRR and E-CRR in Eq. (8) is not necessarily correct, as Bates
pointed out [35], since both processes can partly compete for
the populations of the same energy levels. Hence, we regard
Eq. (10) as a first (linear) approximation that is valid only
in the limit when a small fraction of the intermediate levels
is stabilized by collision with electrons or neutrals. We will
discuss this again in Sec. IV.

The effective binary recombination rate coefficients for
ternary processes depend on electron and neutral density.
For atomic Ar' ions purely binary recombination can be
neglected so that the overall effective (measured) binary
rate coefficient can be taken as dleff = QE-CRR + QHe-CRR =
Kg-crr7e + Kye-crr[He]. Different experimental conditions
must be chosen to separate the two contributions: To determine
KE-crr, 1. should be large but [He] should be small. On
the other hand, to determine Kpye-crr, [He] should be as
high as possible, while n, should be small. Figure 2 shows
decay curves measured at a temperature of 60 K for two
different sets of parameters. For the decay curve (i) [He] was
minimized and n, maximized, so that E-CRR dominates. For
the decay curve (ii) [He] was maximized and n, minimized, so
that He-CRR dominates. The temperature distribution model
showed that for both data sets in Fig. 2 the temperature in
the recombining plasma is relaxed to 60 £ 2 K. This was
confirmed by measuring the plasma velocity along the flow
tube [7].
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FIG. 2. (Color online) (a) Measured electron density decay in
an Ar'-dominated afterglow plasma for two helium pressures, 450
(open triangles) and 1200 Pa (open circles). Symbols show measured
data, full lines represent fits of these data, and dashed lines indicate
diffusion losses. The effective recombination rate coefficients at 1200
and 450 Pa are 1.0 x 1077 and 3.3 x 1078 cm®s™!, respectively. (b)
Measured temperatures of the flow tube wall (7 ) at the positions of
the temperature sensors (indicated by arrows). Section C is divided
into two subsections C; and C, in the figure indicating different
measured temperature.

In a low-temperature Ar™-dominated plasma in He buffer
gas with a small admixture of Ar gas the reactive loss term in
Eq. (8) accounts for the relatively slow ternary association of
Ar" with atomic argon, i.e., the reaction Ar™ 4+ Ar + He —>
Ar,™ + He [36,37]. Since the Ar,™ product ions recombine
rapidly with electrons [1,38], the rate determining step at low
argon concentrations is ternary association. The association
reaction essentially constitutes an additional electron loss
process that can be represented by a time constant g as
written in Eq. (8). In this particular case, g depends on
the ternary association rate coefficient k, and on Ar and He
densities, TR = 1/(k,[Ar][He]). The temperature dependence
of tg is given by the temperature dependence of k, (details
will be discussed below). At higher Ar and He densities and
lower temperatures the formation of Ar,* is faster and the
recombination of Ar,* is the rate determining process. The
effect of Ar,™ ions on observed effective binary recombination
(on oefr) was determined by measuring the effective binary
recombination rate coefficient as a function of argon density.
Examples of such dependencies are plotted in Fig. 3 for
62 K and He pressure 500 and 1200 Pa. The measured
effective binary recombination rate coefficients are constant
below [Ar] = 1 x 10" cm™ but increase above this value, in
accordance with our kinetics model that includes the formation
of Ar,™. To minimize the influence of Ar,™ formation on
the measured o, the typical number density of Ar used in
the present experiment was limited to [Ar] ~ 3 x 10'> cm~3,
which is still sufficient to form an Ar*-dominated plasma
before entering zone C of the flow tube. The final data were
taken under conditions where the effect of Ar,™ on measured
ot Was negligible.

Figure 4 shows data for oes as a function of helium
density [He] for three different temperatures. The slopes of the
linear dependencies yield Ky.-crr(7) [see Eq. (10)], and the
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FIG. 3. (Color online) The dependence of measured effective
binary recombination rate coefficient a.ir on Ar number density at
62 K and indicated pressures of He (full circles for the pressure of
1200 Pa and full squares for 500 Pa). Displayed errors are statistical.

intercept at [He] = 0 gives the sum oy, + Kg-crrie. Since
previous work [6] has shown that ay, = 0 (see Fig. 4 and
discussion in [6]), we can write aef = Kg-crr7ze at [He] =
0. This is in agreement with the expectation of slow radiative
recombination of atomic Ar™.

C. Test measurements on recombination of O, ions

Some of the present studies were conducted under con-
ditions (helium densities, temperatures, flow velocities, etc.)
that have not been used much in earlier work. Also, the data
analysis relies on modeling of the temperature distribution and
flow velocities. As a precaution, we performed a series of test
measurements of the well-known binary recombination rate
coefficient of dissociative recombination o, pr of O™ ions,
which is much simpler to measure than ternary recombination.
Our test results (see Fig. 5) agreed very well with previous
data [39-45]. The rate coefficients were measured for three
temperatures and over a broad range of He pressures and O,

1.6 T T T T P
+ - ,®
Ar “eo, -

1.2+ //: o
I:’: ° ¢ o
§ osf g NEPPEE

S ‘,/" A -2 100 K
504 e-g 4-- SR

3 /ng’;’A _,*——”'

0 5 10 15 20 25

[He] (10" cm™)

FIG. 4. (Color online) Measured dependence of the effective bi-
nary recombination rate coefficient a.(7',[He],n.) of recombination
of Ar' ions with electrons on He number density at 62 (full circles),
72 (full triangles), and 100 K (full stars). The lines represent the linear
fits of the data.
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FIG. 5. (Color online) Temperature dependence of the measured
recombination rate coefficient oy, pr Of the binary dissociative
recombination of O,* ions with electrons. The present Cryo-FALP
II data (large circles) are compared to previous results [39-45]. The
dashed line represents a fit given by [43,45]. Inset: Data obtained
at different O, number densities, measured at 155 K and at several
helium pressures. The full line is the mean of the measured values.

number densities. The results of these tests clearly confirm the
validity of the methods used in present experiments.

D. Verification of the electron temperature by measuring
ambipolar diffusion losses

The strong temperature dependencies of Kg-crg and
Kye-crr make the electron temperature a crucial parameter
that is not directly measured, but within some limitations a
precise measurement of ambipolar diffusion losses in the late
afterglow can serve as a “diffusion thermometer.” Ambipolar
diffusion losses also enter directly [see Eq. (8)] in the
determinations of o and 7. The measured time constant
71, has two components: one representing ambipolar diffusion
(tp) and the second representing reactive losses (tg) (see
Sec. IIB). The value of p depends on temperature, helium
density, the characteristic diffusion length A of the flow tube,
and the zero-field reduced mobility Ky of Art ions in He
(for details see [6]). For a long flow tube of radius R the
characteristic diffusion length is A = R/2.405. Using the
relations given by Mason and McDaniel [46] one can show that
if electrons, ions, and gas atoms have the same temperature
T, = Tion = Tge = T then

L VT C UGV M

™ A? [He] (12)

The units are [He] in cm™3

Ko in cm?>V~'s™!. Since the zero-field reduced mobility
of Art in He is nearly constant for temperatures below
300 K, a graph of [He]/tp versus T should yield nearly
a straight line, with small deviations when the dependence
of Ky on temperature is included [6]. Measured values
of [He]/tp should be proportional to the temperature thus
providing an independent measure of the otherwise difficult to
determine electron temperature. Figure 6 shows the theoretical
temperature dependence of [He]/tp, where tp is calculated
using zero-field reduced mobilities of Ky = 18.9 cm? V!

, T in K, A in cm, and

052716-5



PETR DOHNAL et al.

A
IE 1.
£ :
©
e
)
L
0.1 L
30 100 400
T (K)

FIG. 6. (Color online) Temperature dependencies of the in-
verted time constants of diffusion losses [He]/tp and [He]/tx.
Solid line represents the theoretical temperature dependence of
[He]/tp on T, calculated from the zero-field reduced mobil-
ity of Ar" in He for a thermalized afterglow plasma [47—49].
Dashed lines are calculated for 10 K higher or lower tempera-
tures. The dash-dotted line labeled [He]/tgx shows values corre-
sponding to reactive losses due to Ar,™ formation at densities
[Ar] =3 x 102 cm™3 and [He] = 7 x 10" cm™ (see text). In the
calculation we used the formula [He]/tg = k,[Ar][He]?> =9.5 x
10732(300/ T)>'°[Ar][He]?. Data measured with Cryo-FALP I (open
triangles) are adapted from [6] as well as data indicated by asterisk
symbols measured at 250 and 300 K. Open circles indicate measured
[He]/t. and closed circles indicate corresponding experimental
[He]/tp calculated for particular [He] and [Ar] using relation
[Hel/wp = ([He]/7. — [He]/tr).

at 77 K and 20.5 cm? V™' s7! at 300 K [47-49] and a linear
interpolation at intermediate temperatures.

To show the sensitivity to small errors in temperature,
we also include in Fig. 6 calculated values of [He]/tp for
two temperatures that are 10 K higher or lower. As may be
seen in Fig. 6, the accuracy of the “diffusion thermometer”
deteriorates rapidly below ~70 K because the experimental
values [He] /7. include a contribution [He]/7r due to reactive
losses in the late afterglow [see Eq. (11)]. We tried to correct
the raw ‘“experimental” values [He]/ty (open circles) by
subtracting an estimated reactive loss term [He]/tg to obtain
the pure diffusion loss rate term [He]/7p (solid circles). The
reactive loss term [He]/tg was ascribed to conversion of Art
ions to fast recombining Ar,* ions, using the experimental
association ternary rate coefficient k, of Bohme er al. [36]
and extrapolating it assuming a temperature dependence of
the form k, ~ T~". From the measured values k,(82 K) =
1.6 x 1073 ecm®s™! and k,(290 K) = 1 x 1073 ecm®s™! we
calculated k,(T) = 9.5 x 10732(300/ T)>!° cm®s~'. The size
of this correction is included in Fig. 6 (dash-dotted line), the
values were calculated for [Ar] = 3 x 10'> cm™3 and [He] =
7 x 10'7 cm™3. Since the reactive losses increase rapidly at
lower temperatures, while the diffusion losses become smaller,
the accuracy of the diffusion thermometer becomes poor below
70 K and corrections for reactive losses do not improve it by
much. For comparison, in Fig. 6 we also show data from our
previous FALP and Cryo-FALP I experiments measured at 250
and 300 K [6]. In that case the whole flow tube was cooled
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FIG. 7. (Color online) Temperature dependence of the mea-
sured ternary recombination rate coefficient Kp-crr of ternary
electron-assisted collisional radiative recombination of Ar" ions
with electrons. The full circles are the present data measured at
lower n,(108—10° cm™3). The data represented by full triangles are
measured in our previous studies at higher 1,(10°—10'° cm™3) [7].
Data depicted by the open rhomboid at 77 K is compiled from several
measurements on Cryo-FALP I. The crosses indicate previous data
measured on Cryo-FALP I at temperatures above 77 K (adopted
from [6]). The dashed line indicates Kg-crr calculated by using
Stevefelt’s formula (4), Kg-crr ~ T+

by liquid nitrogen to the same temperature and there was no
doubt about temperature equilibration.

The measurements of the diffusion losses corroborate our
calculations of the temperature distribution in the flow tube
only for temperatures above ~70 K. Nevertheless, this does
not necessarily imply a difference between Tw, T, and Tion
below 70 K. The agreement between experimental data on
the rate coefficients for E-CRR and N-CRR and theory (see
Secs. III A and III B) also supports the assumption of complete
thermalization.

III. RESULTS AND DISCUSSION

A. Temperature dependence of Kg-cgrr

Figure 7 shows the temperature dependence of Kg-crr
obtained in the present experiment and compares it to previous
data measured with the Cryo-FALP I apparatus in the range
77-200 K [6], to previous data measured with the Cryo-FALP
Il apparatus in the range 57-77 K [7], and to theoretical
dependence. The agreement between the experimental data
sets is good, even though the electron density n, in the
earlier experiments was much higher (10°—10'"" ¢cm—?) than
in the present experiment (108—10° cm™3) and experimental
conditions were different. In the present study Kg-crr Was
obtained by extrapolation of a.g to zero helium density, as
shown in Fig. 4. The present and previous data agree well
with the collisional term of the Stevefelt formula [see Eq. (4)],
leaving no doubt that the Kg-crr ~ T ~*> dependence remains
valid for Art ions down to 50 K.

The agreement of the experimental values of Kg-crr With
theory can be taken also as another confirmation that the
electron temperature and the measured temperature of the wall
of the flow tube are nearly equal. Note also the good agreement
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FIG. 8. (Color online) Temperature dependence of the measured
ternary recombination rate coefficient Ky.-crr of He-assisted recom-
bination of Ar" ions with electrons (full circles). Included are also
data from previous experiments [17,18,50,51]. The dotted line follows
calculation by Bates [4]; the solid line is scaled for this study using the
dependence of the ternary recombination rate coefficient on reduced
mass as suggested by Bates [4]. The dash-dotted line indicates theory
by Pitaevskii [12].

of data obtained at 77 K at very different experimental
conditions (it will be again discussed in Sec. IV).

B. Temperature dependence of Kyc-crr

The measured temperature dependence of Kpye-crr Of
ternary recombination of Ar" ions with electrons in helium
buffer is depicted in Fig. 8, together with examples of data
measured in previous experiments with different ions at higher
temperatures, predominantly at 300 K [17,18,50,51]. Our data
for Ar" ions agree well with the calculations of Bates [4] after
scaling by the reduced mass factor. The temperature depen-
dence (approximately 7~2>?) is somewhat stronger than the
T2 dependence of Pitaevskii [12], presumably because the
energy diffusion model of Pitaevskii ignores the discreteness
of the electron energy states.

IV. DISCUSSION AND CONCLUSIONS

We have reported on He-assisted ternary recombination of
atomic ions below 300 K and rate coefficients of both ternary
recombination processes were clearly separated and measured
in a well-characterized afterglow plasma at temperatures
below 100 K. Careful attention was paid to verifying electron
temperatures by measuring the characteristic time constant
of ambipolar diffusion tp at fixed pressure and flow tube
temperature. It was concluded that the plasma particles have
nearly the same temperature as the wall of the flow tube,
ie.,that T =T, = Tion = Tye = Tw. However, at the lowest
temperatures the verification was complicated by reactive
losses.

The measured magnitudes and the temperature dependen-
cies of both ternary recombination rate coefficients Kpe-crr
and Kg-crr of Art ions agree with theoretical predictions
[3,4,12] (Kpe-crr ~ T~2°) in the temperature range from 50
to 100K and Kg-crr ~ T~*? in the range from 50 to 180 K [2]
over a broad range of electron and He densities. This observed
agreement is not at all obvious. Recent experimental studies
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FIG. 9. (Color online) Dependence of the effective recombination
rate coefficient o on helium number density at 77 K. Present values
(open triangles) are plotted together with values obtained by Cao
et al. [18] (full pentagons) for a mixture of ions, by Varju et al. [8],
by Dohnal et al. [9], and by Glosik et al. [19] for H; ™ and by Kotrik
et al. [6] for Ar" (open squares). The full stars are the present data
corrected by subtracting the E-=CRR component of o.g. The dashed
lines are linear fits to the data (values by Cao were not included in
the fit). The dotted lines show the binary and the ternary components
of the fitted Oleff .

of both ternary recombination processes for H;* and D3 " ions
at temperatures below 300 K gave drastically different results
[9,10,22,23], as is demonstrated in Fig. 9 that summarizes the
effective binary recombination rate coefficients o measured
at 77 K in helium afterglow plasmas dominated by different
ions. The data obtained by Cao et al. [18] for a mixture of
molecular ions at very high helium densities are in agreement
with the aforementioned results, giving comparable ternary
rate coefficients. At their experimental conditions the ternary
E-CRR and the binary dissociative recombination can be
neglected and He-CRR is by far the dominant recombination
process.

The figure also shows data obtained for atomic Art
ions in the present experiments for electron densities n, =
(0.4—1.5) x 10° cm~> and He densities [He] = (5—20) x
10" cm~3. Some earlier data measured at high n, and low [He]
[6] are also plotted. For atomic Ar" ions binary recombination
is negligible and both ternary processes He-CRR and E-CRR
have comparable rates. The overall rate coefficients can
be expressed as oeff = 0fHe-CRR + OE-CRR = KHe-crr[He] +
Kg-crrne. At high [He] and low n, (triangles) oge-crr
dominates, while at low [He] and high n, (open squares)
ag-crr dominates. The fit of the Ar™ data gives values Kpe-crr
and Kg-crr in agreement with those obtained by precise
analyses (see Figs. 7 and 8). At low [He] the data (triangles)
level off due to the contribution from «g-cgrr, indicated by
a horizontal dashed line (calculated for n, = 1 x 10° cm™3).
To show the contribution from Ky.-crr alone we plotted the
values ope-crr (indicated by full stars) obtained by subtracting
op-crr from the measured osr. We used expression (4) for
ag-crr and the actual n2,.. Note that the corrected data age-crr
(stars) and data obtained by Cao et al. [18] (pentagons) then
follow a straight line opge-crRr = Kne-crr[He] over three orders
of magnitude of [He].
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The sample of data (upper set of data) obtained in H™-
dominated He buffered afterglow plasma are significantly
larger. These data were obtained at electron densities from 2 x
10° up to 5 x 10'° cm~2 in Cryo-FALP I, Cryo-FALP II, and
SA-CRDS experiments [8,9,19]. We did not observe any sig-
nificant dependence of a. on n, that would indicate electron-
assisted recombination (see discussion in [9,10,22,23]), so we
can expect Oeff = Qbin DR + ¥He = %bin DR + Kne[He], where
opin DR 18 the binary rate coefficient of dissociative recombina-
tion of H3 ™ and K1, ternary rate coefficients of helium-assisted
recombination of H3*. The seeming absence of electron-
assisted recombination is surprising (see discussion in [9,10]).

Figure 9 strongly suggests that the mechanisms of the
ternary helium-assisted processes for Ar* and H3* (D3+) must
be very different. The rate coefficients at low [He] are also
different. They reflect dissociative recombination in the case
of H3" (apin pr) and ternary electron-assisted recombination
(g-crr) in the case of Art.

The present study was, in part, undertaken to learn whether
our earlier measurements of the ternary recombination rate
coefficients of H3* and D3 [9,10,19,20,23,52] were subject
to possible systematic errors. This does not seem to be the case.

PHYSICAL REVIEW A 87, 052716 (2013)

The good agreement of the helium-assisted ternary channel for
Ar* with theory [4] strongly corroborates the methods used in
the earlier work. We conclude that the very fast helium-assisted
ternary recombination of Hy* and D3 ™ ions must be due to
an entirely different mechanism than that proposed for atomic
ions by Bates and Khare [4] and Flannery [3]; for discussion
and suggestion of the mechanism see [9,19-21].

The presented experimental results on the ternary electron-
and neutral-assisted recombination of atomic Ar" ions at
temperatures down to 50 K show a remarkable difference
in comparison with ternary recombination of Hz™ and D;™
ions. To find differences between ternary recombination of
atomic and molecular ions and a possible dependence on type
of buffer gas we plan to study ternary recombination of other
ions and temperature dependence of recombination processes
at temperatures down to 30 K.
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Stationary afterglow measurements in conjunction with near-infrared absorption spectroscopy show that the
recombination of the H;* ion with electrons in ionized gas mixtures of He, Ar, and H, at 300 K is strongly
enhanced by neutral helium and by molecular hydrogen. The H,-assisted ternary recombination coefficient
Ky, = (8.7 % 1.5) x 1072 cm®s™! substantially exceeds the value measured for H; in ambient helium (Ky, ~
10~ cm®s!) or predicted by the generally accepted classical theory of Bates and Khare (~107% cm®s~)
for atomic ions. Because of the extremely large value of Ky, in a hydrogen plasma the ternary recombination
dominates over binary recombination already at pressures above 3 Pa. This can have consequences in plasma
physics, astrophysics, recombination pumped lasers, plasma spectroscopy, plasmatic technologies, etc. The
ternary processes provide a plausible explanation for the discrepancies between many earlier experimental
results on H3™ recombination. The observation that the ternary process saturates at high He and H, densities
suggests that recombination proceeds by a two-step process: formation of a long-lived complex [with a rate

coefficient g = (1.5 £ 0.1) x 1077 cm? s7'] followed by collisional stabilization.

DOI: 10.1103/PhysRevA.90.042708

I. INTRODUCTION

The triatomic hydrogen ion occupies a special position in
molecular physics, in physical chemistry, and in astrophysics.
This simple ion, whose very existence was once doubted, is
now recognized as the most abundantly produced molecular
ion in the universe. It not only plays a pivotal role in the molec-
ular evolution of some interstellar clouds but also provides a
tool for measuring their temperatures [1]. The recombination
of the H3" ion with electrons is of interest for modeling
hydrogen-containing plasmas and, in part for this reason, has
been studied experimentally and theoretically for over 60 years
[2]. Many extensive laboratory studies have been performed
to clarify the formation and destruction processes of Hs*,
in particular the recombination of H3* with electrons at low
temperatures [2,3]. The word “enigma” appeared frequently in
publications [4] because the measured recombination rate co-
efficients differed by several orders of magnitude (see extended
discussion in [2,3]). The principal current motivation for Hz ™
recombination studies comes from the physics and chemistry
of diffuse astrophysical clouds and planetary ionospheres (see
discussion in [5-7]). H3* was observed spectroscopically in
the laboratory in 1980 [8], but it took many years until it was de-
tected in emission spectra from Jupiter [9], Saturn, and Uranus
(see discussion in [10]), and in interstellar plasmas [11,12].

In 2001 a new theory of H3 ™ recombination was developed
[13,14] and it became clear afterwards that para-H;* and
ortho-H3 ™ behave differently [15]. Storage rings were used
in corresponding state selected studies [2]. For temperatures
above 300 K the agreement between theory and the most
recent storage ring experiments [16—19] is excellent but data
at lower temperatures are still not quite conclusive because
internal states of the recombining ions are not necessarily in
thermal equilibrium [20]. It is now generally accepted that
recombination of H3™ occurs with a binary rate coefficient
of apin(300K) ~ 6 x 108 cm?s~! [21]. For applications to
low-density astrophysical clouds it is the binary coefficient
that matters.
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The fact remains that many well-executed plasma afterglow
experiments gave recombination rates that were larger by
factors of 3 to 4 than the theoretical and storage ring data.
A better understanding was achieved after the discovery of
fast helium-assisted ternary recombination of H3 T in afterglow
plasma in a He-Ar-H, gas mixture [22,23]. It was then found
that the ternary He-assisted recombination process

HI + ¢~ + He — neutrals + He (1)

is indeed very effective, exceeding by over two orders of
magnitude (at 300 K) the value predicted by the classical
treatment of Bates and Khare [24]. The much faster ternary
recombination of Hz™ has been attributed to formation of
long-lived rotationally excited neutral H;* Rydberg molecules
and subsequent collisions with helium atoms [22,23] that
eventually lead to dissociation into neutral products. We note
that the formation of H3* Rydberg states has also been invoked
as a mechanism in a recombination-pumped laser in H;™"
containing plasma [25].

The recombination of the H3 ion has been studied in our
laboratory for almost 15 years. During those years, several
different stationary afterglow (Advanced Integrated Stationary
Afterglow (AISA) [26], Stationary Afterglow with Cavity Ring
Down Spectrometer (SA-CRDS) [27,28]) and flowing after-
glow (Flowing Afterglow with Langmuir Probe (FALP) [29],
Cryo-FALP [21,23,30]) experiments were employed to study
the H3™ recombination process in low-temperature afterglow
plasma in a He-Ar-H, gas mixture. The main differences are
in the range of covered number densities of He and H», in the
electron and ion densities, in the covered temperature range,
in the time scale of monitored plasma decay, and in applied
diagnostics (see, e.g., [23]). A broad range of the measured
plasma parameters is necessary to study the dependence of
the measured effective recombination rate coefficient aeg on
plasma parameters and eventually to determine rate coeffi-
cients for binary and ternary recombination of H3™ ions and
their temperature dependences. This procedure is necessary
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especially in the case of the H3* ion, where long-lived highly
excited neutral Hs can be formed in collision of H3* with
electrons [22,23]. Very extensive and systematic studies are
required because the afterglow plasmas are influenced also
by formation and relaxation processes and also by ambipolar
diffusion and these processes depend on the same parameters
as the effective recombination rate coefficient.

We should mention here that in early AISA experiments
(stationary afterglow with Langmuir probe and mass spec-
trometer [26]) we observed a rapid fall off of value of mea-
sured effective recombination rate coefficient ag at [Hp] <
10'2 cm~3, where newly formed H3* ions undergo on average
less than one collision with H, prior to its recombination.
The mass spectra obtained during the experiment showed
that H;™ was the dominant ion species but the internal state
of the ions was not probed in the AISA experiments. We
do not have a certain explanation for this observation (see
discussion in [23,31]). In later experiments we used 102 <
[Hy] < 5 x 10" cm™3; the measured a.g did not change with
[Ho] (in the context of those experiments we called it the
“saturated region”, see [23,31]). At these conditions the formed
H;* ions have many collisions with H, and He prior to their
recombination. We found that the measured o.g depends lin-
early on helium number density; defr = opin + Kpe[He] in the
“saturated region.” The binary rate coefficient was determined
from the low-pressure limit as o, = ae([He] — 0). The
obtained binary recombination rate coefficients are very close
to the theoretically predicted value [15] and the value reported
by storage ion ring CRYRING [18]. Using SA-CRDS we
confirmed that H;3 ™ ions in recombination dominated afterglow
plasmas are in thermal equilibrium with He [32]. All these later
studies were performed for [H,] higher than 10'2 cm—3 but low
enough to prevent formation of fast recombining Hs™ ions.

There are good reasons to believe that hydrogen molecules
should be more efficient than inert helium atoms in promoting
H;3* recombination, and there is some earlier experimental ev-
idence in support of this expectation [29,30,33,34]. However,
the effect of H, has not been studied systematically and this is
the first study dedicated to H,-assisted ternary recombination.

II. EXPERIMENT

The technical details of the stationary-afterglow cavity-
ring-down-spectroscopy apparatus (SA-CRDS) have been
adequately described elsewhere [27]. The plasma is formed ina
pulsed microwave discharge in a mixture of He, Ar, and H, and
the densities of three rotational states of the ground vibrational
state of H3* during the afterglow are measured using the
transitions 3v}(2,0) < 0v9(1,0) and 3v)(4,3) < 0vY(3,3) for
ortho-Hs ™ and 3v1(2,1) < 0v9(1,1) for para-H; . Details and
notation are discussed in [32,35,36]. The kinetic temperature
of the ions is obtained by measuring Doppler broadening of
the absorption lines and the rotational temperature is obtained
from the relative populations of measured states (for details see
[32]). A numerical model of the chemical kinetics is used to
determine the most appropriate conditions for the experiment.
A water transition at 7236.45cm~! (line position taken from
HITRAN database [37]) was routinely scanned to estimate
the amount of H,O impurities in the apparatus. Typically, the
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water vapor concentration was at a safe level of less than 5 x
10'°cm™3 (less than 0.1 ppm of buffer gas number density).

The present experimental study focus on Hj-assisted
recombination of H3" ions. Ternary recombination rate co-
efficients were derived from the measured ion number density
decays with an effective recombination rate coefficient ceff—ion
for a wide range of [He] and [H,] densities. For details on the
data analysis see [32].

III. COMPLEX MODEL OF TERNARY RECOMBINATION

Ternary contributions in H3* recombination can occur by
formation of Rydberg molecules H3* by resonant capture of
an electron into a rotationally excited Rydberg state with the
formation rate coefficient og. The unstable molecule (or “com-
plex”) can decay during its lifetime by autoionization with a
time constant t, or it can be “stabilized” (rendered incapable
of being autoionized or being collisionally reionized) with rate
coefficient kg, in a collision with a third particle M of number
density [M]. Provided that the lifetime t, is much shorter
than the time scale of the plasma decay, the number density
ratio [H3*]/[H3*] can be taken as constant and the effective
recombination coefficient for H3 ™ dominated plasma becomes

ks [M]

Oeffion = Obin + OF 1/t + ko [M] . 2
This model of ternary recombination is similar to that proposed
in our earlier publications [22,23,30]. We introduce the three-
body recombination rate coefficient Ky defined as Ky =
opks, To. In the limit of small [M] (the “linear” regime) the
second term of Eq. (2) reduces to Ky[M]. In the limit of
large [M], the second term of Eq. (2) approaches the constant
value o and the three-body recombination process is then
said to “saturate.” This brief discussion hides a great amount
of detail. In reality, one should consider an ensemble of
many complexes, and more than two steps may be required
to stabilize the complexes. In the experiment both He and
H, can act as neutral third bodies. If one assumes that both
gases act on the same complexes, the product Ky[M] can be
replaced by the sum Ky,[H;] + Kye[He]. We assume these
contributions to be additive. We also assume that binary
and ternary recombination are purely additive. This is not
necessarily true if both processes share the same initial states.

The proposed simplified recombination mechanism is
summarized in Fig. 1, where ksye and kgsy, are the binary rate
coefficients for collisional stabilization of Hs" in collisions
with He and H,, respectively. The ternary recombination
rate coefficients for He- and Hj-assisted recombination

o, .
+ -
H; +e PN 5 neutrals
vV =
- 1/, .
O(F 4 SHe
H* ————2 neutrals

3————>
kSH2
FIG. 1. The scheme of the proposed H;* recombination mecha-
nism. Used symbols are explained in the text.
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(Kye and Ky, , respectively) are introduced as Kye = opkspeTa
and KHZ = aFkSHZTa-

There is one additional recombination process that can
make a contribution at high [Hy]: The Hz™ ions are
known to enter a chemical equilibrium with weakly bound
Hs*cluster ions that recombine very fast at 300 K (a5 ~ 2 x
107%cm3s~!) [38,39]. At 300 K, the clustering equilibrium
constant, defined by [Hs']/[HsT]= Kc[H;], has a value
Kc(300K) = 6.7 x 107" cm? [40]. Even at the highest H,
concentrations (6 x 10'®cm™3) used in present experiments
less than 4% of the Hz* ions are clustered.

To a good approximation, the effective recombination rate
coefficient can then be written as

Kye[He] + Ky,[H]
af + Kue[He] + Ky, [Ho]
+asKc[H;]. 3)

A more rigorous kinetic analysis, that includes recombination
of Hs*, shows that the relative abundance of Hs™ in recom-
bining plasmas is smaller by about a factor of 2 than K¢[H>]
and that it varies with electron density.

Equation (3) implies that oef—jon Saturates at the value
apin + oF if op < (Kpe[He] + K, [Hz]). While in previous
Hs* experiments [21-23,31,32] the range of [He] was too
small to detect saturation, the present experiments clearly
exhibit saturation (details to be given below). Also, a slight
dependence on [H;] was observed in the earlier experiments
[29,33,38] but it was then thought to arise from formation
of fast recombining Hs* ions at higher [H,] > 10" cm™3.
However, Hs* formation at temperatures near 300 K does
not suffice to explain the increase of the recombination
rate coefficient dependent on [H,] at 300 K (with [H] <
2 x 10" cm™?) that was also observed by Gougousi et al.
[33]. On the other hand, Amano’s [34] spectroscopic studies
in a stationary afterglow experiment in pure hydrogen yielded
an H3 ™ recombination rate coefficient that was independent of
H; density, but three times larger than the currently accepted
binary recombination rate coefficient [2].

Oleffion = Obin + OF

IV. EXPERIMENTAL DATA AND RESULTS

Figure 2 shows typical H3 ™ decay curves measured by SA-
CRDS and the calculated densities of H3* and Hs™ ions. The
rate coefficients . .jon are obtained by fitting the decay of the
H;* number densities, taken as the sum of those in the ortho
and para states assuming thermal equilibrium (see discussion
in [32]), or calculated from the population of the ortho-H;™
(1,0) state only. No substantial difference between these two
evaluations was observed.

The chemical kinetics calculations solve the set of reactions
as described by Plasil et al. [26]. Because the composition of
the plasma at the end of the microwave pulse is difficult to
ascertain, the calculations were performed for many sets of
different initial conditions. The results of the model show that
at the number densities of He, Ar, and H, used in present
experiments the Hy* ion becomes the dominant ion species
within 150 us after switching off the discharge. An example
is displayed in Fig. 2 for the following initial conditions
in quasineutral plasma: [H3z*]=n.; [He™] =1 x 10" cm~3,
where [He™] is the number density of metastable helium
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FIG. 2. (Color online) The decay curves measured for (1,0),
(1,1), and (3,3) states of H3™ at 300 K and number densities [He] =
8 x 107 cm™3, [Hy] =2 x 10"°cm™3, and [Ar] =7 x 10" cm™.
The total number density of H3* ions, calculated from the measured
data under assumption of LTE, is shown as a full line. Calculated
evolutions of the number densities of H; ™, Hs ', and He™ are indicated
as dashed, dotted, and dash-dotted lines, respectively.

atoms. For illustration of the result of the model, the measured
evolutions of the number density of (1,0), (1,1), and (3,3)
states of the H3" ion and of the overall number density of
the H3™ ion are also plotted in Fig. 2. The most important
reactions taking place in the formation of Hs* are listed in
Table II of [26]. A fast decay of helium metastables He™
is given by Penning ionization with Hy and Ar. The H3™"
recombination rate coefficient was taken from the present data
and the Hs "recombination rate coefficient at 300 K was taken
asas ~ 2 x 10~%cm?s~! [38,39].

A large set of decay curves at 300 K, similar to those in
Fig. 2, were recorded and analyzed for a wide range of [H>]
and for several [He]. The dependences of oefrjon On [Hp] at
particular [He] are shown in Fig. 3. The value obtained in pure
H; using the same experimental setup at (270 & 5) K is also
included (full diamond).

The binary rate coefficient,  oin(300K) = 6 x
10 8cm®s™!, is known from previous SA-CRDS and
Cryo-FALP experiments [21]. To emphasize the ternary
contribution we subtracted the value of ap;, from the
measured o jon and only the difference oefiion — Xbin
corresponding to the ternary contribution is shown in
Fig. 3. The data clearly show that oeffijon — Xbin riSES
with increasing [H;] up to [Hp] ~ 10'°cm™3 and then
saturates, as expected from the complex formation model
[see Eq. (3)]. Two estimates of the contribution due to
formation and subsequent recombination of Hs™ ions to the
overall measured recombination rate coefficient are displayed
in Fig. 3. The line denoted LTEy, shows the product of
asKc[H,], i.e., Hs is assumed to be in thermal equilibrium
with H3* and the [Hs™]/[H; "] ratio is approximated using an
equilibrium constant of Kc(300K) = 6.7 x 10~ cm? [40].
A considerably smaller and more realistic contribution of Hs™
(the line marked My;,) is obtained from our kinetic model
that includes the recombination loss of Hs*. The comparison
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FIG. 3. (Color online) The dependencies of (Qeftion — Obin) ON
[H,] measured at indicated [He]. Full diamond: measurements in
pure H,. Dashed lines: fits of Eq. (3) to the data, using the parameters
mentioned in the text. Double-dot-dashed line: three-body recombi-
nation in pure H, . Solid line (LTEy,): approximate Hs* contribution,
as5Kc[H,]. Dash-dotted line (Mg ): Hs"contribution obtained from
the kinetic model for [He] = 2.1 x 10'7 cm~3. Dotted horizontal line:
data obtained by Amano [34] in pure H, at 273 K, after subtracting
pin = 6 x 1078 cm? s~

of the measured o jon With calculated contributions (LTEg;
and My;,) indicates that the actual contribution due to Hs™
formation is negligible at [H,] < 2 x 10'®cm™. We fitted
the measured . .ion by Eq. (3), neglecting contribution from
Hs* formation and using api, = 6 x 1078 cm®s~!; see the
dashed lines in the Fig. 3. The inferred rate coefficients are
KHe=(3.3:I:07) x 107 cm®s™!, Ky, = (87j: 1.5) x
1072 em®s™!, and op = (1.5 £ 0.1) x 10~7 cm?s~'. Substi-
tuting these rate constants into Eq. (3) we derived
(Cteff-ion — Obin) for the ternary recombination in pure H, . This
gives the double-dot-dashed line labeled “pure H,” in Fig. 3.

For comparison we also include in Fig. 3 the values
obtained by Amano [34] in his spectroscopic study of Hz™
recombination in afterglow plasma in pure H; at 273 K. The
binary contribution has been subtracted. Amano’s results agree
quite well with our data, strongly suggesting that Amano
measured in the saturated region.

For consistency and for comparison with previous exper-
iments we remeasured the dependence of w.gr.ion On [He] up
to [He] = 8 x 10'7 cm™ at a low hydrogen density, [H,] =
2 x 10" cm™3, and at 100 times higher density, [H,] = 2 x
10'® cm™3. The obtained values can be seen in Fig. 4. At low
[Hz], oefrion increases with increasing [He] and approaches
saturation at very high [He]. At high [Hy] cefrion 1S nearly
constant at the value o obtained by fitting the data in Fig. 3.
The agreement of the present SA-CRDS values with those
obtained in the Cryo-FALP experiment [23] is noteworthy
since the electron densities in those experiments differed by
more than a factor of 10. The errors in Figs. 3 and 4 are
statistical errors of the fits to the time decay of [H3™]. The
systematic error is estimated as 10%.

To show the difference between the helium- and hydrogen-
assisted ternary recombination of the H3* ion, the dependences
of aefrion On [He] and [H;] are plotted in Fig. 5 together
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FIG. 4. (Color online) Measured dependence of (et ion — Obin)
on He number density at 300 K for [Hy] =2 x 10 cm™ (open
circles) and for [Hy] = 2 x 10'®cm™ (closed circles). The values
of (Ceffjon — Obin) measured in pure H, at (270 £ 5) K are denoted
by full diamonds (see also Fig. 3). The values measured in other
experiments [18,22,23,26,34,39,41-43] are plotted for comparison.
Values indicated by open symbols were measured for [Hy] < 5 x
10™ cm—3. All experiments were performed with helium as a buffer
gas with the exception of data in [18,34,39] where no buffer gas, pure
H,, or neon buffer gas was used, respectively. The dot-dashed lines
denote values given by Eq. (3) for [Hy] = 2 x 10" and2 x 10'® cm~3
and with parameters written in the text.
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FIG. 5. (Color online) Measured dependence of the effective
recombination rate coefficient on H, (full squares, with [He] =
2 x 10" cm™*) and He number density (open squares, with [H,] =
2 x 10" cm™3) measured at 300 K. The full lines are fit to the data
from Figs. 3 and 4. The horizontal dotted line shows the value of the
binary recombination rate coefficient ay;, of H3 T ions at 300 K. The
dashed line shows the sum (o, + @), i.e., maximum rate coefficient
given by the sum of contributions from binary and saturated ternary
recombination. The dot-dashed lines (A, B, and C) denote the sum
of ay;, and the contribution of the H,-assisted process only (A), the
sum of oy, and the contribution of the He-assisted process only (B),
and the o, arising from ternary helium-assisted recombination as
predicted by the theory of Bates and Khare [24] with the ternary
recombination rate coefficient of 1.2 x 10727 cm®s~! (C). The dotted
lines denoted At and Bt indicate the contributions to the measured o
arising from the H, - and He-assisted ternary process, respectively.
Values from other afterglow experiments are plotted using the same
notation as in Fig. 4.

042708-4



H,-ASSISTED TERNARY RECOMBINATION OFH ...

with the dependence predicted by classical Bates-Khare theory
[24]. Values from other experiments are plotted using the same
notation as in Fig. 4. Note the orders-of-magnitude difference
between both ternary processes.

It is difficult to explain the third-body effects by accurate
theoretical models. In this paper, we rationalize our observa-
tions by a highly simplified model that postulates the existence
of long-lived H3* complexes, without specifying their detailed
nature and the interactions that cause these complexes to
eventually decay. The basic ideas are similar to those that
we have described in our previous paper [30], in which we
also discuss possible other three-body mechanisms.

The lifetimes of the intermediate complexes must be very
large: An estimate of the three-body coefficient Ky, due to H,
is given by the product of the formation rate coefficient o,
the complex lifetime t,, and the rate coefficient of stabilizing
collisions ks, . If one takes the formation rate coefficient

as ap = 1.5 x 1077 cm?® s~!, and the stabilization coefficient
as ks, =10""cm’s™" (a typical ion-neutral collision rate

coefficient), then one needs a lifetime of 7, ~ 6 x 1077 s
to reproduce the experimental value Ky, = (8.7 £ 1.5) x
10~ c¢m® s~! which can be obtained as K o, = apkst 7,. That
lifetime exceeds the longest calculated [23] lifetimes of some
rotational resonances (~107's) by a wide margin. On the
other hand, some experimental studies showed that Rydberg
states of the H; molecule can have lifetimes exceeding 1076 s
[44]. Previous treatments of this problem suggest that / mixing
of the Rydberg electrons’ angular momentum by either plasma
electrons [33] or neutral particles [23,30,31] occurs and that it
could enhance the complex lifetimes; / mixing of high Rydberg
states withn 2 40 due to ambient plasma electrons is indeed an
exceedingly fast process: At electron densities near 10'' cm™3
mixing would occur in a time on the order of 10~!'! to 107105
for an n = 40 Rydberg atom [45] and increase the lifetimes by
a factor of about n>.

The experimental data show that H, is a much more
efficient third body than helium. This suggests that complex
stabilization involves reactions with the ion core, which may
be rotationally and perhaps vibrationally excited, rather than
with the Rydberg electron. Rydberg reactions are similar to
ion-molecule reactions [46,47]. Reactions with H, but not He
can occur by proton or H-atom exchange that reduces the
energy of the complex and eventually leads to dissociation. Uy
et al. [48] invoke this type of reaction as the principal rotational
quenching mechanism in plasmas containing He and H,.

The principal difference between He-assisted and H,-
assisted recombination can be in the interaction of the
Rydberg H;* molecule with atomic He and with molecular
H,. Particularly if we have in mind the possibility of a reactive
collision of H3* and H, followed by formation of HZ and its
dissociation as it is described by Fermi’s independent-collider
model. See, e.g., recent studies of reactions of Rydberg atoms
with molecules [46,47].

V. SUMMARY AND CONCLUSIONS

The cavity ring down absorption spectrometer was used to
monitor in situ the evolution of number densities of ortho- and
para-H;* during the afterglow in a He-Ar-H, gas mixture at
300 K. From these measurements the effective recombination
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rate coefficient and its dependence on [He] and [H,] were
determined.

A very fast H-assisted ternary recombination was observed
with the value of ternary recombination rate coefficient
Ky, = (8.7+1.5) x 1072 cm®s™! substantially exceeding
those values measured for the same ion in ambient helium
(Kue ~ 1072 cm®s™") or predicted by the classical theory
of Bates and Khare (with rate coefficient ~ 10727 cm®s™1)
[24]. The disagreement with the Bates and Khare theory
for neutral stabilized recombination of atomic ions is not
surprising. In their model, the energy of Rydberg states is only
reduced by Rydberg electron-atom collisions but stabilization
by collision-induced predissociation, of course, is absent. The
large effect of H, most likely explains one of the remaining
discrepancies in H3* recombination studies, namely, the large
recombination rate coefficients measured by Amano [34].

These results are not at all the typical finding in recombi-
nation studies. As far as we know, most other molecular ions
recombine largely by the binary process and the environment
has little effect. The sensitivity of the H3* recombination
to third-body effects seems to account for many of the
discrepancies between experimental studies that have been
conducted and clearly demonstrates the need of further
theoretical work on recombination of this simplest polyatomic
ion with electrons with emphasis on formation of long-lived
collisional complexes and on the influence of third particles
on the overall recombination. An existence of a similar ternary
process for D3 T ions with D, as the third particle is expected.
We are not able to predict to what extent the H,-assisted ternary
process may have influenced recombination rates of other ions
measured in plasma afterglows. The required lifetimes of the
metastable Rydberg states formed in the proposed recombi-
nation process are quite long; therefore the ions recombining
via direct mechanism [49] should not be affected. However,
the recombination rate coefficients of some ions recombining
via the indirect recombination mechanism obtained in the
afterglow experiments could have been enhanced by fast
ternary He- or Hj-assisted recombination. Possibly affected
ions are HCO™ and N,H*, as both of them recombine by
the indirect mechanism [50] and the reported results of the
afterglow experiments differ by almost an order of magnitude
(see Fig. 2 in [51]). Moreover, the highest recombination rate
coefficients for both of these ions were reported by Amano,
who measured in H, buffer gas [34].

A fast Hj-assisted ternary recombination may directly
impact models describing hydrogen plasmas and it can have
consequences in plasma physics including physics of dis-
charges, astrophysics, recombination pumped lasers, plasma
spectroscopy, plasmatic technologies, etc. It can also influence
processes in ionospheres of large planets with relatively high
pressure of Hy, e.g., Jupiter and Jupiter-like planets, and may
be important for chemistry of gas giant exoplanets.

Further measurements at different temperatures are in
progress.
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Detailed measurements employing a combination of a cryogenic flowing afterglow with Langmuir
probe (Cryo-FALP II) and a stationary afterglow with near-infrared absorption spectroscopy (SA-
CRDS) show that binary electron recombination of para—HJ and ortho-HJ ions occurs with signifi-
cantly different rate coefficients, Payi, and ®apip, especially at very low temperatures. The measurements
cover temperatures from 60 K to 300 K. At the lowest temperature of 60 K, recombination of para—HJ is

at least three times faster than that of ortho-H} (Payin = (1.8 £0.4) X 1077 cm® s7! vs. i = (07)
x 1078 cm? s71). © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927094]

I. INTRODUCTION

HJ ion is the most abundantly produced molecular ion
in interstellar space' and plays a pivotal role in the reac-
tion chains that form astrophysically important molecules
like, e.g., H,O (Ref. 2) or simple hydrocarbons.? Dissociative
recombination with electrons is one of the competing destruc-
tion mechanisms of HJ ions in diffuse interstellar clouds* and,
in part for this reason, has been studied experimentally and
theoretically for more than 60 years.”’ Although much prog-
ress has been made in recent years, a true convergence between
observational and laboratory data has not been achieved, and
the situation is further complicated by the dependence of the
recombination rate coefficient of H3 ions on the nuclear spin
configurations (para and ortho). Detailed discussions, prelim-
inary conclusions, and comments on astrophysical relevance
have been published (see, e.g., Ref. 8).

The present experiments focus on binary dissociative
recombination of H ions in specific nuclear spin states,
namely,

Parpin
PHY + ¢~ —5 Hy+ H.H+H + H, (1a)
°Hf + e —2% H, + H,H + H + H, (1b)
where the “p” and “0” superscripts distinguish the para- and

ortho-nuclear spin states of Hj. The corresponding binary
recombination rate coefficients are denoted by Pap, and °apip.
State-specific coefficients have been measured in storage-ring
experiments by feeding para-enriched hydrogen to “cold” ion
sources and varying the relative abundances of the two
spin states of Hi.””'® Unfortunately, the results are now in
doubt, as has been summarized, e.g., in Refs. 15, 17, and 18,

2)Petr. Dohnal @mff.cuni.cz
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because the abundances of the two spin states in the beam
were not exactly known, and the rotational temperature of
the ions was not as low as had been thought but was of the
order or above 300 K.!> The state-specific recombination of
HJ was studied also in afterglow experiments by monitoring
the decay of a low temperature H; dominated afterglow
plasma (predominantly in He/Ar/H, gas mixtures).'*! It
is an advantage of the afterglow experiments that the
abundances of para— and ortho—H7 ions can be measured using
absorption spectroscopy and that the ions are rotationally
thermalized by multiple collisions with atoms/molecules
of ambient neutral gas (see experimental confirmation and
discussion in Refs. 19 and 22). Such afterglow experimental
techniques (stationary afterglow (SA) and flowing afterglow
with Langmuir probe (FALP)) are well established and
relatively simple, have been extensively verified, but they
are not entirely free of complications.>?*?* In our recent
SA experiments, the density decays of HJ ions in the par-
ticular spin state and their rotational thermalization within
the para- and ortho-nuclear spin manifolds were monitored
by near-infrared (NIR) Cavity Ring Down Spectroscopy
(CRDS).20’21’25

One complication of afterglow experiments arises from
additional ion loss processes (mainly ternary or third-body
assisted recombination) that can contribute to the electron
and ion density decays during the afterglow. It took over
50 years to realize that the discrepancies between rate coef-
ficients measured in afterglow experiments were in part due to
ternary neutral assisted recombination.”® On the other hand,
ternary processes involving neutrals or electrons (see, e.g.,
Refs. 27-31) are of interest for some applications and the
plasma environment makes it possible to study them. For
instance, our studies of recombination of H;' ions in He/Ar/
H; gas mixture showed that ternary He-assisted recombination
of H3 ions,

©2015 AIP Publishing LLC
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+ — pKHe
PH3 + e~ + He —— neutral products + He, (2a)
oK
°H§ +e + He —= neutral products + He, (2b)

is a rather fast process.'??%?63%-32 Here, PKy, and °Ky, are
ternary recombination rate coefficients for pure para—Hj and
pure ortho—Hg'. Recently, an even faster ternary H-assisted
recombination of Hj at 300 K was reported.’! The theory of
the ternary processes (2a) and (2b)*%*3? is not sufficiently
developed to cleanly decompose experimental data into bi-
nary and ternary components. Hence, we are forced to mea-
sure recombination as a function of the third-body concen-
tration (number of species in unit volume) and to obtain
the binary recombination by extrapolating to zero third-body
densities.

The state selective studies of Hj recombination by Varju
et al.”" and Dohnal et al.'>*" were limited to temperatures from
77 K to 200 K due to design limitations of the SA-CRDS appa-
ratus. The measurements with SA-CRDS at 77 K showed that
the binary recombination rate coefficient Pay;, for para—H;r is
at 77 K at least three times higher than corresponding @, for
ortho—H;r.19 The ratio decreases with increasing temperature
up to ~200 K, where both rate coefficients are comparable.
The ternary recombination rate coefficients also showed small
nuclear spin specificity at temperatures 140-200 K."”

The results of recent state selective afterglow (SA-CRDS)
experiments'~?! are in qualitative agreement with theoretical
predictions.>** However, at temperatures below ~200 K, the
difference between the coeflicients Pay;, and °ay;, for the two
nuclear spin manifolds seems to be increasing with decreasing
temperature faster than predicted.'*?%3> As mentioned earlier,
storage-ring experiments have also produced state-selected
cross sections at low collisional energies, but the rotational
excitation of stored ions was of the order or above 300 K (see,
e.g., discussion in Ref. 15 and in Reviews Refs. 17 and 18).
Those experiments may eventually yield improved data but
at this time, both the CRYRING (Electron Accelerator and
Storage Ring Facility (Stockholm, Sweden))'*!31® and TSR
(Test Storage Ring (Heidelberg, Germany))*'"!3 facilities are
closed and new cryogenic rings are being constructed.

Several authors have stated that the current state of knowl-
edge on H; recombination is unsatisfactory and pointed out
the need for further state-selective experimental studies at low
temperatures with well-defined conditions and with several
experimental techniques.®'? In astrochemistry, if para—Hj
really recombines faster than ortho—Hj at temperatures below
200 K, the current models of rotational thermalization of
HJ ions and H, molecules in molecular clouds would have
to be reformulated.®® Astronomical observations of diffuse
molecular clouds indicate that the population of fast recom-
bining para-HJ ions is higher than thermal.’” This seriously
questions generally accepted cosmic ray ionization rate of
H, molecules.®*® Further experimental studies on nuclear
spin specificity of rate coefficients of H} recombination with
electron at temperatures below 200 K are needed and, if
they confirm previous experimental results, they may require
changes in the quantum-mechanical description of the recom-
bination processes and a reevaluation of fundamental aspects
of interstellar gas-phase chemistry.
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This article contributes new experimental values of the
state selected recombination rate coeflicients Pay;, and api,
measured using our “Cryogenic Flowing Afterglow with
Langmuir Probe” instrument (Cryo-FALP II) in the temper-
ature range from 60 K to 210 K. In addition, we added new
data to those of our previous SA-CRDS experiments in the
temperature range from 80 K to 300 K. The two methods
have different strengths and weaknesses: In the SA-CRDS
afterglow, the electron and ion densities are sufficiently high
(=3 x 10'° cm™3 at the onset of the afterglow phase) to infer
recombination rates directly from in situ determinations of the
density decays of para— and ortho—HJ by optical absorption.
In the Cryo-FALP II apparatus, the electron and ion densi-
ties are much lower (=5 x 10% cm™) and optical absorption
measurements are not practical. Here, the recombination rates
are inferred from the decay of the electron density measured
by a Langmuir probe. In combined experiments, the relative
concentrations of para— and ortho—Hj ions are taken from the
SA-CRDS data, measured at the same temperature and using
the same hydrogen gas (either normal or para-enriched).

The higher electron densities in the SA-CRDS afterglow,
however, can also enhance recombination by electron-assisted
collisional radiative recombination (E-CRR), especially at
very low temperatures because E-CRR depends very strongly
on electron temperature (as Te‘4‘5). The SA-CRDS method is
subject to a possible further problem: The discharge that pro-
duces the plasma can excite molecules (e.g., form vibrationally
excited Hj). Some of them can survive into the afterglow
phase and then transfer energy to the electron gas. In the
Cryo-FALP II apparatus, the discharge region contains only
helium and is well separated from the recombination region.
These shortcomings of the SA-CRDS method were the main
reasons why we decided to check and augment our earlier SA-
CRDS measurements by similar measurements using Cryo-
FALP II. As we will discuss later, the important conclusions
remain the same as those reached earlier, namely, that at low
temperatures, para—HJ ions recombine with electrons much
faster than ortho—H7 ions.

In Sec. II, we will first describe the Cryo-FALP II appa-
ratus, the para-hydrogen generator, and the SA-CRDS appa-
ratus. After presenting results from SA-CRDS, we will discuss
thermalization of H; ions in He/Ar/H,; afterglow plasmas. The
thermalization of electrons in the flowing afterglow plasma
will be discussed in Sec. III. Determinations of state-specific
recombination rate coefficients of H3 ions will be discussed in
Sec. V. The temperature dependence of the recombination rate
coeflicients Pay,;, and °ay,, of the state selected para—H§ and
ortho—HJ will be presented in Sec. V.

Il. EXPERIMENTAL DETAILS
A. Cryo-FALP Il

The Cryo-FALPII (see Fig. 1) is a cryogenic high pressure
modification of the FALP instrument,®>** whose technical
details have been described earlier.””2*%4! A movable cylin-
drical Langmuir probe (a 7 mm long tungsten wire, 18 um in
diameter) records the electron density’***** along the flow-
tube axis (see Fig. 1). The three sections of the flow tube
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FIG. 1. The Cryo-FALP II apparatus (not to scale). The helium gas first
passes through the microwave discharge. Ar and H; are added via two inlets
located in the upstream part of sections B and C, respectively. The inner
diameters of sections B and C are 5 cm. Section C, thermally insulated by a
vacuum housing, is cooled by a closed-cycle helium refrigerator to adjustable
temperatures down to 40 K. The electron density in section C is measured by
the axially movable Langmuir probe.

(A-C) have different wall temperatures. Section A (made
from Quartz) contains the microwave discharge and has a
temperature of 300 K, section B is cooled to 100 K, while the
temperature in the final section C can be varied from 40 K to
300 K, denoted as Ty, in the following. The Langmuir probe
can measure the electron density from the end of section B
(position L = 0), passing through the connection of B and C
(position L = 5 cm) and along section C.

A microwave discharge, ignited in helium buffer gas (with
a number density [He] ~ 10'°-10'® cm™) at the beginning
of the section A of the flow tube, forms a plasma consisting
of helium metastable atoms He™, He", and He; ions. The
plasma is carried by the helium flow downstream to section
B where argon is added through an inlet (facing upstream to
enhance gas mixing) at a density [Ar] ~ 1.5 x 10"3 cm™ in
order to convert the Hej ions by charge transfer reactions to
Ar* ions. The metastables He™ are converted to Ar* ions by
Penning ionization. This standard method has been described
repeatedly (see, e.g., Ref. 23). Under the conditions of the
experiment, the destruction of He™ is essentially complete”
in section B, even if the argon gas takes a finite time to blend
into the helium flow (the so-called “end-effect™**).

The plasma then flows into section C of the flow tube
that is cooled by a closed-cycle helium refrigerator to the
desired temperature. At the beginning of section C (position
L = 5.5 cm), either normal H, ("H;) or para-enriched H, (°H,)
is introduced (at typical densities [Hy] ~ 10'2-10"3 cm~3). The
hydrogen mixes with the helium buffer gas and ion mole-
cule reactions of Ar* ions with H, then form the recombin-
ing Hj ions.”** After the “transition region” (position L = 5
to 10 cm), the plasma becomes increasingly dominated by
H; ions. In this region, the gas also cools down to Ty, of
section C. The thermalization of the gas can be observed by
measuring the velocity of the gas (see Ref. 29). The measure-
ments are carried out in the thermally equilibrated plasma.

We routinely employ a numerical model of the kinetic
processes in the data analysis and to optimize conditions prior
to every experiment (details can be found, e.g., in Refs. 23
and 31).

Our earlier studies’’ >’ of E-CRR of Ar* ions proved that
electrons and ions are in thermal equilibrium with the neutral
gases in the recombination region and the same should be
true in the present experiment. The hydrogen in the Cryo-
FALP II experiment is never directly exposed to a micro-
wave discharge and delayed heat sources, such as vibrationally
excited hydrogen, are absent.
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Rotational and vibrational modes of the formed HJ ions
are thermalized in subsequent collisions with He and H,. This
was shown in earlier SA-CRDS studies of the kinetic and
rotational temperatures of H3 ions under conditions similar to
those in section C of the flow tube.!*-2!:22

B. Para-hydrogen generator

We will denote the relative concentrations of para—H,
hydrogen (PH,) and ortho-H, hydrogen (°H,) by P f, and °f>,
respectively. In normal hydrogen ("Hj) Pf, = 0.25 and °f;
= 0.75. The symbol °H, denotes para-enriched H, gas with
Pf, ~0.995. The para-enriched hydrogen gas is produced
using a “para-hydrogen generator” that converts °H, to PH, on
a paramagnetic surface (thermally dehydrated HFeO,, CAS
number 20344-49—4), cooled down in a cryostat to tempera-
tures 10—-18 K.*>6 In our experiment, "H; is liquefied in the
catalyst container and the saturated vapor of converted gas
(°Hy) is collected through an outlet tube that transfers it to the
hydrogen ports of the Cryo-FALP II or the SA-CRDS. The
flow of °H, is controlled by varying the temperature of
the catalyst container, i.e., by changing its vapor pressure. This
configuration has been proved to provide a well-defined and
constant value of PH; equaling to (99.5 + 0.5)%, which is the
value obtained by measurement of the temperature dependence
of the N* + H, reaction rate coefficient in an ion trap.*’ Only
two flow-limiting valves are placed in the transfer tube to
Cryo-FALP II or SA-CRDS to minimize para-to-ortho back
conversion. If desired, the value of Pf, can be reduced by
diluting °H, with normal hydrogen "H,.*’

C. SA-CRDS. Measurements of kinetic and rotational
temperatures and nuclear spin state of H; ions
in the afterglow plasma

We denote the relative populations of para—HJ (PHJ) and
ortho-Hj (°H3) ions in an ensemble of HJ ions by Pf3 and
°f3 with P f3 + °f3 = 1. Several studies of P f3 and °f3 in low-
temperature hydrogen plasmas have been conducted (see,
e.g., Refs. 22, 48, and 49). In our recent SA-CRDS experi-
ments, we systematically measured P f3 fractions during the
active discharge and during the afterglow in He/Ar/H, mix-
tures similar to those used in the present work. We used "H, or
nearly pure PH, and sometimes mixtures of "H, and °H; in order
to obtain the desired value of P f,. The data measured during the
recombination dominated afterglow in SA-CRDS experiments
indicated that the values of P f3 are nearly independent on [He]
and [H;] in the density range covered by the experiments (see
Figs. 3 and 4 in Ref. 50). The SA-CRDS experiments were
carried out at temperatures 77-300 K. The absorption on two
para-states and two ortho-states was used to monitor densities
of para—H7 and ortho—Hj ions during the discharge and during
the afterglow in SA-CRDS. The following second overtone
transitions were used: P(2,2) : 3V2(1 2) « 0v)(2,2); R(3,3)":
3vi(4,3) « OV(Z)(3 3 R(L 1) :3vy(2,1) « ng(l 1); R(1,0) :
3V;(2,0) « 0v5(1,0). The levels are labeled by their corre-
sponding quantum numbers (J,G) (see Ref. 51). Further details
of the CRDS technique used in recombination studies are given
in Refs. 19, 21, 25, and 52.
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FIG. 2. SA-CRDS data. Panel (a) The temperature dependence of fraction
Pfsof parafH;’ using either "H; or °H; as a precursor gas. Data were obtained
during the early afterglow (empty symbols). To obtain average values, the
temperature scale was divided into bins of length of 20 K and the values of
Pf3 measured in “H, were averaged within each bin. The resulting 20 K av-
erages are denoted by full triangles. The dashed-dotted line indicates Pf3 cal-
culated for thermodynamic equilibrium. Linear extrapolation of the Pf3 data
to 60 K along the dashed lines results in the values (star symbols) used in
the analysis of Cryo-FALP II data at 60 K. Panel (b) The dependence of the
rotational temperature Tror-ortho calculated from measured relative populations
of °H} (1,0) and °HJ (3,3) states of the HJ ion on kinetic temperature of

the ions Tkin-ion. New data were added to the previously measured values.'?
The green star denotes the rotational temperature Tiotpara Obtained from the
measured populations of two para-states (Pl—lg (1,1) and pH; (2,2)) in the
afterglow plasma at 77 K in experiments with “Hy. The dashed line indicates
equality 7ot = Tkin-ion-

The CRDS absorption data yield the densities of ions
in particular states, their kinetic and rotational temperatures
and the dependence of the fractions Pf; on wall tempera-
ture Ty, and the para-fraction of hydrogen ? f5 (see panel (a)
of Fig. 2). The kinetic temperature (Tiin-ion) of Hj ions was
determined from the Doppler broadening of the absorption
lines. The conclusion from these studies is that in very good
approximation Tiin-jon = Twar, this implies also that Tay = The.
The present experiments with SA-CRDS confirm the results
of earlier work (see, e.g., Fig. 1 in Ref. 21 and Figs. 5, 7,
and 8 in Ref. 19) showing that P f3 is nearly time independent
during the afterglow phase. Most importantly, it is evident
that P f3 is enhanced when enriched hydrogen is the precursor
gas’” and that P f; depends only weakly on temperature in the
range from 77 K to 300 K. Examples of data measured during
the afterglow in experiments with "H, or °H, as a precursor
gas are shown in panel (a) of Fig. 2. In the present study, we
also confirmed previous result that the values of P f3 measured
during the discharge and during the afterglow are nearly the
same.

The rotational temperature Tiororno Was determined by
measuring densities of ions in two rotational states of the
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ortho manifold. In some experiments, the discharge tube was
immersed in liquid nitrogen (Twa; = 77 K) and the rotational
temperature for the para-manifold T;y.para Was also determined.
The dependence of the measured T}, on the measured Tiip-jon 1S
plotted in panel (b) of Fig. 2. It is obvious that the two temper-
atures are essentially the same.

From the experiments with SA-CRDS, we concluded that
the HJ ions in the afterglow plasma are very close to thermal
equilibrium with the helium buffer gas, which in turn is in good
thermal contact with the wall of the discharge tube. Hence, we
are justified in assuming that 7 = Ty = Tge = Trot = Tkin-ion-
Because of the relatively high He density and very low micro-
wave power used for plasma generation, the same assumption
can be made for the plasma in the discharge just before termi-
nation of the microwave pulse. The experimental data confirm
this conclusion (see Fig. 2). Although this is not crucial for the
recombination measurements, we note that the ion temperature
varies slowly during the transition from the active discharge
to the afterglow. In contrast, the electron temperature changes
rather abruptly.

An experimental verification of the thermal equilibrium
assumption is essential in the analysis of the SA-CRDS mea-
surements because otherwise total ion densities and electron
densities in SA-CRDS could not be inferred from the measured
absorption strengths of particular transitions. Also, the separa-
tion of the measured effective recombination coefficient into
the components due to para—HJ and ortho—HJ is possible only
if the relative fractions of the two species remain constant
during the afterglow, even if one species recombines faster than
the other.

lll. ELECTRON TEMPERATURE IN HE/AR/H;
AFTERGLOW PLASMA IN CRYO-FALP II

The electron temperature, 7, is a key plasma parameter
but there is no simple direct way of measuring it with good
accuracy at low temperatures. Measurements of ambipolar
diffusion losses in the late afterglow provide a reasonably
accurate “proxy thermometer.” The reciprocal time constant
describing the ambipolar diffusion loss in a container with
fundamental diffusion length A can be derived from the basic
relations contained in the book of Mason and McDaniel>* as

1 seaxiosB@ T
™D A2 [He]
where Ky(T') is the reduced mobility of the ion (in units
ecm? V7! s71), the fundamental diffusion length A is in cm,
temperature 7 in K, and helium number density [He] in cm™3.
For cylindrical geometry, the value of A can be calculated’ as
1/A? = (Jo/r)? + (n/1)?, where Jy is the first root of the zeroth
order Bessel function, Jy ~ 2.405, r is the radius of the flow
tube, and / is the length of the flow tube. In our case, 7 = 2.5 cm,
I ~60 cm, and A% = 1.1 cm?. If measurements of 1p in the
late afterglow (after recombination becomes negligible) agree
with this formula, then one can conclude that the electron and
neutral temperatures are nearly equal.
We have used the same method successfully in our Cryo-
FALP II measurements of E-CRR and helium-assisted colli-
sional radiative recombination (He—CRR) of Ar* ions.?’~>° The

3
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FIG. 3. Cryo-FALP II data. The measured reciprocal time constant of am-
bipolar diffusion losses [He]/7p as a function of the wall temperature (Tyar)-
Circle and diamond symbols: data obtained using "Hj or °Hp, respectively.
Triangles: average values at a particular temperature. Solid line: values
calculated from Eq. (3) as a function of the temperature 7' = T\,y. Dashed
lines: the same as the solid line but calculated for alternate temperatures
Te =Twan =20 K. Insets: frequency distribution of the data at Ty, = 60 K and
Twan = (204 +3) K, fitted to a normal distribution. The width of each bin is
1.8x10'® cm™3 s~!. The dashed lines refer to the calculated value of [He]/7p
at a given temperature.

ternary rate coefficients of both processes depend very strongly
on electron temperature (Kg_crr o T, Kge_crr © T2 27) 50
that measurements of their values provide a sensitive test of
the electron-temperature scale.'®?’->%>* It was found that the
electron temperature was always close to the gas temperature
within a few kelvins.

The same type of measurement of diffusion losses in
HJ afterglows using Cryo-FALP II yielded the graph in Fig. 3.
The data follow the calculated line very well, but the data
scatter at the lowest temperatures and high helium densities
is noticeably worse. This is a consequence of the fact that the
diffusion rate becomes very small and that recombination in
the late afterglow is not entirely negligible. The full line is
calculated using a zero-field reduced mobility of Ky(300 K)
=30.5cm? Vgl adopted from Ref. 55. To show the sensi-
tivity to small deviations in temperature, we also calculated
alternate values of [He]/7p for T, + 20 K (the dashed lines).
There was no detectable difference between experiments with
"H, and °H, that are distinguished by different symbols, circles,
and diamonds.

The data presented in Figs. 2 and 3 support the assump-
tion that the various temperatures in the Cryo-FALP II after-
glow have a common value, i.e., that T = Ty, = Tge = Trot
= Txin-ion = Te. The rotational states are in equilibrium within
the para—HJ or the ortho—Hj nuclear spin manifolds, but
because of nuclear spin restrictions in the reactions of P°H,
with p/ngr, the fraction Pf3 also depends on the Pf, value
of the used hydrogen gas. The value of Pf3 corresponds to
the thermodynamic equilibrium (TDE) only for experiments
with "H, and only at temperatures above ~77 K (see panel
(a) of Fig. 2 and also Figs. 7 and 8 in Ref. 22). We stress
that our experimental verification that 7, = Ty is important.
One could reach the same conclusion by considering only
elastic energy transfer between electrons and helium atoms,
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which is quite efficient at the experimental helium densities,
but this leaves out possible electron heating by superelas-
tic collisions with remaining metastable helium atoms and
excited argon atoms. Such heat sources do not seem to play a
role in the Cryo-FALP II experiments, as we had concluded
earlier from our experiments on E-CRR and He-CRR.?>"~%’
We should also note, however, that the same may not be
true in SA-CRDS measurements (see also the discussion in
Sec. V B).

IV. DETERMINATION OF STATE-SPECIFIC
RECOMBINATION RATE COEFFICIENTS

The methods of obtaining state-specific recombination
rate coefficients are essentially identical in the Cryo-FALP II
and in the SA-CRDS studies.'*~?! In the Cryo-FALP II exper-
iment, we measure the decay of the electron number density
ne by the Langmuir probe but the values of P f3 = P f3(P f>,T') are
taken from the SA-CRDS studies. The effective recombination
rate coefficient a.q is defined by the relation,

dn. )  Me

G e - . 4

where 1 is the characteristic time of ambipolar diffusion. As
usual, it is assumed that the afterglow plasma is quasineutral.
The measured value of @, is a weighted sum of the effective
recombination rate coefficients of PH} and °HJ ions, i.e.,

e = P f3 Parer + ° f3 “ae, (5)

where Pa.g and °a.q are the effective recombination rate coef-
ficients of pure PH and pure °HJ, respectively. Both Pa.q and
e can then be obtained from measurements of a.; (H3)
for two or more different values of P f3. These values are still
“effective” values and are not necessarily equal to the corre-
sponding binary recombination coefficients.

Examples of the electron-density decays measured in
experiments at 7 = 60 K with °H, and "H, are shown in
Figure 4. The electron densities are plotted as functions of the
Langmuir probe position L and the equivalent afterglow time
t = v/L, where v is the plasma flow velocity.”” All recombi-
nation measurements are carried out in the thermally equili-
brated plasma where Hj decays mainly by recombination and
diffusion to the walls, as is assumed in Eq. (4). Panel (a) of
Figure 4 only shows the time evolutions of electron densities
in this region. Note that losses due to recombination and due
to diffusion are comparable.

The desired binary recombination coefficients are ob-
tained by extrapolating values of a.s measured at different
hydrogen and helium densities to zero densities. We have
suggested possible mechanisms leading to density depen-
dences earlier (see Refs. 26 and 31) but this is not essential
for the present work and we omit the details. Fig. 5 shows
an example of the dependence of a.g (observed at 60 K) on
hydrogen density at different fixed helium densities, while
Fig. 6 shows the dependence of @, on helium density for fixed
hydrogen densities. Linear extrapolations to zero densities of
He and H; yield binary recombination coefficients at 60 K that
are larger when enriched hydrogen is substituted for normal
hydrogen. The data sets measured in Cryo-FALP II at higher
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FIG. 4. Cryo-FALP II data. Panel (a) Examples of electron density n. decays,
as measured by the movable Langmuir probe, observed when H;r ions are
formed by reactions with either normal ("Hp, triangles) or para-enriched
hydrogen (°Hp, circles). Time (¢, lower axis) and position (L, upper axis)
are related by the helium flow velocity.?” The arrow indicates the position
of the hydrogen entry port at the beginning of the section C of the flow
tube (see Fig. 1). The full lines are fits to the data (for details on data
analysis, see Ref. 42). The dashed line indicates the decay due to ambipolar
diffusion losses for the experiment with °Hy. Panel (b) The time evolutions
of the reciprocal electron number density (1/n¢). The data were obtained
at T =60 K, Pye=480 Pa, [Ar]=1.6x10"3 cm™3, ["Hy] =1.5%10'2 cm™3,
[*Ha]=1.0x 102 cm™3.
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FIG. 5. Cryo-FALP II data. Dependence of a.f on Hy density measured
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measured in the experiments with °H, and "Hy, respectively.
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FIG. 6. Cryo-FALP II data. Dependence of a.f at 7 =60 K on helium
density in experiments with “H; (full squares) and with "H; (open squares).
The arrows indicate the increase of g with increasing density of H, at fixed
[He]. Open triangles and open circles indicate values obtained at the limits for
[*H,] — 0 and [*H,] — 8 x 10'2 cm™3, respectively. The solid lines are linear
fits of the data measured at low hydrogen densities. Dashed-dotted-dotted
and dashed-dotted lines are fits of the data at high hydrogen density, in the
experiment with °H and "Hp, respectively.

temperatures (78 K and 210 K) are similar to the 60 K data
but the difference between data with normal and enriched
hydrogen becomes smaller as T increases.

The dependence of a.g on [He] and on [H;] shown in
Figs. 5 and 6 is actually somewhat more complex than it
appears in Figs. 5 and 6. To illustrate this, we also plotted
the same data in the form of a 3-dimensional graph, shown in
Fig. 7. The data are fitted by the equation

Paer = PMar, + ¢ [He] + "E[Ho] + "&[He[Ha],  (6)

where "¢, ¥M&,, and ¥"¢3 are constants at a given temperature.
The superscripts refer to the type of hydrogen used in the
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FIG. 7. Cryo-FALP II data. Dependence of “@.q and "a.q on [He] and [Hp]
measured at 7 =60 K in experiments with °H, and with "H,, respectively.
The upper surface is a fit of Eq. (6) to the data (indicated by circles) obtained
with °H,. The lower surface represents a fit of Eq. (6) to the data obtained
with "H; (data points are omitted for clarity). The data points deviate from
the surfaces by amounts on the order <2x 1078 ¢cm? s™! as is shown by red
lines connecting the data points with the plane. The parameters of the fits are
listed in Table I.
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TABLE 1. The fitting parameters £, &>, and &3 for the data obtained at 7= 60 K in experiments with "H; and
°H, hydrogen (see Figure 7). Values &), &2, and &3 are given in format &;o(m) indicating &; = &;0x 10". For

comparison, the values e/n

apin and contributions from &([He], &,[Hs], and &3[Hz][He] terms are given in units

1077 em? 5™, The values are deduced from Equation (6) using fitting parameters &}, &, &3 for typical densities

of Hy and He, [He] =5x 107 ecm™3, [Ha] = 5% 102 cm™3.

60 K Py
gas (107 cm’s71)

&1[He]

(1077 cm3 s71)

&o[Hy]

(1077 cm3 s71)

&3[Hy][He] & & &3

107em?s Y (em®s7!)  (em®s7!)  (em®s7!)

"Hy 0.75 0.65
°H, 1.44 0.66

7.0(-12)
—1.5(-12)

0.15 1.29(-25) 1.4(=31) 5.8(-39)
0.45 1.32(-25) -3.0(=32) 1.8(-38)

experiment. The binary values ‘@, and "y, are those in the
limits [He] — 0 and [H;] — O.

The fitting parameters for the data measured at 60 K with
"H, and °H; are given in Table I. Listed are also the contribu-
tions from all four terms of function (6) deduced for typical
densities of H, and He in experiments ([He] = 5 x 10! cm™3,
[Hz] = 5 x 10'2 cm™). The contributions from the third term
&[H,] are very low in comparison with contributions from
other terms. The contribution from &;[H,][He] is comparable
with “"ay;, and with contribution from &;[He], and hence, the
best-fitting surfaces are not planes but are slightly twisted.
More twisted is the surface obtained from data measured with
°H,. This may indicate the existence of a loss process that
depends on the product [He][H;] and this process is more
effective for “H, (see also Fig. 6). It is possible that part of
the observed recombination loss is due to H: ions that are
formed by three-body association involving both helium and
hydrogen, but the data do not allow a firm conclusion. The
inference of the binary recombination rates is not affected by
this ambiguity.

V. RESULTS AND DISCUSSION
A. Temperature dependence of the rate coefficients

Sections IIT and I'V point out the experimental difficulties
in measuring state specific binary recombination coefficients
for Hj in the two nuclear spin states. One needs large data
sets at different gas densities and has little choice but to obtain
the final result by extrapolation. In this section, we show that
the results obtained by different methods are nevertheless quite
consistent.

The results of the Cryo-FALP II measurements of Pay,,
and °ap;, at different temperatures (60 K, 78 K, and 210 K)
are compared to those obtained in the parallel SA-CRDS
experiment in Fig. 8. The graph includes new SA-CRDS
data of "a.g and ®a.g at 115 K, 145 K, 180 K, and 300 K
obtained by in situ determination of Pf; and data obtained
in our earlier SA-CRDS experiments'®!>" at temperatures
85 K, 140 K, 165 K, and 195 K. In addition, the graph shows
values of "a.g measured in FALP, SA-CRDS, and Cryo-FALP
IT experiments with "H; as precursor gas to form Hj ions (see
Ref. 41).

The rate coefficients Pay;, and °ay,, obtained in the Cryo-
FALP II experiments are in good agreement with the values
obtained in SA-CRDS experiments in the covered tem-
perature range. In our previous studies, we also observed

agreement between values of "y, measured by SA-CRDS
and by FALP/Cryo-FALP II (see Ref. 41). This is particularly
noteworthy because these two experiments differ greatly in the
formation of the H; plasma, in the electron/ion densities, in the
time scale of the plasma decay, and in the diagnostics used to
determine the parameters of the afterglow plasma. Within the
accuracy of the experimental data, there is also good agreement
with the storage ring data at 300 K*!© that are indicated by
arrows on the right hand side of the graph. The values of Pay,
°pin, and "api, are given in the summarization of CRYRING
data for 300 K in Ref. 13. At lower temperatures, there are
no accurate data from storage rings to compare.'> Figure 8
also shows the theoretical temperature dependences of the
binary recombination rate coefficients for pure para—HY, pure

B H L SA-CRDS /FALP / CFl_
2.5 Mg g @ Hwith"H,
ke by % W ortho-H;
n . | -
o N . A paraH;
g 2.0 DR theory T
R ----TDE
e I === ortho-H;
Z .
. 1.5 5, === para-H; -
5 O,
5 ~
u L
o
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e 1.0 A IsTR
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FIG. 8. Cryo-FALP II and SA-CRDS. Nuclear spin state-specific binary
recombination rate coefficients measured in Cryo-FALP II, FALP, and SA-
CRDS experiments. Triangles and squares indicate Papi, and °ayp;y,, respec-
tively. The values at 85 K, 140 K, 165 K, and 195 K were taken from our
previous experiments.'® The values of ", (circles) were measured in the
Cryo-FALP 1II, FALP, and SA-CRDS experiments and some data were taken
from our previous studies.'>*' The diamonds refer to ", (open diamonds)
and “api, (closed diamonds) measured in the present Cryo-FALP II experi-
ment. The full lines are fits to Papin, *@pin, and "api, to the function in Eq. (7)
that is used in astrophysical databases. For details and for the parameters of
the fits see the text and Table II. The arrows on the right hand side of the figure
denoted as p, o, and n indicate the values of Papin, *@pin, and "y, obtained
in CRYRING,? respectively. The dashed lines indicated as para, ortho, and
thermodynamic equilibrium (TDE) are theoretical dependences for para—Hg’,
ortho-HJ, and for HY ions in TDE.?*3> The dashed-dotted lines E-CRRga
and E-CRRparp are effective binary rate coefficients of ternary E-CRR
calculated for electron number densities 7.(SA-CRDS)=3x10'° cm=3 and
1ne(Cryo-FALP IT) = 5 x 108 cm™3,19:27-29
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TABLE II. Parameters aax, B8, and y of the fit by Arrhenius-Kooij formula (7). The values of Papj, and
%apiy plotted in Fig. 8 were fitted for 60-300 K. The values of "aypi, were fitted for 77-340 K. As it is discussed
above (see Fig. 2), in this temperature range, the afterglow plasma with "H is in thermal equilibrium including
the para to ortho H;’ ratio. The values of Papi, (300 K), ®@pin (300 K), and ™PEay;, (300 K) were measured in
SA-CRDS experiment. The values of Pay, (60 K) and °aypi, (60 K) for pa.ra—Hgr and ortho—Hgr were obtained
from data measured in the Cryo-FALP II experiment. The value T°Ea,, (60 K) for H in TDE is calculated from
the measured Papi, and °aypiy and from Pf3 calculated for H;r in TDE at T =60 K.

PIOTPE i (60 K)

POy, (300 K)

QAK Y
Ton (1077 ecm? 571 (1077 cm? 571 (1077 cm? s~ B (K)
Para-H} (1.8+0.4) (0.86 + 0.30) (0.69 + 0.08) (=0.64 + 0.10) 0
Ortho-HJ (0.0*9-2 (0.50 + 0.20) (0.97 + 0.40) (041 £091) (187 + 143)
H} (TDE) (0.9%9-4 (0.68 = 0.10) (0.65 = 0.04) (=0.26 + 0.07) 0

ortho-Hj, and for Hj ions in TDE.**** The theoretical results
of TPEq;, by Ch. Jungen and S. T. Pratt* are nearly identical
and are not shown.

For compatibility of our results with databases used in
astrophysics, the measured recombination rate coefficients are
fitted by the Arrhenius-Kooij formula as used in the KIDA
database,®

kiooi(T) = aax(T/300 K)P exp(—y/T), (7)

where a sk, B, and y are free parameters. The values kiooij
and @ are in cm® s71, [ is dimensionless, the temperature
and the parameter y are in K. The parameters of the fit of the
values of Pay, and °ay,, for temperatures 60-300 K and of the
values of "y, for 77-340 K are given in Table II. Together
with actual values of "ap;, Papin, and °ap;, measured at 60 K
and 300 K. Note that parameters a sk, (8, and y are different for
para—H3, ortho—H3, and HJ in TDE. The corresponding values
of kxooij(T) calculated from Eq. (7) are plotted in Fig. 8 as full
lines.

B. Possible contribution of E-CRR in recombination
of H3

It is well known that recombination in low-tem-
perature plasmas can also occur by E-CRR that proceeds
by three-body electron capture into high Rydberg states and
subsequent cascading to lower Rydberg states. The effec-
tive (apparent) binary rate coefficients, ag_crr ~ 3.8 X 107°
n 745 em?® 712772954 are indicated by the dashed-dotted
lines in Fig. 8 for typical electron densities in the SA-
CRDS (n.(SA-CRDS) =3 x 10" cm™3) and in the Cryo-
FALP II (n¢(Cryo-FALP II) = 5 x 10® cm~3) experiments. At
the higher electron densities in the SA-CRDS experiment, the
effective binary E-CRR recombination rate coefficient actu-
ally becomes larger than our measured values at temperatures
below T ~ 100 K, which is peculiar and rather disturbing.
In the Cryo-FALP II experiment, the electron densities are
smaller by a factor of 60 and E-CRR should be nearly
negligible. Both experiments, however, give almost the same
values for the Hj recombination rate coefficients. One,
however unlikely, explanation might be that the formula for
the E-CRR recombination is not valid at low temperatures.
This explanation was ruled out by our recent experiments on
E-CRR of atomic Ar* ions using Cryo-FALP I11?%?° which

confirmed the standard E-CRR formula at low temperatures
down to 50 K. These experiments leave open the possibility
that E-CRR of a molecular ion, such as H; is much slower
than that of atomic ions. To the best of our knowledge, there
are no pertinent experiments or theories that support or refute
such an ad hoc assumption. It is also possible and perhaps
more likely that the electron temperatures in the SA-CRDS
experiments were higher than the gas temperatures and that
E-CRR was hence strongly reduced. In the Cryo-FALP II
experiments, E-CRR should be absent and this was one reason
why we performed them. We conclude that the main result of
the present study is not affected by E-CRR and that Pay, is
much larger than °ay;,.

C. Sources of errors

The random errors in the effective recombination rate
coefficients measured in SA-CRDS and Cryo-FALP II exper-
iments are less than 5%. In the Cryo-FALP II experiment, the
main systematic errors arise from the evaluation of the electron
number density by the Langmuir probe that is calibrated by
measurements of a well-known rate coefficient of O; recom-
bination.?” The estimated uncertainty of recombination rate
coefficients measured in Cryo-FALP II experiment is 20%. A
systematic error of the SA-CRDS experiment arises from the
uncertainty of the length of the plasma column and is on the
order of 10%. The state specific recombination rate coefficients
measured in the Cryo-FALP II experiment are also subject
to errors originating from the uncertainty of Pf3 which we
estimated at 5% (in SA-CRDS experiment, the value of P f3 is
measured directly).

VI. CONCLUSION

We measured nuclear spin state-specific Hy recombina-
tion rate coefficients Papi, and ayiy for para—Hj and ortho-Hj
in the temperature range 60-300 K employing Cryo-FALP II
and SA-CRDS experiments. This is the first time that state
selected recombination rate coefficients have been measured
down to 60 K using a FALP type experiment with variable
relative population of para—H3 and ortho-Hj. It is gratifying
to note that results obtained by two distinct experiments
and a combination of them are mutually consistent. As the
temperature decreases, the difference between binary Pay,;, and
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°apin Increases: at 60 K, para—H;r recombines with an at
least a factor of three higher rate coeflicient than ortho—H?,
Papin(60 K) = (1.8 £0.4) x 1077 cm® s7! vs. °apin(60 K)
= (Ofg) x 107® cm? s7!. The measured temperature depen-
dence of ™Eaqy;, for ions in TDE and Pa;, and °ay,;, for pure
para—Hj and ortho-Hj agrees well with modern theories.**~
The existence of two groups of H} ions with very different
recombination rate coefficients at low temperatures should
be seriously considered in astrochemical models of the
interstellar medium. The results presented here depend on
an assumption that there are no unrecognized strong pressure
dependences below the lowest experimental pressures. The
seeming absence of E-CRR of Hj ions in SA-CRDS experi-
ment is also disturbing. Further experiments performed in an
environment of lower pressures with negligible influence of
three body effects (such as in the merged beams technique),
under good control of the HJ rotational temperature and
ortho/para-populations, remain desirable as a verification in
the future.
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Abstract
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We have studied the recombination of H; ions with electrons in a stationary afterglow
experiment either in pure hydrogen or in mixtures of helium, hydrogen, and argon. The decay
of the ion density during the afterglow was monitored using near-infrared cavity ring-down
absorption spectroscopy. The gas temperatures ranged from 240 K to 340 K.

We find that three-body recombination, where molecular hydrogen acts as a third body,
increases the recombination rate significantly. However, H, assisted three-body recombination
saturates at hydrogen densities above ~ 10'® cm~ and the recombination rate then becomes
nearly independent of the neutral gas density. The saturation can lead to the erroneous
conclusion that the recombination is purely binary and this appears to be the cause of

some inconsistencies between previously reported recombination rate coefficients. At
temperatures 240-340 K the obtained three-body recombination rate coefficient is independent
on temperature (K, = (9.4 £+ 1.3) x 10723 cm® s~1) and it is larger by five orders of
magnitude than those expected from the classical theory for atomic ions of Bates and Khare
(Kpk(300 K) ~ 10~%7 cm® s7). The observed dependences on H, density suggest that a

substantial fraction of neutral H§ complexes formed in capture of electrons by Hi ions do not
rapidly predissociate but can be stabilized by interactions with third bodies. Saturation occurs

if the capture step is rate limiting rather than stabilization.

Keywords: ion-electron recombination, Hi, H, assisted three-body recombination

(Some figures may appear in colour only in the online journal)

1. Introduction

The electron recombination of HJ ion is of special interest
for physical chemistry, quantum physics, astrophysics,
plasma spectroscopy and the physics of discharges. Hj, the
most abundantly produced molecular ion in the universe [1],
is deemed to play a crucial role in the formation of molecules
in interstellar clouds [2]. Its recombination with electrons
has been subject of intensive experimental and theoretical
research (see e.g. recent reviews [3—8]) for over 65 years and

0963-0252/15/065017+10$33.00

the major discrepancies between experimental and theoretical
results have now been mostly resolved. For many years theo-
retical calculations predicted that Hj recombination should be
much slower than was observed because favorable crossings
[3, 9] between the ionic and dissociating potential curves are
absent. This created the often cited enigma of Hj recombi-
nation [10]. The large gap between experimental results and
theory was largely closed in 2001 by taking into account the
Jahn—Teller mechanism [11]. Theoretical results [12, 13] now
agree quite well with the ion storage ring results [14—16], but

© 2015 IOP Publishing Ltd  Printed in the UK
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slight deviations remain at low collisional energies and tem-
peratures below 300 K (see discussion in [17-19]). The binary
recombination rate coefficients inferred from recent plasma
afterglow experiments by extrapolation to zero gas densities
[20-22] also agree. Low-temperature afterglow studies (from
60 K to 300 K) of state-selected recombination of para-H3
and ortho-H3 support the theoretically predicted temperature
dependences of recombination rate coefficients for para-Hj
and ortho-Hj3 [23-26].

One of the remaining problems is that the recombination
coefficients of Hj ions with electrons inferred from plasma
afterglow experiments at 300 K have varied from less than
2x 10 % cm®s™! [27, 28] to ~ 2x 107 cm®s~! [29, 30].
These discrepancies are not likely to be due to experimental
errors because the afterglow techniques generally have
yielded consistent results for other molecular ions. Rather,
recent experimental results suggest that H; recombination in
plasmas containing neutral atoms (He) or molecules (H) is
not entirely due to the binary recombination but also proceeds
by three-body recombination. Such three-body recombination
is the subject of the present experimental work that extends
our earlier work performed at a fixed temperature of
300 K [31].

Afterglow recombination experiments are typically car-
ried out in plasmas containing mixtures of helium, hydrogen,
and sometimes argon at total pressures in the range of
100-2000 Pa. The function of the helium gas (the buffer gas)
is to inhibit diffusive losses of ions and to thermalize the elec-
trons. Hydrogen is the precursor gas for Hj formation, and
argon is added to remove undesired He metastable atoms cre-
ated during the discharge. Some important experiments were
carried out in pure hydrogen [30]. In most early work it was
tacitly assumed that recombination occurred exclusively by
binary recombination and that the neutral particles played
no role. An observed lack of pressure dependence was some-
times adduced as evidence for the absence of three-body
effects, but, as will be discussed later, three-body recombina-
tion saturates at high pressures. For instance, the saturation
of the three-body recombination channel at effective binary
rate coefficient a2 x 1077 cm’s™! explains why Leu
et al [29] failed to observe a pressure dependence of the recom-
bination rate coefficient in their high-pressure stationary after-
glow. Recent systematic studies of recombination of HJ ions
have demonstrated that at helium pressures of 100-2000 Pa
the assumption of purely binary recombination is not always
valid. The measured three-body He assisted recombination
rate coefficient was found to be large, Ky, ~ 1075 emb s~
exceeding at 300K the value expected from the classical three-
body mechanism of Bates and Khare [32] by about two orders
of magnitude. Hence, the seeming discrepancies between
results of afterglow and storage-ring studies of Hj recom-
bination were in part removed (see e.g. Glosik et al [20]) by
invoking helium assisted three-body recombination [21, 33,
34]. An important exception from this accord is the spectro-
scopic study performed in a pulsed afterglow of pure hydrogen
by Amano, who reported value of the recombination rate
coefficient (273 K) = 1.8 x 1077 cm® s~! independent on H,

number density [30]. Recently, a very fast three-body Hp-assisted
recombination process was observed [31] with a rate coefficient
Kuy = (8.741.5) x 10723 cm® s~! at 300 K that is nearly five
orders of magnitude larger than the value predicted by the theory
of Bates and Khare [32]. The corresponding effective binary
recombination rate coefficient at H, number densities similar to
those used in Amano’s experiment [30] is very close to the value
reported by Amano.

In the following we will present new experimental results
on helium and hydrogen assisted recombination of Hj ions at
temperatures from 240 K to 340 K, extending our previous
study performed at a single temperature of 300 K [31]. The
results clearly indicate that molecular H, is much more effec-
tive as a third body than atomic He.

2. Experiment

As in our previous work [31], recombination rate coefficients
[3, 24, 28] are measured in a stationary afterglow (SA) in con-
junction with cavity ring-down spectroscopy (CRDS) to mon-
itor the decay of density of Hj ions. The plasma is generated
in a pulsed microwave discharge in a fused silica tube (inner
diameter ~ 1.3cm). The microwave generator is equipped
with an external fast high-voltage switch to cut off the power
to the plasma within a fall time of < 30 ps. A low microwave
power in the range of 5-15W, with ~ 40% duty cycle, is used
to avoid excessive heating of the gas during the discharge. The
temperature of the discharge tube can be adjusted between 80
K and 340 K. The discharge is ignited in a mixture of He/Ar/H,
(with a typical composition 10'7/10'4/10'*-10'7 cm~3) or in
pure H, gas (typical density [Hy] = 3 x 10'°-1 x 10! cm~3).
Only normal hydrogen ("H,) was used in this set of experi-
ments, i.e. hydrogen gas where para and ortho nuclear spin
manifolds are in equilibrium at 300 K and para-H, to ortho-H,
ratio is 1/3. Details of the ion formation reactions, including
discussion of para-Hj to ortho-Hj ratio in normal H, can be
found in [21, 26, 28, 33, 35, 36]. The time constants of pro-
cesses of relaxation and formation of H dominated afterglow
plasma are discussed in the appendix.

The main diagnostic technique is the time-resolved
cavity ring-down absorption spectroscopy in the continuous
wave modification (cw—CRDS), based on the configuration
described by Romanini et al [37]. For details on the SA—CRDS
setup used in our laboratory for studies of electron-ion recom-
bination see e.g. [24, 38—42]. Second overtone transitions
originating from the ground vibrational level of Hj were used
to probe the number densities of H3+ ions in para (1, 1), ortho
(1, 0), and ortho (3, 3) states where the numbers in parentheses
denote the quantum numbers J and G [43]. A water transition
at 7236.447 cm™~!(line position taken from HITRAN database
[44]) was routinely scanned to estimate the amount of H,O
impurities in the buffer gas. Typically, the water vapor con-
centration was at a safe level of less than 5 x 10! cm =3 i.e.
less than 0.1 ppm of buffer gas number density.

The time dependent optical absorption signals are recorded
during the discharge and during the afterglow. The measured
absorbances are then converted to number densities of Hy ions
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Figure 1. Examples of absorption line profiles measured at 240 K
in 5.2 x 106 cm~3 of pure H,. The full lines are Gaussian fits to the
data. The corresponding kinetic temperature is listed at each line.
The rotational temperature 7;, was obtained from populations of

(1, 0), (1, 1) and (3, 3) states of Hg+

in particular ionic states. The effective recombination rate
coefficients g jon are obtained by fitting the decay curves
of density of Hy ions. Examples of measured decay curves
for para (1, 1), ortho (1, 0), and ortho (3, 3) states and one
calculated for electrons are shown in panel (a) of figure 2. The
measured relative populations (fractions) of para (1, 1), ortho
(1, 0), and ortho (3, 3) states are shown in panel (b) of figure 2.
If electron-ion recombination was the only ion loss process,
Qeff—ion could be directly obtained from the slope of a graph of
the reciprocal electron number density (1/n.) as a function of
time (see panel (c) of figure 2). A more complex data analysis
includes also losses of charged particles due to ambipolar dif-
fusion and losses due to formation of Hy ions and their subse-
quent recombination. For details on the data analysis see [24].

The kinetic temperature of the H;+ ions Tiin—ion 1S Obtained
from the Doppler broadening of the absorption line profiles.
The examples of absorption line profiles measured in pure H,
gas are plotted in figure 1. The rotational temperature (T;y) is
evaluated from the relative population of the monitored rota-
tional states. These parameters of the afterglow plasma are
routinely measured in SA-CRDS experiment [24]. On the
basis of these measurements we conclude that for afterglow
plasmas in the SA-CRDS the kinetic and rotational temper-
ature of ions are equal to the temperature of the buffer gas
(Tye) and to the wall temperature (Ty,,) of the discharge tube,
i.e. T = Tyan = Tae = Trot = Txin—ion (for details see [24, 26]).
The thermal equilibrium applies separately to the para-H; and
ortho-H7 nuclear spin manifolds, but at temperatures above
80 K, when normal hydrogen is used, the para to ortho ratio of
Hj is also close to the thermodynamic equilibrium value, as
shown by studies [24, 26].

The electron temperature 7, was not measured in the present
study. The thermalization of electrons in afterglow plasma was
studied and discussed in our previous studies (see e.g. [24]).
In the afterglow plasma electrons are cooled in collisions with
He atoms. At typical He densities the characteristic time of the
electron cooling is below 10 ps, but the electron temperature

can rise due to superelastic collisions with excited (metastable)
neutral He or Ar atoms or H, molecules produced in the dis-
charge. These excited particles, He metastables in particular,
are removed by Penning ionization of Ar and H,. At the Ar
and H, densities used in the present study, the characteristic
time for Penning ionization is well below 100 ps, see table A1
in appendix. We directly observed fast cooling of electrons
by monitoring visible light emission from the plasma in early
afterglow. The calculations described in [24] indicate that
at low gas temperatures near 77 K the electron temperature
can be slightly elevated, but that at higher gas temperatures
it is nearly equal to the He temperature, Ty, = 7.. Hence, we
assume thermal equilibration in afterglows in He/Ar/H, gas
mixtures, i.e. that T = Tya1 = The = Trot = Txin—ion = Te.

3. Afterglow ion-kinetic and recombination
processes

Numerical models of the relevant ion kinetic processes are
used to set the best conditions for the experiment and to ana-
lyze the recombination during the afterglow. The key reac-
tions are listed in table Al of appendix. The composition
of the plasma at the end of the microwave pulse is difficult
to ascertain and hence the calculations were performed for
many sets of different initial conditions, such as the rela-
tive densities of He™ ions and metastable helium atoms.
The optimal partial pressures of He, Ar, and H, were then
selected so that the afterglow plasma was dominated by Hj
ions within 150 ps after the end of the discharge and that the
undesired species He' and He™ were sufficiently depleted
at that time. The calculated characteristic time constants are
listed in table A1 of the appendix. The initial transition time
interval of 150 ps is excluded from the analysis of plasma
decay in order to obtain rate coefficients of recombination
processes.

The analysis of the afterglow decay of the ion and elec-
tron densities assumes that the plasma is quasineutral and that
the spatial distribution is given by the fundamental diffusion
mode. The first assumption is justified since the Debye length
is small compared to the dimensions of the discharge tube.
The second assumption is not critical since diffusive losses are
small in this set of experiments. In the following, to keep the
equations simple, we will omit losses due to ambipolar diffu-
sion, but they are included in the actual data analysis.

Several recombination processes contribute to the ion loss
during the afterglow:

(i) Binary dissociative recombination with electrons:
e
Hi + e~ =2 neutrals, (1

where api, is the rate coefficient of binary dissociative
recombination.

(i1) The second recombination mechanism postulates the
formation of highly excited Hg complexes that can either
decay by autoionization or can be stabilized (rendered
incapable of autoionizing) in collision with He or Hy:
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ap kse
Hi + e~ & Hj —= neutrals, )
Ta ksh2

where ar is the rate coefficient for the formation of Hg,
7, is the autoionization time constant, and ksy. and ksp»
are the binary rate coefficients for collisional stabilization
of H§ in collision with He and H,, leading eventually to
neutral products. We assume that the autoionization time
constant 7, is much shorter than the overall recombina-
tion time scale and that hence only a very small fraction
of Hy ions will be bound in complexes at any time. In
this approximation we exclude collision induced ioniza-
tion by He or H, or electrons. This is certainly a highly
simplified model and the nature of the complexes remains
nebulous.

(>iii) The third route to recombination consists of formation
of H{ ions by three-body association of H; with H, and
subsequent recombination of HZ ions with electrons:

k3

Hi + H, + He &= H{ + He, (3a)
k3
+ ., -9
H{ + e~ — neutrals, (3b)

where k3 is the rate coefficient of the three-body associa-
tion reaction leading to formation of HY cluster ions, k_3
is the rate coefficient of the reverse reaction (collisional
induced dissociation), and «s is the recombination rate
coefficient of Hi. We assume that k3 and k_3 do not
substantially differ from those for the three-body associa-
tion reaction of H3+ with two H; [45, 46]. At temperatures
greater than 300 K the fractional concentration of HY is
very small, but it rises rapidly at low temperatures and
below &~ 240 K it becomes so large that no accurate infor-
mation on Hj recombination can be extracted from the
data for [Hy] > 10" cm 3.

For processes (1)-(3b) we can write following balance
equations:

+
d[gﬂ = —(avin + ap)[HiIne + %[H?] — ks[Hy][He][H]
4 k_s[Hel[HT, @
d[HA] 1

T ap[H7 ne — ;[Hﬁ] — ksne[Hel[H]] — ksmo[Ha][HE],
‘ (5)

+
% = —as[Hy Ine + k[Hy][Hel (Hy] — k_s[Hel[H31, (6)

where 7. is the electron number density and square brackets
denote number densities of the corresponding species. The
number densities of Hj and H{ can be rewritten in steady-
state approximation using equations (5) and (6) as:

4 apne[H7]
[H3] = 5 ’ )
- + kspe[He] + kspa[Ho]
. k[H[He]Hy]  [H][H3]
[Hi] = = Ke—
k_s3[He] + asne 1+ T [He] )

= R[H]1< Kc[H][H3 ] = [Hi Ii1e,

where K¢ = ks/k_3 (in units of cm?) is the chemical equilib-
rium constant (see [47]). The index LTE indicates density of
H{ ions corresponding to local thermodynamic equilibrium.
In the recombining plasma the ratio R = [HZ]/[H; ]is smaller
than Kc[H,] because the HZ ions recombine much faster
than H;. We express this by introducing a factor £ < 1 so that
R = ¢K¢[H,]. This factor depends on conditions in discharge
and afterglow plasma and has to be obtained from the numer-
ical model. Quasineutrality implies that n, = [H}L] + [H;] and
hence:
U

i
(] = =& )

By summing equations (4) and (6) and by using equation (7)
to substitute [Hi] we get:

dn. ksne[He] + ksma[Ha]
— = —| in + aF

[H3 Ine — as[H3 ne.
dr -+ ksne[He] + ksiz[Ha]

(10)

We define the three-body recombination rate coefficients
for He and H, assisted recombination (Ky. and Ky, respec-
tively) as:

Kye = apkspeT,

(1)

K = apksmam. (12)

In terms of the three-body rate coefficients equation (10) then
becomes:

dne ( Kye[He] + Kip[Ho]
— = —| Qin + QF
dr aF + Kpe[He] + Kip[H;]
+ a5§KC[H2])[H§’]ne. (13)

The quantity measured in SA—CRDS experiment is the
number density of H7 ions and it is convenient to use equa-
tion (9) and to replace n. by [H3+]. From (13) we obtain:

dH;
dr

Kye[He] + Ky [Hs]
of + Kue[He] + Kyp[Ho]

= —[Oébin + aF

+ (345§1<C[H2]][H3+]2 (14)

and the effective recombination rate coefficient avefs_jon:

Kye[He] + Ky [Hy]
ar + Kye[He] + Kip[Hp ]

+ as§Kc[H].
(15)

Qeff—jon = lbin T+ OF
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If we include term for losses due to ambipolar diffusion (up
to now omitted) then equation (14) can be written in the more
compact form:

Hi Hi
diH;] = —Qesrion[H3 > — M
dt )

(16)

The first term on the right side of equation (16) corresponds
to the recombination losses and the second term accounts
for losses due to the ambipolar diffusion characterized by
the time constant 7. The dependence of aeff—ion On [He] and
[H] is characterized by the parameters oy, ap, Kie, Ko, and
aséKc. In equation (15) an upper limit of the third term (for
¢ = 1) at a given temperature and [H,] can be calculated from
the known values of as and K¢. The actual value of asé Kc[H;]
can be estimated from the numerical kinetic model.

In the low density limit ((He] and [H,] — 0) equation (15)
reduces to:
Qeff—ion = Qtin + Kpe[He] + Kpp[Ha] + as{ Kc[Ha] (17)
and a.fr—jon increases linearly with [He] and [Hy]. The coef-
ficients Ky, and Ky, are three-body recombination rate coef-
ficients in units of cm®s~!. Here we can see the reason for
definition of Ky, and Ky, by formulas (11) and (12). In the
high-density limit equation (15) reduces to:

Qleff—ion = Otpin + OF + s Kc[Ho] (18)

and Qefr—jon Saturates if the last term describing H;’ recom-
bination is small which will be true at higher temperatures
because K¢ falls off rapidly with increasing temperature
[47, 48]. The saturation limit is approached when nearly all Hg
are stabilized in collisions with He or H, rather than suffering
autoionization.

In principle, the three-body recombination rate coefficients
can be obtained from linear fits of data in the low pressure
limit using equation (17). In practice, it was found prefer-
able to obtain these parameters by fitting measured values of
Qeff—ion tO €quation (15).

4. Experimental data and results

The experiments were performed either in pure H, (pressures
from 150 to 350 Pa) or in He/Ar/H, mixtures (He pressures
from 900 to 2700 Pa). No dependence of the measured effec-
tive recombination rate coefficient on argon number density
in the range of 5 x 10'3 — 10'5 cm~3 was observed. From data
similar to those in figure 2 the effective recombination rate
coefficients cefr—jon at particular partial densities of He and H,
were determined at temperatures 240-340 K. The upper tem-
perature limit is given by design limits of the discharge tube
while the lower temperature limit is set by the increasing for-
mation of HZ ions. The dependences of the effective recom-
bination rate coefficient cefr—jon 0on [Hp] measured at 240 K,
273 K, 300 K and 340 K are plotted in panels (a)—(d) of
figure 3, respectively. At all four temperatures the helium
buffer gas pressures were 900 Pa and 1800 Pa.
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Figure 2. Decay of the ion densities during the afterglow measured
in SA-CRDS at 275 K. Panel (a): The densities of H;r ions in
the para (1, 1), ortho (1, 0), and ortho (3, 3) rotational states
measured in a He/Ar/H, mixture at 275 K (He] = 4.7 x 10" cm ™3,
[Ho] = 2.0 x 10'° cm 3 and [Ar] = 5.8 x 10'* cm™3). Normal
hydrogen ("H,) was used in this experiment. The electron density
n. is obtained as a sum of densities of ions in ortho and para states
under the assumption of thermal equilibrium. Calculated evolutions
of HY, H{, and He™ densities are indicated as dashed, dotted and
dot—dashed lines, respectively. The double dot—dashed line indicates
the slow decay due to ambipolar diffusion, as obtained from fits
to experimental data. Panel (b): The relative populations of para
(1, 1), ortho (1, 0), and ortho (3, 3) states of H;+ The dashed lines
show the corresponding relative populations in thermal equilibrium
at 275 K. Panel (c): The reciprocal electron number density, 1/7..
The dashed line through the data represents a fit that includes both
recombination and diffusion, while the dot—dashed straight line is a
simple linear fit during the first 400 ps.

In figure 3 the dashed lines represent fits to the data by
equation (15). The maximal contributions of HZ, assuming
chemical equilibrium between Hj and HZ, are indicated by
short dashed lines (LTEys) in figure 3. In these calculations
the value of as = 2 x 107 cm’s™! was taken from [36, 49]
and the equilibrium constant K¢ was calculated using the
enthalpy and entropy changes AHy = —6.9 [kcal mol '] and
ASy = —17.4 [cal K~! mol™!] of Hiraoka [47]. The full lines
(Mpys) indicate the somewhat smaller contributions of HZ ions
calculated from the full kinetic model.

Panel (a) of figure 4 shows a comparison of the data
measured at 240 K, 273 K, 300 K and 340 K at 900 Pa in
He/Ar/H, mixtures, together with the calculated contributions
(LTEgs) from H;r We have added the calculated H;r contribu-
tion at 210 K to demonstrate that it becomes too large for a



Plasma Sources Sci. Technol. 24 (2015) 065017

J Glosik et al

1015 1016 1017

[H,] (cm™)

1(‘)15 1616
-3
[H,] (cm™)

?014

Figure 3. Effective recombination rate coefficients e jon at
different H, densities and temperatures of 240 K (panel (a)), 273 K
(panel(b)), 300 K (panel (c)) and 340 K (panel (d)). The two

data sets measured at He pressures of 900 Pa and 1800 Pa are
distinguished by squares and open circles, respectively. The dashed
lines are fits to the data by equation (15). The short dashed lines
(LTEps) represent asKc[Hy], i.e. the upper limit of the contribution
from H;r recombination while the full lines (Mys) indicate the
smaller and more realistic H contributions obtained from the
kinetic model.

reliable determination of the three-body coefficients. No data
were taken at 210 K. The figure 4 also includes cvf—jon data
measured in pure H, at 240 K and 273 K for comparison with
the data of Amano obtained in experiments with pure H, [30].
Note that as rate of ternary association reaction (3) leading
to formation of HY ions depends on product of [He][H,] (in He/
Ar/H, mixture) or on product of [H][H] (in pure H,), the for-
mation of H5+ will be slower in pure H, than in He/Ar/H, mix-
ture (see results of model of chemical kinetics in panel (b) of
figure 4). For additional details on data obtained at 300 K see
also figures 3 and 4 of [31]. Panel (b) of figure 4 illustrates how
the contributions add up to the observed cf—ion at different H
densities. In this example, the temperature was 240 K, and the
He pressure was 900 Pa. It is apparent from the figure that the
Qeff—ion data fit by equation (15) (the dotted line) with £ = 0,
i.e. with exclusion of the term accounting for H{ formation,
falls short of reproducing the experimental data at high [Hy],
but that adding the contribution from H< improves the fit.

By fitting the measured values plotted in figure 3 using equa-
tion (15) we obtained ag, cvpin, Kpo and Ky for particular tem-
peratures. The fit was done in the whole probed range of [Hy]
and only the values of af—jon measured in the mixture of He/
Ar/H, were used in the fit. Figure 5 shows the binary rate coef-
ficients aupin, g, sum of (ayi, + ), and also ay,;, measured in
earlier SA-CRDS, AISA and FALP experiments in He/Ar/H,
mixtures using hydrogen ("H,) as precursor gas for formation
of Hy [22, 26]. Note that the previous studies were focused
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Figure 4. Panel (a): The dependences of aefr—jon On [Hp] measured
at the indicated temperatures in He/Ar/H, mixtures at a He
pressure of 900 Pa (full symbols). The values measured in pure

H, at 240 K and 273 K are plotted by open symbols. The dashed
lines through the data are fits by equation (15). The short-dashed
straight lines (LTEys) are the upper limits of the H{ contributions

asKc[H;] at indicated temperatures, using as = 2 x 1076 cm® s~/

from [36, 49] and K¢ from [47]. Panel (b): Breakdown of cveff—jon
into contributions from particular recombination processes.

The dotted line is calculated ignoring the contribution from HZ
recombination (i.e. using equation (15) with £ = 0). The double-dot
dashed line denoted ‘three-body in Hy’ shows the contribution of
the three-body H, assisted recombination in pure H,. The full line
(Mys — pe/arm2) represents the contribution from the formation and

recombination of H5+ ions in He/Ar/H, mixtures obtained from the
numerical model for 240 K and 900 Pa of He. The dot—dashed line
(Mys — pure H2) represents the contribution arising from the formation

and recombination of H< ions as given by the model of chemical
kinetics for pure H; gas.

on binary recombination rate coefficients awi, [20, 21, 33].
The values measured by Amano [30] in a stationary afterglow
experiment with pure H, shown in figure 5 are close to the
sum (apin + ap) and to the values obtained in the present set
of experiments with pure H,.

The agreement with the data of Amano is particularly note-
worthy. This otherwise excellent experiment gave values by
factor of 3 higher than the currently accepted value of binary
recombination rate coefficient ay;, [3]. That experiment
marked the end of the confusing period when the recombina-
tion of Hy in the ground vibrational state was claimed to be
very slow [27]. We emphasize that the recombination coef-
ficients measured by Amano are quite accurate, but that they
do not represent the binary recombination rate coefficients.
The saturation of the three-body channel explains why that
experiment did not show a pressure dependence of the meas-
ured recombination rate coefficients. Although the very high



Plasma Sources Sci. Technol. 24 (2015) 065017

J Glosik et al

s A ® o, FALP+SA-CRDS
4l H3 c—yg A a ., Amano SA pure H, |
'S B (o +a)inHe/ArH,
(e]
. O o, pureH,
.
3F . .

I DR theory: * A
= == dos Santos s . -
(04
%

7 3
o0 O, (ot ) (107 cm's )

0 1
50 100

200 300
T(K)

Figure 5. Temperature dependences of au,y, g, and their sum
(avpin + ap). The diamonds and squares indicate (i, + Q)
measured in pure H, and in He/Ar/H, mixture, respectively. The
fit of the data (dashed line) gives the temperature dependence:
(cwpin + @) = (2.0 £ 0.4) x 1077(T/300 K)~©-81%0.30) ¢py3 g—1,
The filled circles indicate the values of ay,, for H;+ ions

in He/Ar/H, mixtures that were obtained in several

stationary and flowing afterglow experiments (for details

see [22, 26]). The full line indicates the dependence

apin = (6.5 £ 1.4) x 10°8(7/300 K)~©-26£007 ¢m3 s~ obtained
by fitting apiy data at temperatures 80-340 K. Included are the
present data and data from [22, 26]. The dependence of a on
temperature (dot—dashed line) was obtained by subtracting cpin
(full line) from the sum of (avy;, + ) (dashed line). The rate
coefficients measured by Amano [30] in pure H,, assumed to be
due to binary recombination only, are plotted as open triangles
for comparison. The dotted line indicates a fit to Amano’s data:
Qamano = 1.7 x 1077(T/300 K) %4 cm3?s~!. The theoretical
temperature dependence of the binary rate coefficient of dissociative

recombination of Hy ions calculated by Fonseca dos Santos et al
[12] is plotted by a double dot—dashed line denoted Theory.

electron densities in the experiments of Amano lead to a more
rapid plasma decay which leaves less time for HZ formation,
HZ may nevertheless contribute at the lowest temperatures.
The obtained values of the three-body rate coefficients Ky
and Ky, of H, and He assisted recombination were almost
independent on temperature in probed temperature range
with the mean value of Ky, = (2.7+0.5) x 1072 cm®s™!
and Kipp = (9.4 4+ 1.3) x 10723 cm® s ! at 240-340 K. On the
other hand, the sum of aw,;, + v is increasing with decreasing
temperature (see full squares in figure 5) in agreement within
experimental error with the increase of the value of aveff—jon
measured in pure H, between 273 K and 240 K. Note that at
240 K the values of a.ff—jon measured in pure H, may have
been slightly enhanced by the formation of H: ions (see the
result of chemical kinetics model in panel (b) of figure 4). The
measured values of Ky, and Ky are shown in figure 6, together
with Ky data obtained in our previous stationary and flowing
afterglow experiments (for details see compilation in [34]).
For comparison we include recently measured three-body
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Figure 6. Temperature dependences of the three-body rate
coefficients Ky (closed squares) and Ky, (open squares) of H, and
He assisted recombination of H3+ ions. Closed circles: Ky of H3+
ions obtained in our previous experiments [21, 23, 24, 34]. Open
triangles: Three-body recombination rate coefficients of He-assisted
collisional radiative recombination Kyea, 4 of Ar' ions measured in
a Cryo-FALP II experiment [50]. Filled stars: Ky, crr as measured
by Cao et al [51] for a mixture of atmospheric ions in He. Dotted
line: Theoretical dependence of Bates and Khare [32] scaled for
Ar* ions in He by the reduced mass. Full triangle, pentagon and
diamond indicate three-body rate coefficients measured for He;
ions in helium by Berlande [52], Deloche [53] and Johnson [54],
respectively.

recombination rate coefficients Kpear+ of He-assisted three-
body collisional radiative recombination of atomic Ar" ions
(He-CRR) [50] and earlier data for several molecular ions
measured in helium by Cao et al [51]. The data of Berlande
[52], Deloche [53], and Johnson [54] are for Heg ion in
helium. The Ar" data and those of Cao et al are very close to
the theoretical values (indicated by a dotted line) of Bates and
Khare [32], scaled for atomic Ar" ions in He by the reduced
mass [50]. At the higher temperatures the present values of
Ky and Ky, for Hy are much larger than those predicted by
the Bates and Khare theory and do not show a measurable
dependence on temperature for the range of 240-340 K.

5. Summary and conclusions

We have studied the recombination of Hy ions with electrons
at temperatures from 240 K to 340 K in pure H, and in He/
Ar/H, mixtures at pressures from 600 Pa up to 2700 Pa using
a stationary afterglow SA-CRDS apparatus. The measured
recombination rate coefficients a0, are found to initially
increase with [He] and [H,] and then to saturate. The acces-
sible temperature range was limited to 7> 240 K because at
used gas densities the abundance of fast recombining H{ ions
increases sharply at lower temperatures. The formation of HZ
does make a contribution at higher temperatures [47] but it
is not the main cause of the density dependences observed
for [Hy] < 10'° cm 3, as had been surmised by us and others



Plasma Sources Sci. Technol. 24 (2015) 065017

J Glosik et al

Table A1. The reactions considered in the model of the formation and destruction of H7 ions.

Rate coefficient Characteristic

No. Reaction [em?s~!], [em®s—!] reaction time [js] Reference
RI He™ + 2 He — Hej + He 1x 103! 250 [62]
R2 He" + H, - H" + He + H (83%) L1x 108 900 [63]

— HJ + He (17%)
R3 He™ + He™ — Hej + e~ 5%x107° 2000 [64]
R4 He™ 4+ Ar— Ar" + He + ¢~ 7% 1071 30 [61]
RS He™ + H, — Hj + He + e~ (90%) 32x 10! 3 [65, 66]

— HeH" +H + e~ (10%)
R6 HeH' + H, » Hy + He 1.5%107° 0.07 [63]
R7 Hej + Ar— Ar" + 2 He 2% 10710 10 [62]
R8 Ar + H, » ArH' + H (85%) 8.6 x 10710 0.1 [67]

— Hj + Ar (15%)
R9 ArH" + H, - Hi + Ar 1.5%107° 0.07 [68]
R10 H* + He + He — HeH" + He 9 x 10732 300 [69]
R11 H"+H,+H,—Hj + H, 3x10°% 300 [70]
RI12 H'" + H, + He — H{ + He 3% 10720 20 estimate®
RI3 Hj + Ar— ArHt + H 23x107° 1 [71]
R14 Hj +H,—Hj +H 2.1x107° 0.05 [71]
R15 HY + H, + He - HY + He 2 x 10730 250 estimate®
R16 H{ + H, + H— H{ + H, 2% 103 5000¢ [46]
R17 Hi +H,—>H] + H, + H, 3% 10712 304 [46, 47]
RI8 H: + He—Hj +H, + He 3% 10712 estimate®
RI19 H{ + e~ — products 2x 1076 [49]
R20 e~ + He (elastic cooling) 73 % 10~13 241

Comments: The reaction rate coefficient for reaction (Ri) is denoted as k;.
Tt is assumed that kjp = k.
b ks was assumed to be the same as k.

¢ The reaction rate coefficient for reaction (R16) was extrapolated to 300 K from the values measured by Johnsen ez al [46] in the temperature range of

156-210 K as kig = 2 x 1073%(7/300 K)29 cm? s~ L.

4 The rate coefficient for reaction (R17) was calculated as kj7 = kj¢/Kc, where the equilibrium constant K¢ was taken from [47].

€Tt is assumed that kjg = kq7.

' The effective rate coefficient for elastic cooling of electrons was calculated for 300 K, for details see [24].

Note: The rate coefficients are for 300 K if available. The characteristic reaction times are calculated for[He] = 2 x 10'7 cm ™3, [Ar] = 5 x 10'* cm 3,

3

[Hy] = 1 x 10" cm™3, [He™] = n. = 10'! cm 3. The rate coefficients for the reactions of Hj are given for ions with vibrational excitation v < 1.

[31, 55]. Our results provide a more detailed picture of recom-
bination in hydrogen containing afterglows and to some extent
explain the discrepancies between earlier afterglow studies of
H; recombination. It is also clear that models of hydrogen
discharges, for instance those used in spectroscopy should
include three-body in addition to binary H3 recombina-
tion. The fast three-body H, assisted recombination process
can also influence processes in H, rich ionospheres of large
planets, e.g. Jupiter and Jupiter-like planets, in regions where
[Hy] > 10" cm~3 [56-58], and may be important for chem-
istry of gas giant exoplanets. The formula given by equa-
tion (15) can be used to calculate effective recombination
rate coefficients for the conditions encountered in a particular
application, regardless of whether or not our simplified com-
plex model is valid.

The proposed complex formation model considers two par-
allel recombination processes: Binary recombination (charac-
terized by o) and three-body recombination proceeding via
formation (characterized by a) of long-lived highly excited

H} and subsequent stabilization in collision with atomic He or
molecular H,. This model reproduces the measured depend-
ence of aefr—jon ON [He] and [Hy] in terms of the parameters
Qbin, OF, Kpe, and Kypp. The present values of o, agree well
with those obtained in our previous afterglow experiments
(see e.g. [20-22, 26, 33]), those obtained in storage ring
experiments [14—16] and with theoretically predicted values
[12, 13]. The value of a is in the covered temperature range
nearly the same as that measured in our previous experiment
at 300 K [31].

It is striking but not unexpected that Ky, is larger by
factor of 100 than one would predict from the theory
of Bates and Khare [32], and that the mean value of
Kip = (9.4 4 1.3) x 1072 cm®s~! at 240-340 K is higher by
another factor of 1000. The theory of Bates and Khare [32] is
strictly applicable only to atomic ions recombining in atomic
gases. We have discussed possible mechanisms of the three-
body He assisted recombination in several of our previous
papers [20, 21, 31, 33] and some aspects of the problem have
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been discussed by Johnsen and Guberman in [7]. Possible
routes to complex formation may be electron capture by
rotational excitation of the ion core into Rydberg states with
low electronic angular momentum /, followed by collisional
[-mixing that increases the lifetime. Stabilization in collisions
with He or H, may involve formation of excited (Hs—He)”
or (Hs-H,)* and subsequent dissociation. The current studies
cannot shed much more light on such details, but more could
probably be learned from spectroscopic observations, such as
those of Amano and Chan in deuterium afterglows [59], who
observed long-lived D3 molecules with above-thermal ener-
gies. It is still not quite clear whether or not long-lived Hg
molecules are formed in binary electron-HJ collisions. They
were observed in early merged-beam experiments [60] but not
in later storage ring experiments.

There are still many open question concerning Hj recom-
bination in plasmatic experiments, e.g. the effect of other
third bodies on the measured recombination rate, the influ-
ence of electron number density and the seeming absence of
electron assisted collisional radiative recombination at low
temperatures [24]. These issues should be addressed in future
experiments.
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Appendix. The model of chemical kinetics

A model of chemical kinetics is employed to calculate the
chemical evolution of the afterglow plasma at given condi-
tions. The reactions that are most important for the formation
and destruction of H7 ions in a mixture of He/Ar/H, are sum-
marized in table A1. The number density of metastable helium
atoms He™ at the beginning of the afterglow was assumed to
be the same as the electron number density, [He™] = n.. This
assumption is based on experimental study described in [61].
The rate coefficients listed in table A1 are for 300 K. For some
reactions we had to extrapolate the measured temperature
dependences found in literature to 300 K. For some associa-
tive reactions in He buffer we used rate coefficients measured
for H, (reactions (R12) and (R15)).
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Abstract. Stationary afterglow (SA) experiments with cavity ring down absorption spectrometer
(cw-CRDS) have been used to study recombination of Hy ions with electrons. To characterize the plasma
during the afterglow we monitored the time evolution of density of Hes excited dimers (a*X) in plasmas
in pure helium and in helium with small admixture of Ar and Hz. By monitoring the plasma decay and its
dependence on [Hz| and [Ar] in the afterglow in pure He and in He/Ar/H> mixture we estimated the rate of
plasma thermalization in the temperature range of 80-300 K. The inferred deexcitation rate coefficients for
reaction of helium metastable atoms with Hz were (0.9 £ 0.3) x 107'% em® s™*, (1.9 £ 0.2) x 107 cm3 s~ !
and (2.7 +0.2) x 1071 em® 57! at 80 K, 140 K and 300 K, respectively. The effective recombination rate
coefficients for Hi were evaluated from the decay of the electron number density. We propose the lower
estimate for the saturation of the effective recombination rate coefficient in i and D dominated plasma.

1 Introduction

Recombination of HJ ions with electrons at low temper-
ature is important for theoretical physics, physical chem-
istry, plasma physics, and it is of special interest for
astrophysics, because H; is the most abundantly pro-
duced molecular ion in the Universe [1] that plays a key
role in the chemistry of the interstellar medium [2].
Because of its importance, it was studied many times,
but there were many discrepancies in the results [3]. The
binary recombination of H; ions was studied in merged
electron-ion beam experiments [4,5] and in several after-
glow experiments [3,6-9]. In afterglow experiments used
for studies of H recombination the helium buffer gas is
used to inhibit diffusive losses and to thermalize the elec-
trons. Hydrogen is the precursor gas for H; formation, and
argon is added to remove undesired He metastable atoms
created during the discharge [3,8]. Some experiments were
carried out also in pure Hy [10-12]. Using stationary
afterglow (SA) and flowing afterglow with Langmuir probe
(FALP) experiments we recently demonstrated that
recombination in H; dominated low temperature plasmas
depends on the pressure of the ambient gas. We observed
that already at He pressures of 100-2000 Pa, the ion losses

# e-mail: juraj.glosik@mff.cuni.cz

* Contribution to the topical issue “6th Central European
Symposium on Plasma Chemistry (CESPC-6)”, edited by
Nicolas Gherardi, Ester Marotta and Cristina Paradisi

due to binary and ternary recombination processes are
comparable. This is an unexpected result since the gen-
erally accepted classical theory of Bates and Khare [13]
predicts such effects at pressures at least by three orders
of magnitude higher. To study the ternary recombination
processes the afterglow experiments have to be carried out
over a large scale of pressures and for various compositions
of gases. Because of the dependence of H; recombination
process on many parameters, the afterglow plasma has to
be characterized very precisely. It is essential to create
experimental conditions at which the afterglow plasma is
in thermal equilibrium characterized by the temperature
of the buffer gas.

This paper presents the results of the study of
plasma thermalization at conditions used for the study of
H3+ recombination at low temperature and high pressures.
The plasma thermalization was monitored by measuring
the relative populations of molecular Hes metastables and
excited states of atomic Ar in the temperature range of
80-300 K. We also present and summarize the results of
the measurements of binary and ternary rate coefficients
of H;f recombination in afterglow plasmas.

2 Experimental

The experiments were performed using a stationary
afterglow apparatus combined with continuous wave

24707-pl
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Fig. 1. Observed absorption spectrum of Hes in the near-
infrared spectral region: 6460.5-6467 cm™'. The absorption
lines belong to the (1-0) and (2-1) vibrational bands of the
b, -a®L} system. The measurement was performed during
the discharge at 80 K in a He/Ar/H, mixture (8x 107 /10" /2x
10 cmf?’). The lines are labelled with the corresponding
quantum numbers AJg/ i (N”), where F =1 for J = N + 1,
F=2for J=N,and F =3 for J = N —1 and the prime and
double prime denote the upper and lower state, respectively.

cavity ring down spectrometer (SA-CRDS), for detailed
description see e.g., references [14,15]. In the experiments
the plasma is formed in a pulsed microwave discharge
(2.45 GHz, 5-15 W) in a mixture of He/Ar/Hsy (typi-
cal composition ~ 10'7/10*/10* c¢cm™3), in a mixture
of He/Ar (~ 10'7/10'3 em~2), in pure He (~ 107 cm—3),
or in pure Hy (~ 10'¢ ecm™3). Only normal Hy was used in
the experiments. Two fiber-coupled distributed feedback
(DFB) laser diodes (1529.55 nm and 1546.92 nm) and
a tunable external-cavity laser diode (Sacher TEC 500,
1380-1520 nm) were used as light sources. An example of
the measured spectra is shown in Figure 1. The lines are
labelled according to the notation used in reference [16].

By synchronizing the ring down acquisition with the
microwave pulse, time resolved spectroscopy can be
achieved with time resolution commensurate with the ring
down time (typically ~ 32 us).

3 Theoretical calculations

The measured absorption lines were fitted by a Voigt
profile and the obtained line positions (vexp) are listed in
Table 1 together with calculated theoretical values (Vealc).
In the calculations we used an effective Hamiltonian
for 3% and ®II states [17] with matrix elements from
reference [18] including selection rules and symmetry
restrictions [19]. Note that the matrix elements listed in
reference [18] are for the £~ state. The matrix elements
for the 3% state are the same, except that f is replaced by
e and e is replaced by f. The spectroscopic constants for
v =0 and v = 1 vibrational states of a®S; and b°II, were

taken from reference [16], while those for the v = 2 vibra-
tional state of 311, were partly taken from reference [20]
and partly set to be the same as for the v = 1 state.

To obtain the number densities of different states
of Hey we followed the procedure described by Tokaryk
et al. [21]. We used potential energy curves for a3 and
b3I1, electronic states calculated by Yarkony [22] as an
input into the program Level by Le Roy [23] for calcu-
lation of energy levels. The bound-states wavefunctions
corresponding to the quantum numbers v and N were
obtained as solutions of the Schrodinger equation using
Numerov-Cooley methods [24,25] as implemented in ref-
erence [26]. The wavefunctions were then used together
with the transition dipole moment function g [22] con-
necting the given electronic states to calculate appropriate
Einstein coefficients A,/ n/j: N g A set of rotational
line strength (Honl-London) factors Snvj nv v [27] for
an allowed °II — 3% transition in Hund’s case (b) with
a given N = N’ (or N”) when normalized obey a sum
rule > Sy nvgr = 6(2N + 1), with the sum over all
AN = N’ — N" and over the different components J’ and
J". The calculated values of Einstein coefficients for a list
of selected transitions are shown in Table 1.

The number density nme, of a particular state of Hes
was then determined using formula [28]:

2 2J" +1 V2mop 3

= 8mcv cm~
2:]/ + 1 A'U’N’J’—VU”N”J” 6 [

) (1)

nHEQ

where c is speed of light (in units of cm s71), ¢ (em™!)
is the absorption coefficient at the centre of the Doppler
broadened absorption line (described by standard
deviation op (cm_l)), Ay NI Tt NV g1 (S_l) is the
Einstein coefficient for spontaneous emission of a pho-
ton with wavenumber v (cm~1), and J’ and J” are the
rotational quantum numbers of the upper and lower state,
respectively. At 80 K, the obtained number densities of the
v=0, N=1,J =0 a®S} state of Hey during the dis-
charge were on the order of 10 cm ™3 in 900 Pa of pure He
and on the order of 107 cm~3 in a mixture of He/Ar/Ha.
For example at 8 x 1017/1 x 101*/2 x 10** ¢cm~2 and mea-
sured absorption coefficient at the centre of the absorption
line £ = 3.2 x 1075 em~! (corresponding to Ro3(1) tran-
sition in Fig. 1), the obtained number density of v = 0,
N =1,J=0a’S] state of Heg is 1.1 x 107 cm ™3,

4 Results and discussion

One necessary condition for measuring a recombination
rate coefficient of Hy in SA-CRDS experiments is that
the afterglow plasma has to be free from excited parti-
cles that may in superelastic collisions heat the electrons.
It has been observed many times that in an afterglow
plasma in He the presence of excited neutrals can be sup-
pressed by a small admixture of a reactant gas which
removes He and Hes metastables by Penning ionization
[29,30]. The time evolutions of the relative populations of
He, (transitions Qo (1) and Rg2(27) originating from the
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Table 1. Measured transitions (vexp) belonging to the (1-0) and (2-1) vibrational bands of the Hes b*T,~a*37 system compared
to the calculated values (vcalc). The estimated error of the measurement is 5 X 1072 ecm ™. The calculated Einstein coefficients

of spontaneous emission A are also listed.

band  transition  Vexp (cmfl) l/calc(cmfl) A band  transition = Vexp (cmfl) ucalc(cmfl) A
(10* s7h) (10* s71)

(2-1)  Rap(15)  6459.925 6459.918 13.8 (2-1)  Rop(13) 6462464  6462.460 13.7
(2-1)  Ru(15)  6460.028  6460.024 13.9  (21)  Ru(13) 6462565  6462.564 13.7
(2-1)  Rss(15)  6460.074  6460.072 13.9 (2-1)  Rss(13)  6462.615  6462.616 13.8
(2-1) Ra2(11) 6460.788 6460.785 13.5 (1-0) Q1 (1)° 6465.886 6465.890 9.6
(2-1)  Rui(11)  6460.888  6460.886 13.6 (1-0)  Raz(1)*  6465.917  6465.919 3.0
(2-1)  Ras(11)  6460.943  6460.943 136 (1-0)  Pio(1) 6466.027  6466.026 6.1
(1-0)  Q,(3) 6461.151  6461.154 113 (1-0)  Ras(l) 6466.216  6466.217 4.0
(1-0)  Qus(3)  6461.190  6461.192 107 (1-0)  Pau(1) 6466.260  6466.261 5.0
(1-0)  Pax(3) 6461.234  6461.236 1.9 (1-0)  Qu(1)  6466.289  6466.290 3.1
(1-0)  Ras(3)* 6461446  6461.444 1.0 (1-0)  Ru2(21)  6533.661 6533.666 8.2
(1-0)  P2i(3)®  6461.460  6461.456 1.0 (1-0)  Ru1(21)  6533.765  6533.760 8.4
(1-0)  Qyy(3) 6461.488  6461.488 10.1 (1-0)  Rss(21)  6533.806  6533.811 8.2
(1-0)  Raa(27)  6462.260 6462.251 8.2 (1-0)  Raa(5) 6536.518 6536.518 7.2
(1-0) R11(27) 6462.369 6462.360 8.2 (1-0) R11(5) 6536.598 6536.599 7.5
(1-0)  Rss(27)  6462.407 6462.411 8.2 (1-0)  Ras(5) 6536.694 6536.694 7.2
*Blended with Py (3); Pblended with Rgs(3); blended with Ri2(1); blended with Q,,(1).

a®St (v = 0) electronic state) measured during the dis-
charge and the afterglow in pure He are shown in
Figure 2a. The decrease of the densities of both states is
very slow and it is clear that highly excited Hes are present
even 1 ms after switching off the discharge. This is consis-
tent with previously observed slow decrease of the electron
temperature in He afterglow [30]. Detailed description of
the processes involving atomic and molecular metastables
in He buffered plasmas is given e.g., in reference [21].

Excited He and Hey metastables can be removed from
the afterglow plasma by adding Ar to the He buffer gas.
The removal of metastable particles from the afterglow
plasma by adding Ar leads to a decrease in electron tem-
perature [30]. In the present study we observed the
removal of Hey and excited Ar (3s23p® (2Pi/2)3d 2[3/2]°,
J = 2) on a microsecond scale in the He/Ar/Hy mixture
(see Fig. 3). This is substantially faster than the time
scale of the electron density decrease in a plasma that is
dominated by the recombination of Hj ions at similar
conditions (see Fig. 2b).

As there are several allowed transitions from the
3s23p°(°PY5)3d 2[3/2]°,J = 2 excited state of argon
to lower states with corresponding Einstein A coeffi-
cients on the order of 105 s~ [32] the lifetime of the
3s23p° (°PY 5)3d ?[3/2]°,J = 2 state will be on the order
of hundreds of nanoseconds or lower. As can be seen from
Figure 3a, the 3s23p® (QPT/2)3d 2[3/2]°, J = 2 excited state
of argon survives in the He/Ar mixture (4.1 x 107/2.1 x
10 ecm~?) after switching off the discharge substantially
longer than what would have been expected from its life-
time. This indicates that another source of excitation
energy is present as the energy difference between the
3s23p° (°P{ 5)3d ?[3/2]°, J = 2 state and the ground state
of argon is more than 14 eV. The most likely source of this

energy are helium metastable atoms that are produced
in the discharge. In the afterglow the helium metastable
atoms are removed by Penning ionization of argon. With
the rate coefficient kp; = 7 x 107! e¢m3 s~ [33] and
[Ar] = 2.1 x 10*® ecm™3 the characteristic reaction time
for Penning ionization of Ar by helium metastable atoms
is &~ 700 us, i.e., similar to the time constant of the
decay of the 3s°3p°(*PY )3d 2[3/2]°, J = 2 excited state
of argon in the afterglow plasma as shown by the dashed
line in Figure 3a. At conditions used in H3 recombination
studies [31,34] the 3s°3p°(*PY )3d [3/2]°, J = 2 state of
argon is quickly removed from the afterglow (full line in
Fig. 3a) indirectly hinting that also the helium metastable
atoms are being destroyed.

We have performed several measurements of time evo-
lutions of the absorption signals proportional to the num-
ber densities of the 3s*3p°(*P{ ,)3d *[3/2]°, J = 2 state of
argon and the a®*Yf (v = 0), N = 1 state of Hey in the
discharge and in the afterglow plasma at different [Ar]
and [Hz]. The results obtained at 140 K are plotted in
Figure 4. As can be seen from Figure 4, the decay of the
absorption signal is faster with increasing [Hs]. Similar
dependence on [Ar] was also observed. We have evaluated
the measured decay curves by fitting them with a single
exponential decay. The dependences of the reciprocal
values 1/7 of the measured time constants 7 of the expo-
nential decays on [Hy] are plotted in the insert of
Figure 4. The measured time constants for given states of
Ar and Hes are the same within the experimental errors in
the probed range of [Ar] and [Hs] (for details see the insert
of Fig. 4) indicating that metastable helium atoms prob-
ably serve as precursors for the creation of both Hes and
the 3s3p° (*P{ 5)3d *(3/2]°, J = 2 state of Ar in the after-
glow. The corresponding rate coefficient for destruction of
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Fig. 2. (a) Time evolution of the absorption in the after-
glow plasma measured at 170 K in 900 Pa of pure He using
the transitions originating from the ground vibrational state
(transitions Q,,(1) and Re22(27)) of the a®*X] electronic state
of the Hez molecule. The upper state belongs to the first vi-
brational state of the b°II, electronic state of Hey. Unlike the
R22(27) transition, we were not able to measure at the centre
of the Q,,(1) absorption line as the absorption was too strong,
exceeding the limits of our spectrometer. The displayed time
evolution of absorption was therefore measured slightly off the
centre of the line (at 6466.362 cm ™' instead of 6466.289 cm ™).
The zero time is set at the beginning of the afterglow. (b) Time
evolution of number densities of ortho-HJ and para-Hj ions
measured in the afterglow plasma at 80 K in a He/Ar/Hs mix-
ture (1.4 x 10'8/2.3 x 101* /2.3 x 10'* cm™®). The electron num-
ber density (ne) is calculated under the assumption of plasma
quasineutrality and thermal population of states [31].

helium metastable atoms (states 2!S and 23S) in
collisions with Hy at 140 K evaluated from the slope of the
linear fit to the data in the insert of Figure 4 is
k(140 K) = (1.9 +0.2) x 10710 em? s71. Similar analy-
sis was also done for values obtained at 80 K and 300 K
with resulting rate coefficients of k(80 K) = (0.940.3) x
107 %m3 s7! and k(300 K) = (2.740.2) x 10~ P%cm3 s 71,
These values are close to the values reported in the litera-
ture [36-38]. Based on the measurements shown in
Figure 4 we can estimate the densities of Ar and Hs that
are needed to remove the excited particles from the
afterglow within 100 ws after switching off the discharge
as required for our studies of recombination of HJ ions
(see Fig. 3).
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Fig. 3. (a) Time evolution of the absorption at the centre of
an Ar absorption line (transition 3s?3p° (2 1/2)3d 2[3/2]°,J =
2 — 3s°3p°(°PY ,)4f 2[5/2],J = 3; 6849.099 cm ™" [32,35]).
The full and dashed lines denote the data measured at 80 K in
aHe/Ar/H, mixture (8.3x10"7/3.4x 10 /2.7x10"* cm™?) and
in a He/Ar mixture (4.1 x 10'7/2.1 x 10** ¢cm™3), respectively.
Note that in He/Ar the characteristic reaction time for Penning
ionization of Ar by helium metastable atoms is & 700 ps (with
kpr = 7x107'" ¢cm?® s7! [33]). The insert shows the correspond-
ing absorption line profile. (b) Time evolution of the absorp-
tion at the centre of a Hep absorption line (transition Rgs(1)
in the (1-0) vibrational band of the b*TT, — a® system). The
full and dashed lines denote the data obtained at 80 K in a
He/Ar/H> mixture (7.6 x 10'7/2.9 x 10'*/2.5 x 10™* ecm™3)
and in pure He (8.1 x 10! cm™®) (scaled by a factor of 0.01
to fit into the figure), respectively. The insert shows the corre-
sponding absorption line profiles.

In the present experiments using He/Ar/Hy gas mix-
tures we measured the decay of Hj ion density (decay
curve) by monitoring absorption of three states ((1,1) of
para-Hj and (1,0) and (3,3) of ortho-Hj, for details on
notation see Ref. [39]). The kinetic temperature of H3 ions
(Tkin-ion) was measured from the Doppler broadening of
the absorption line profiles [31]. The rotational tempera-
ture (T}o¢) and the ratio of densities of para-Hj to ortho-
H3+ were determined from measured partial populations
of ions in the lowest rotational states of the vibrational
ground state of Hy [31]. On the basis of our measurements
we conclude that for the afterglow plasmas in He/Ar/Hs in
the SA-CRDS experiments the Ty jon and Tyt of ions are
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Fig. 4. (a) Time evolutions of the absorption coefficient mea-
sured at the centre of an argon absorption line (transition
3s?3p° (°P{ 2)3d 2[3/2]°,J = 2 — 3s?3p° (*P§ ) )4f *[5/2], J =
3; 6849.099 cm™" [32,35]) in the discharge and the afterglow
plasma, at [He] = 3.1 x 10’7 em™3, [Ar] ~ 6.7 x 10'* cm™?,
and different densities of Ho, capital letters A, B, C, D, and E
indicate [Hz] = 0,3.8,7.6, 15, and 29 x 10'? cm ™3, respectively.
The time is set to zero at the beginning of the afterglow. (b)
Time evolutions of the absorption coefficient measured slightly
off the centre of an He, absorption line (transition Ras(1), mea-
sured at 6466.196 cm ™! instead of 6466.216 cm ™!, because of
too high absorption at the centre of the absorption line) in the
discharge and the afterglow plasma, at the same conditions
as in panel (a). Insert: The [Hz] dependences of the measured
pseudo-first-order rate coefficients (reciprocal time constants
1/7) of the exponential decays displayed in panels (a) (full tri-
angles) and (b) (full circles). Capital letters A-E indicate cor-
responding [Hz]. For comparison the values of the same rate
coefficients measured at 300 K and [He] = 2.2 x 10*” cm ™ and
[Ar] = 7 x 10" em™ for Ar (open triangles) and Hes (open
circles) are also plotted. The dashed and dot-dashed straight
lines are fits to the measured pseudo-first-order rate coefficients
at 140 K and 300 K, respectively.

equal to the temperature of the helium buffer gas (Tye)
and the wall temperature (Tya.n) of the discharge tube,
i.e., we can write: T = Twan = THe = Trot = Tkin-ion
(for details see Ref. [31]). The electron temperature T,
was not measured in the present study (see discussion in
Ref. [31]). At He densities typical for the present exper-
iments the estimated characteristic time of the electron
cooling in collisions with He atoms is below 10 ws.

4_"| T T T
t He/Ar/H,
5[ ® 273K, 1800 Pa
[ ® 273K, 900 Pa
:abin+uF
i
o 2T [He]
% ST
“C_) | B ’E,f /// N
= | __% -
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1 " 1

.1.014

[H,] (cm™)

Fig. 5. Dependences of aes on [Hz] measured at 273 K (the
data were adapted from Ref. [12]). The dashed lines are fits
to the data by equation (4) extended by the term account-
ing for H5+ formation. The double dot dashed line (s in Ha)
denotes the effective recombination rate coefficient aegr that
would have been measured in pure Ha. The dot-dashed straight
line (LTEns) is the calculated upper limit of the contribu-
tion from H} formation (see Refs. [11,12]). The open trian-
gles indicate the data measured in this experiment at fixed
[Ha] &~ 2 x 10" em™ and different values of [He], the arrow
indicates the increase of aegr with increasing [He]. Insert: Mea-~
sured dependence of aes on [He] (full squares) at 240 K com-
pared to the values obtained in our previous SA (open squares)
and FALP (open triangles) experiments [7]. The dashed line
denotes the fit to the data by equation (4). The dotted line
denotes the values measured by MacDonald [6] in neon at
[Ne] = 5.6 x 10" — 8 x 10'™ ecm™2.

An example of ion density decay curves of para-H3 and
ortho-H; measured at 80 K in a mixture of He/Ar/Hs is
plotted in Figure 2b. Because of the fast removal of He
and He, metastables and Ar excited states in the used
He/Ar/Hs mixture (see Fig. 3) we can expect that the
afterglow plasma dominated by Hj recombination is in
thermal equilibrium. From the measured decrease of ion
densities during the afterglow the effective binary recom-
bination rate coefficient aegr can be calculated [31]. In sys-
tematic studies of dependence of aeg on [He] and [Ho] we
obtained dependences a.gt (T, [He], [Hz]). Examples of typ-
ical data are plotted in Figure 5.

To understand the measured dependences o, (T, [He],
[Hs]), we propose a model where we consider binary
recombination process:

Hi +e 2% neutral, (2)

where api, is the rate coefficient of binary dissoci-
ative recombination. We also consider ternary neutral
assisted recombination, where we postulate formation of

highly excited H3# “complexes” that can either decay by
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Fig. 6. Binary rate coefficient ap;, and the sum of (apin + ar)
characterizing the recombination of H;‘ in low temperature
plasmas. The lowest boundary estimates of (apin + ar) (filled
up-triangles) were obtained from the maxima of measured lin-
ear dependences of g of H; ions on [He]. The filled down-
triangles denote the lowest boundary estimates of (apin + ar)
obtained for DI (compilation of data from Ref. [40]). The
open triangles indicate values of aef measured by Amano [10]
in pure Ho gas. The dotted line is a fit to Amano’s values:
QAmano = 1.7 X 10_7(T/300 K)_O'94 cm® 7. The stars show
the values of aesr obtained by Leu et al. [9] in high pressure sta-
tionary afterglow experiments. The diamonds and squares de-
note the values of g measured by Glosik et al. [12] in pure Ha
gas and in a mixture of He/Ar/H> with [Ha] > 2 x 10'® cm ™2,
respectively, these values are fitted by the dashed line [12]. The
full and dot dashed lines are the fits to the values of ani, of H;’
(full circles) and Dy ions (only the fit is indicated, the data
were taken from Ref. [41]), respectively.

autoionization or can be stabilized in collisions with
He or Hs:

. ” ksne
Hy +e” <—H = neutral, (3)

Ta ks,
where ap is the binary rate coefficient for formation of
H?, T, is the autoionization time constant, and ksye and
ks, are the binary rate coefficients for stabilization of HY
in collisions with He and Hs, respectively. By writing the
balance equations and by introducing Kye = apkspeTa

and Ky, = apksp,7. we can obtain for aeg (for details
see Ref. [12]):

Kue[He] + K, [Hy]
ar + Kue[He] + Ky, [Ho|

(4)

Qeff = Qthin + QF

At high [He] and/or [Hs] densities the measured s sat-
urates at a value of aegr = (apin + ar). In the low density
limit ([He] and [Hy] — 0) equation (4) reduces to linear
dependence st = apin + Kue[He] + Kp,[Ha]. The mea-
sured ot (T, [He|, [Hz]) are fitted by formula (4) extended

by the term accounting for formation of HF ions and
their consequent recombination [12]. From the fits of data
measured over a sufficiently broad range of He and Hs
densities the values of apin, ar, K, and Ky, can be
determined. The obtained values of the binary recombi-
nation rate coefficient ap;, and the values of (apin + ar)
are shown in Figure 6.

Under our present experimental conditions at tem-
peratures below 240 K the losses of HJ ions due to the
formation of Hi dominate at high [He] and [Ha] over
losses due to the ternary recombination, and from the
measured dependence of a on [He] (see insert in Fig. 5)
only a lower limit for the value of (apim + ar) can be
estimated. In Figure 6 we included these lower limits
obtained in our experiments with H;)r at low temperatures.
For comparison we also plotted lower limits obtained for
Dy from the compilation of data measured in our pre-
vious experiments [40]. The ternary recombination rate
coefficients Ky and Ky, and their temperature depen-
dence (in the range of 240-340 K) are discussed in our
previous publication (see Ref. [12]).

5 Conclusion

We have studied plasma thermalization during the after-
glow using a stationary afterglow apparatus equipped with
CRDS absorption spectrometer (SA-CRDS) from 77 K up
to 340 K in pure He, and in He/Ar and He/Ar/H; gas
mixtures. We confirmed our previous conclusions that at
conditions used in our studies of H; recombination the
afterglow plasma is thermalized. The present values of apy,
and (apin+ar) are consistent with our previous data. Fur-
ther experiments in pure Hy at higher electron densities
are required to obtain (api, + ar) and Ky, at tempera-
tures below 240 K.

This work was partly supported by Czech Science Foundation
projects GACR 15-15077S, GACR 14-14649P, and by Charles
University Grant Agency project GAUK 692214. We would like
to thank Professor Rainer Johnsen for fruitful discussions.
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1 Introduction

Recombination of H;" ions with electrons has been studied
for over sixty years (see e.g. reviews by Larsson and Orel' and
Johnsen and Guberman,® and references therein). The process
is very fundamental and is of high importance for astrophysics,
molecular chemistry and for understanding recombination
processes in hydrogen-containing plasmas. Because of the high
abundance of hydrogen in the universe it is not surprising
that H;" is the most abundantly produced molecular ion in the
universe® and that it plays a key role in the chemistry of the
interstellar medium.” If HD molecules are present in a Hs"
containing plasma then they very efficiently react with H;" to
form H,D", HD," and finally also D;". H,D" and HD," have been
detected in the interstellar medium®® together with many other
deuterated molecules.” Models of interstellar chemistry contain
all four isotopologues of H;".*° The degree of deuteration
depends on physical conditions, the [D]/[H] ratio (see e.g. paper
by Briinken et al.'®) and on the rate coefficients of the involved
ion-molecule reactions.”* The observed densities of ortho- and
para-H,D" have been also used to estimate the age of cloud core
forming Sun-like stars.'® Dissociative recombination of Hj",
H,D', HD," and D;" ions plays an essential role in such
models.'”> The most advanced theoretical calculations predict
recombination rate coefficients of different isotopologues of
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1078 em® s, Kiy,p(B0 K) = (L1 £ 0.6) x 107% cm®s ' and Kiyp,(80 K) = (15 £ 0.4) x 10 cm®s .

H;" and they also predict dependences on rotational excitation
of the recombining ions and on temperature.’* ™ The recom-
bination rate coefficients of H;" and D,;" ions have been
measured many times (see e.g. reviews by Larsson and Orel®
and Rubovié¢ et al'®) but much less is known about those
of H,D" and HD," at low temperatures. The recombination rate
coefficients of H,D" and HD," were measured in CRYRING
experiment'”*® and the relative cross sections, branching ratios
and observed dependence of measured recombination rate
on rotational excitation were reported by Test Storage Ring
group.’®?° The cross sections for HD," recombination with
electrons were also obtained in merged beams experiment by
Mitchell et al.>" In all these experiments, the internal excitation
of recombining ions was not known.

There are two main groups of experimental techniques used
for recombination studies: merged beams including storage
rings (see discussion and history in a book by Larsson and Orel")
and plasma afterglow experiments - stationary afterglow (SA)
and flowing afterglow (FA).>*>* The advantage of storage ring
experiments is high energy-resolution, high accuracy, broad
collision energy range and the possibility to analyse neutral
products. The disadvantage is the possibility of high and poorly
known rotational excitation of stored ions.>*?° In afterglow
experiments multiple collisions with neutral particles efficiently
remove the rotational and vibrational excitation of the probed
species, but it is often difficult to produce a single ion species
that can be studied in isolation. This is the reason why
recombination of H,D" and HD," ions has not been studied
previously in afterglow experiments. To study the recombina-
tion of H,D" and HD," ions and to measure the corresponding
recombination rate coefficients in afterglow plasma one may
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carry out experiments using H,/D, gas mixtures in order to
form H,D" and HD," ions. Actually, H;" and D;" ions are also
formed in such a case. To obtain recombination rate coefti-
cients of H,D' and HD," ions it is necessary to monitor
absolute densities of all four ion species during the afterglow.
One further problem in afterglow experiments is the possible
occurrence of ternary neutral or electron assisted recombination
processes.”?” On the other hand, this makes it possible to obtain
rate coefficients of ternary recombination processes.””>° Those
are particularly important in H;" dominated plasmas, where very
fast He and H, assisted ternary recombination has recently been
observed.*®*" Therefore, agreement between the results from
various experiments was obtained only when ternary He and H,
assisted recombination of H;" ions was included in the data
analysis.””?**! Fast helium-assisted ternary recombination was
also observed for D;" ions.?°

The present study is devoted to the experimental determina-
tion of binary (¢binm,p, *bintp,) and ternary (Ky,p, Kup,) recom-
bination rate coefficients of H,D" and HD," ions at 80 K for the
following processes:

H,D" + e~ B0l heutral products, (1)
%bin
HD," +e 222 peutral products, )
Kn,
H,D" + e + He —22 neutral products + He, (3)

K 2
HD," + ¢~ + He —2 neutral products + He.  (4)

2 Experiment

The experiments were performed using a stationary afterglow
(SA) apparatus equipped with continuous wave cavity ring-
down absorption spectrometer (CRDS).***27* In the present
SA-CRDS experiments a plasma is produced by a microwave
discharge (2.5 GHz, 4-15 W) in a He/Ar/H,/D, gas mixture
(typical concentrations 10%7/10'*/10"*/10"* cm™3). The dis-
charge tube (silica glass, inner diameter 1.3 cm) is cooled by
liquid nitrogen; the actual tube temperature is in the range
77-90 K. The discharge is switched on for 2-2.5 ms and then
switched off for around 2-4 ms to let the plasma decay. Argon is
added to the gas to remove He metastable atoms and molecules
by Penning ionization and to increase the rate of the plasma
relaxation after switching off the discharge (for discussion see
paper by Kalosi et al.*®). Helium ions and metastables created
in the discharge are rapidly converted to a mixture of H;*, H,D",
HD," and D;" ions by a sequence of Penning ionization and
ion-molecule reactions (for details on the kinetics of formation
see ref. 36-38).

We used several laser diodes with linewidth <5 MHz as light
sources covering the transitions probed in the present study
(see Table 1). Examples of measured time evolutions of abso-
lute and relative populations of ions in plasma are shown in
Fig. 1.
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Table1 Transitions used in present study. The numbers in parentheses at
each transition are vibrational quantum numbers of the upper state, (14, v, v3)
for H,D* and HD,*, and (v, vb) for Hs™ and Ds*. All the listed transitions
originate in the ground vibrational state of the ion. Rotational quantum
numbers are Jy «_for H,D* and HD,*, and Jg for Hz* and D3*. For details on
notations see paper by Asvany et al** The listed wavenumbers were
measured in the present study

Ion 7 (em™) Transition
H,D* 6459.037 (0,2,1) 200 < 119
H,D" 6466.532 (0,2,1) 111 < Ooo
H,D" 6491.349 (0,2,1) 215 < 1pg
HDZ:: 6466.935 (1,2,0) 1o; < 149
HD, 6535.953 (1,0,2) 213 < 1o
HD," 6536.316 (1,0,2) 133 < Ogo
H," 6807.288 (0,3Y) 2; < 33
D;" 6848.505 (0,3Y) 3, < 2,
—~~
?
e
o
<
c
kel
B=
[&]
©
E
—
€
o
e
(=
e
~ =’
. , _
< 0
- 0 500

t(us)
Fig. 1 Decay of the densities of Hz", H,D*, HD,* and D3* ions measured in
SA-CRDS experiment at 80 K in He/Ar/H,/D, gas mixture (4.5 x 10%/1.0 x
10'/4.5 x 10*%/5.5 x 10 cm™). The zero of the time axis is the time when
the microwave discharge switches off. Panel (a): The absolute densities of
Hz*, H,D*, HD," and Ds* ions, ne = [Hs'] + [H,D*] + [HD,"] + [D3*]. Panel (b):
The relative populations (fractions fii,, fiu,p, fiup, and fp,) of Hz*, H.D*, HD,"
and Ds" ions. Panel (c): The reciprocal electron humber density, 1/n.. The
dashed line through the data represents a fit that includes both recombi-
nation and diffusion, while the dot-dashed straight line is a simple linear fit
during the first 300 ps.

The CRDS data yield the ion densities assuming that the
afterglow plasma is in thermal equilibrium which has to be
proved. In our previous studies we monitored the approach to
equilibrium of afterglow plasmas in He/Ar, He/Ar/H, and He/Ar/D,
gas mixtures.*>***! The kinetic temperature of ions (Tiin.ion) Was
obtained from Doppler broadening of measured absorption lines.
The rotational temperature of ions (7o) was determined by
measuring relative populations of the lowest rotational states.*'
The electron temperature (7.) was estimated by monitoring the
losses due to the ambipolar diffusion.?®*"4*

This journal is © the Owner Societies 2016
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Because excited particles can heat the electrons in super-
elastic collisions, we also monitored the presence of the ground
and the first vibrational state of the a®X} electronic state of
(He,)* and the 3s?3p°(*P},)3d*[3/2]° state of (Ar)* during the
afterglow. The population of these excited particles is coupled
to the presence of He™ formed in the discharge.*® In parallel
FALP experiments we also studied the relaxation in afterglow
plasma in He/Ar/H, gas mixtures by using a Langmuir
probe.”>*! The rapid relaxation of the electron temperature
was confirmed by measuring the temperature dependence of
the ternary rate coefficient of collisional radiative recombina-
tion (CRR) of Ar* ions with electrons in He/Ar gas mixture.*’

The data on plasma relaxation obtained in the present study
are in agreement with results of our previous studies and they
support the assumption that the afterglow plasma in the
SA-CRDS in the He/Ar/H,/D, gas mixture at typical concentra-
tions of 10'7/10"/10'*/10™ e¢cm™> is thermalized (well within
100 ps after switching off the discharge) and various tempera-
tures have a common value (within +10 K) given by the
temperature of the discharge tube (Tyan), i.e., that T = Tyay =
Trot = Tkin-ion = Te. The measured relative populations of ortho-
and para-H,D" (and HD,") were also according to the thermo-
dynamic equilibrium at given temperature.

3 Data analysis

In the data analysis we assume, in agreement with experi-
mental data, that relative number density of ions (fraction)
S, = [H3")([H,"] + [H,D'] + [HD,] + [D;']) and the corres-
ponding values of fy p, fup, and fp, are constant during the
plasma decay (see example of data in the panel (b) of Fig. 1).
The assumption is made for experiments using the He/Ar/H,/D,
gas mixture at typical concentrations of 10'7/10**/10"*/10™ ecm ™.
The loss rate of the electron density n. in a recombination
dominated afterglow plasma with H;", H,D', HD," and D;" ions
can be written in the form:

on
G = = (e, 1] + zem,p[HaD*] + s, [HD '
) ©)
+ OlefiDy [D3+])ne - 76,
TRD

where Oefrrr,, defria,py Cestn, and e, are the effective recombina-
tion rate coefficient for ions H;", H,D', HD," and D;", respectively.
The subscript eff here indicates that the recombination rate
coefficients are effective coefficients that contain contributions
from both binary and ternary recombination processes, as was
observed previously for H;" and for D;* ions.*® The term nc/tgp
describes losses due to ambipolar diffusion and due to conversion
to Hs" and its isotopologues.*® If we assume quasineutrality of
plasma, ie. n. = ((H;'] + [H,D'] + [HD,'] + [D;']), then the overall
effective recombination rate coefficient o,y is given by equation:

Getts = Oleftr, fh, + defrt,p fh,p + Oettup, fhp, *+ estp, fo,.  (6)

Note that under the assumption of constant relative popula-
tions of ions (constant fractions) the value of ogs is constant

This journal is © the Owner Societies 2016
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during the plasma decay. The balance eqn (5) can then be
written in the simple form:

One , M
—— = —llefrsle — . 7
oY effzfle” — = (7)

The overall effective recombination rate coefficient ¢y depends
on temperature and on the plasma composition which depends
on [He], [H,] and [D,]. By measuring the time evolutions of the
ion densities [H;'], [H,D"], [HD,"] and [D;"] at fixed [He], [H,]
and [D,] the value of o.g can be determined using eqn (7)
as described in ref. 42. In the text we will use fractions
Fp, = [D,]/([H,] + [D,]) to express partial density of D,. If s
for several ionic compositions (fractions Juy fu,p, fup, and st) are
measured at fixed [He] and temperature then the effective recom-
bination rate coefficients oefe,, Otetrr,py %estp, aNd oeerp, can be
inferred. By measuring the dependence of these effective rate
coefficients on [He] and Fp, the binary and the ternary recombi-
nation rate coefficients for particular ions can be obtained.

4 Results

The dependences of o.qs on Fp, measured at three different
buffer gas pressures are shown in Fig. 2, panel (a). The
dependences of the ion compositions on Fp were measured
for all three pressures. Examples of fu , fu,p, fup, and fp, as a
function of Fp, measured at helium pressure of 500 Pa are
plotted in Fig. 2, panel (b). Using He/Ar/H, and He/Ar/D, gas
mixtures we obtained oegy, and o, for H;" and D;’, respec-
tively. These values are in very good agreement with our
previous values (the empty symbols in Fig. 2, panel (a)'®*°).
In data analysis we subtracted the appropriate contributions
due to H;" and D;* recombination from the measured oegs;
Oottr = (Clefrs — %eftrr, fH, — %efip, fb,)- As follows from the eqn (6)
the remaining o.g is the pure contributions from the recombi-
nation of H,D" and HD," ions; ter = (ttefrrr,p fir,p * Yestiin, fiip,)-
To obtain des,p and dewpp, We made a least square fit to the
dependence of der On Fp, With demyp and degup, as free
parameters. In other approach, we used instead of actual values
of oegs @ linear approximation given by the fit to the dependence
of aegs 0N Fp, as shown by dashed lines in panel (a) of Fig. 2. The
resulting values of o1 p and oegrrp, from both these approaches
were close to each other with lower statistical errors in the latter
approach.

The evaluated oegy,p and oegp, for H,D™ and HD," are
plotted in Fig. 3. Assuming a linear dependence on helium
density, tegr,p = Obinm,p + Ku,p[He] and similarly oegrp, =
tbintp, + Kup,[He], the binary (epint,ps %binnp,) and the ternary
(KHZD, KHDZ) recombination rate coefficients were obtained
from the dependence of tesry,p and terup, on [He] as shown
in Fig. 3: tbingy,p(80 K) = (7.1 + 4.2) x 10" ° em® s, tpinpp (80 K) =
(8.7 +2.5) x 10 *em’ s, Kyy p(80 K) = (1.1 £ 0.6) x 10 ** em®s ™"
and Kyp,(80 K) = (1.5 £ 0.4) x 107 >° em® s™'. The corres-
ponding values for H;* and D;" are in agreement with those
measured previously in the same experimental setup:
bint, (80 K) = (10.1 + 1.4) x 107% em® s77, opinp (80 K) =
(92+1.7) x 10 *em’ s, Ky (80 K) = (1.5 £ 0.2) x 10 >° em®s™*
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Fig. 2 Panel (a): The dependence of aess ON fraction Fo, = [DL)/([HL] + [Dal)
measured at 80 + 10 K and three different He pressures. The dashed lines
are linear fits to the data. The empty symbols denote previously measured
values of effective recombination rate coefficient for Hz* and D3+.3O Panel
(b): The measured dependences of the relative populations (fractions)
fu fiu o, frp, and fp, of Hsz*, H,D*, HD,* and Ds* on Fp,. The plotted data
were obtained at a temperature of 80 K and a pressure of 500 Pa. The argon
density was [Ar] = 2 x 10 cm™ and ([H,] + [D,]) = 2 x 10¥* ecm™>.

3 T T T T T T T T T T
o o= (7.1£4.2)x10° cm’s”
F = -8 3_-1
H2D+ b = E8.7 +2.5)x10 "cm’s
~®» ® HpD
T2 2
(2} +
"¢ | 4 HD,
(&)
e
X ]
+ —_ -25 6 _-1
HD, | 80 K K,,=(1.1£0.6)x10 “cm’s |
K., = (1.5+0.4)x10 cm’s”
0 . L : L . 1 . I . !
0 2 4 6 8 10

[He] (10" ecm™)

Fig. 3 The dependence of deff,0 and degp, ON [Hel. The full lines are
linear fits to the data used to obtain the binary and the ternary recombina-
tion rate coefficients of H,D* and HD,*. The dashed lines denoted Hz* and
Ds* are linear fits to the tef, and sesp, taken from papers by Varju et al*®
and Johnsen et al.*° The arrows indicate the values of binary recombination
rate coefficients obtained in theoretical calculations for H,D*™ and HD,".**
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and Kp (80 K) = (1.2 £ 0.2) x 107*° em® s .'** The errors
are statistical errors. The systematic error of the measurement is
estimated to be less than 10%. The binary recombination rate
coefficients measured at 80 K are within experimental error almost
the same for all four isotopologues indicating that there is no strong
isotopic effect. The obtained values are in good agreement with the
theoretical calculations of Jungen and Pratt'® (the actual thermal
rate coefficients can be calculated from the cross sections published
in ref. 44) and in the case of HD," also with calculations by Pagani
et al.™® We did not observe a substantial difference between binary
recombination rate coefficients of H,D" and HD," that was pre-
dicted by Pagani et al.* Improved quantum mechanical calculations
are clearly needed. The results of the CRYRING experiments
(inferred by extrapolating the 300 K values published in ref. 18
and 45 to 80 K by using 7 % temperature dependence) are
approximately two times larger than the values presented here,
but the CRYRING experiments were done without i situ determina-
tion of the internal excitation of the recombining ions. The mea-
sured three body recombination rate coefficients of H,D" and HD,"
are similar to those previously obtained for H;" and D;* ions.*

5 Conclusions

This is the first low temperature experimental study on binary
recombination of H,D" and HD," with in situ determined popula-
tions of recombining ions, including rotational excitation. A
similar methodology to obtain recombination rate coefficients
for a mixture of ions was used in previous study on ortho- and
para-H;" recombination with electrons.”® As the presented results
depend on the assumption that there are no additional strong
pressure dependences below the experimental pressures, experi-
ments performed at low temperature in low-pressure environ-
ment with good control over rotational populations of H,D" and
HD," ions are desirable as a verification in the future. We hope
that the presented results will help improve astrochemical
models and will give new impulse for quantum mechanical
calculations. Further studies of H,D" and HD," recombination
over broader temperature range are in progress.
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We report measurements of the binary and ternary recombination rate coefficients of deuterated
isotopologues of H7. A cavity ring-down absorption spectrometer was used to monitor the
fractional abundances of H, H,D*, HD; and D7 during the decay of a plasma in He/Ar/H, /D,
mixtures. A dependence of the measured effective recombination rate coefficients on the helium
buffer gas density was observed and hence both the binary and the ternary recombination rate
coefficients for H,D* and HD; were obtained in the temperature range 80-145 K.

Keywords: afterglow plasma, plasma relaxation, electron—ion recombination, binary recombi-
nation, three-body recombination, H,D*, HD}

(Some figures may appear in colour only in the online journal)

1. Introduction

Largely motivated by astrophysical applications, the recombi-
nation of the trihydrogen cation HJ and its deuterated iso-
topologues H,D*, HD] and Dj with electrons has been
investigated for nearly six decades (see e.g. [1-4]). H{ ions in
interstellar clouds are produced by cosmic ray ionization of the
abundant molecular hydrogen, as was predicted [5, 6] long
before these ions were actually observed in the interstellar
medium in 1996 [7]. It is now commonly accepted that HY is
the most abundantly produced molecular ion species in the
Universe and that it plays a key role in the chemical evolution
of the interstellar medium [6, 8]. HD molecules in the inter-
stellar medium [9] lead to the formation of H,D*, HDJ and D§
in a sequence of reactions starting from Hf. Both H,D* and
HD; have now been detected in the interstellar medium [10—

0963-0252/17,/035006+12$33.00

12] and current models of the chemistry in interstellar mole-
cular clouds incorporate all four isotopologues of H [13-16].
The actual degree of deuteration depends on the physical
conditions, on the [D]/[H] number density ratio, on the para/
ortho ratio of H, and on the previous chemical evolution (see
e.g. [17-20]). Binary dissociative recombination of Hf, H,D™,
HDj and Di with electrons is an essential destruction mech-
anism for these ions [15, 16, 21] in the interstellar plasma.
Recombination at low astrophysically relevant temperatures
has also been studied theoretically for all four isotopologues of
H7, including the dependence of the recombination rate
coefficients on the nuclear spin states of the recombining ions
[22-26]. For Hi and DY ions these predictions have recently
been confirmed by experiments (see e.g. [1, 27-31]).

Much less is known about the recombination rate coef-
ficients of H,D* and HDjJ at low temperatures, the subject of

© 2017 I0P Publishing Ltd
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this report. The cross section for HD] recombination was
measured in a merged-beam experiment by Mitchell et al
[32]. The recombination rate coefficients of H,D* and HDJ
were also measured in CRYRING experiments [33, 34]. The
relative cross sections, the product branching ratios and the
dependence of recombination on rotational excitation were
studied by the Test Storage Ring (TSR) group in Heidelberg
[35, 36]. In beam experiments with HJ ions the rotational
temperature of the ions was probably high and not well
known, but in the case of H,D* and HDJ, due to their dipole
moment, it can be expected that the rotational temperature
is considerably lower than that of H. The recombination of
H,D* and HDj ions has not been studied previously in
plasma afterglow experiments (with the exception of our
recent study at 80 K [37]) because of the difficulty of pro-
ducing plasmas that contain only a single ion species, either
H,D* or HDJ.

Afterglow plasmas contain a significant density of neutral
gas (the buffer gas) and, as an unavoidable consequence,
recombination can also occur by three-body (or neutral-
assisted) recombination [2, 38] in addition to the purely
binary process that is of astrophysical interest. Recently, very
fast neutral-assisted three-body recombination of Hj and D7
ions with electrons has been observed at low temperatures (50
—340 K). The measured ternary recombination rate coeffi-
cients of He-assisted three-body recombination of Hj and D7
ions with electrons were found to be very large. The
value measured at 300 K (K. (300 K) ~ 1072 cm®s~! [39])
exceeds by over two orders of magnitude the value expected
on the basis of the Bates and Khare classical theory for
atomic ions (Kgg (300K) ~ 10~%7 cm® ") [40]. We will here
use the term ternary recombination rate coefficients for the
rate coefficients of neutral-assisted three-body recombination,
without implying a particular mechanism. At temperatures
from 77 K up to 340 K the measured ternary recombination
rate coefficients of He-assisted three-body recombination for
H7 and D3 ions slowly increase with temperature in contrast
to the classical Bates and Khare theory [40], which predicts a
negative temperature dependence of Kgx ~ T2,

The ternary recombination rate coefficient measured for
H,-assisted three-body recombination of Hi ions at 300 K
(Kua B00K) ~ 9 x 10723 cm®s~!) [41] is even larger than
that of the He-assisted process. It exceeds the classical Bates
and Khare value by five orders of magnitude [38, 40]. As a
consequence, three-body recombination already prevails over
binary recombination at hydrogen pressures near 100 Pa (at
300 K). Although neutral-assisted recombination complicates
the analysis of afterglow data, this process may have sig-
nificant consequences for ionospheric applications, e.g. in the
recombination of ions with electrons in ionospheres of Jupi-
ter-like planets with a hydrogen atmosphere [42]. Also, mid-
infrared laser lines have been observed in a hydrogen/rare gas
discharge and it has been suggested that the mechanism for
the population inversion involves ternary recombination of
H7 [43].

The unexpectedly fast three-body recombination process
is probably one of the causes of the large discrepancies
between earlier results of different afterglow experiments on

H%L recombination [1, 41, 44-46]. Fast He-assisted three-body
recombination was also observed for D3 ions [47, 48]. The
present study focuses on binary recombination of H,D™ and
HDj ions but it includes a study of their three-body neutral-
assisted recombination.

In the analysis of the present results we will, in agreement
with prior experiments, assume that binary and three-body
recombination processes add linearly, i.e. that an effective rate
coefficient can be defined as aeffion = Qbinion + Kion [Hel,
where ainion 1S the binary recombination rate coefficient of a
particular ion and Kj,, is the ternary rate coefficient of three-
body recombination. The linear combination is known to
become invalid at high He densities due to saturation [41]. We
do not include electron-assisted three-body recombination
[49, 50] in the data analysis.

This paper is organized as follows: section 2 briefly
reviews the principal experimental methods used in recom-
bination studies and describes the apparatus employed in the
present studies. The question of thermalization of the plasma
in a stationary afterglow in a He/Ar/H,/D, gas mixture will
be discussed in section 3. By thermalization we mean that the
translational and internal states of the ions are those
corresponding to the temperature of the ambient gas as well as
to the electron temperature. In section 4 we describe our
kinetic model of the plasma decay during the afterglow and
discuss details of the data analysis. Section 5 presents
experimental data and results, and compares them to those of
other experiments and calculations.

2. Experiment

There are two distinct types of experimental techniques used
in recombination studies (see discussion and history in
[1, 2, 32]): merged-beam experiments including storage rings
[1] and plasma afterglow experiments (e.g. stationary after-
glow (SA) and flowing afterglow (FA) [1, 50-54]). Storage-
ring experiments have high energy-resolution, high accuracy,
a wide collision energy range, and yield information on
neutral products [55]. Their disadvantage is the possibility of
high and poorly known rotational excitation of the stored ions
[27, 30]. The new Cryogenic Storage Ring (already -
working in Heidelberg) may be able to resolve the question of
rotational excitation [56].

In an SA experiment, a plasma in a suitable gas mixture is
produced in a pulsed discharge and the plasma decays after
termination of the discharge. If the decay of the ion and elec-
tron densities is dominated by recombination of ions with
electrons and by ambipolar diffusion then the rate coefficient of
the electron—ion recombination at a well-defined temperature
can be determined, provided that the ions and electrons in the
afterglow plasma are quickly thermalized to the buffer gas
temperature. During the microwave discharge the electron
temperature can be high (several eV), and ions and neutrals can
be highly excited. However, multiple collisions of ions and
electrons with neutral particles efficiently thermalize the
plasma. Experimental conditions have to be adjusted so that the
thermalization time is short compared to the recombination
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Figure 1. Stationary afterglow with the CRDS absorption spectro-
meter: SA-CRDS (not to scale). In the middle part of the silica
discharge tube a discharge is periodically ignited in the microwave
resonator (2.5 GHz, 4-15W). A He/Ar/H,/D, gas mixture is used
to form a plasma containing H{, H,D*, HDJ and D5 ions. The
discharge tube is cooled by liquid nitrogen (LN,) or its vapours.

time scale. For instance, long-lived helium atomic and mole-
cular metastables are formed during the discharge and these
can produce energetic electrons in superelastic collisions that
transfer energy to the electron gas and slow down the ther-
malization of the electrons [53]. As is common practice, the
metastables are destroyed in our experiments by adding a small
amount of argon to the helium buffer gas [57]. In the present
study the rate of removal of highly excited particles was
monitored by a near infrared (NIR) absorption spectrometer
(see discussion below).

The experimental setup (see figure 1) consists of SA ap-
paratus in conjunction with a continuous wave cavity ring-
down absorption spectrometer (cw CRDS) [52, 58-60]. The
CRDS was used to determine the densities of the ion species.
The plasma was produced in a silica glass discharge tube (inner
diameter 1.3 cm) by a microwave discharge (2.5 GHz, 4-15 W)
in a He/Ar/H,/D, gas mixture with typical number
densities 5 x 10'7/10'%/10'%/10'* cm~3. The discharge tube
was cooled by vapours of liquid nitrogen; the actual tube
temperature can be set within the range 77-300 K. The dis-
charge was switched on for 2-2.5 ms and then switched off for
around 4 ms to let the plasma decay. A modification of the cw-
CRDS setup developed by Romanini et al [61] was employed
in the construction of our spectrometer (see figure 1). In the
CRDS spectrometer the laser light was modulated by the
acousto-optic modulator and then injected through the highly
reflective mirror (reflectivity over 99.98%) on one side, and
photons exiting the cavity through the mirror on the other side
were detected by an InGaAs avalanche photodiode [52]. The
specific transitions and their measured wavenumbers used for
measurements of HY, H,D*, HDj and DJ ion densities are
listed in table 1. The Einstein A coefficients for the listed
transitions of H,D* and HDJ were taken from [62], for HY
from [63] and for D3+ from [64]. Their estimated uncertainty
was less than 5% [65]. Several DFB laser diodes and an
external cavity diode laser Sacher TEC 500 were used as light
sources covering the transitions probed in the present study.
The set laser wavelength was measured absolutely by a WA-
1650 wavemeter.

The kinetic temperatures Ty, of the HY, H,D™, HDJ and
Di ions were obtained from the Doppler broadening of
particular absorption line profiles. Figure 2 shows examples

Table 1. Transitions used in the present study for measurement of ion
densities and 7;;,. The listed wavenumbers 7, were obtained in the
present study within an uncertainty of 0.003 cm™'. The vibrational
quantum numbers of the upper state are shown in parentheses in the
third column as (vy, v, v3) for H,D+ and HD3 and as (v, v5) for HY
and D3 . All transitions originate in the lowest vibrational state of the
corresponding ion. The rotational quantum numbers are shown in the
fourth column as Jg, g, for H,D* and HD3 and Jg for Hf and D7.
For details on spectroscopic notations see [58, 62].

ITon 7o (cm™1) Transition
H, D" 6459.037 (0,2,1) 2¢ « 1
H2D+ 6466.532 (O, 2, l) 1|| — 000
H,D*  6491.349 (0,2, 1) 25 « lg
HD] 6466935 (1,2,0) 1o < Lo
HD; 6535953 (1,0,2) 25« lgy
HD] 6536316 (1,0,2) lj; < Ogp
HY 6807.288 (0, 31 25— 35
D7 6848.505 (0, 3") 3, 2
15 T T N T T I+ T T I+ T T I+ T
p-H,D" 0, | ©o-HD,0, o-H, 3, m-D, 2,

| 6466.532 cm ™' | 6536.316 cm ™' 1 6807.288 cm ™" | 6848.505 cm ™

-8

absorption (10° cm™")

Figure 2. Examples of measured line profiles corresponding to the
indicated quantum states of Hj, H,D*, HDJ and D7 ions, measured
in experiments with discharge tube temperature 7y,,; = 90 K and at
a pressure of 500 Pa. The lower states of the transitions and the
measured central frequencies 7 are indicated above the line profiles.
In the example, the kinetic temperature of ions obtained from the fits
is Tiin = (85 & 10) K. The prefixes o-/p-/m- denote the nuclear
spin state symmetry (ortho/para/meta) of particular ionic species.

of measured absorption lines corresponding to the lower
rotational states 33, Ogp, Ogo and 2, of the ground vibrational
states of Hf, H,D*, HD;J and D ions, respectively (for
notation see table 1). The fits indicate Doppler profiles of
absorption lines.

Examples of measured time evolutions of the absolute
ion densities during the discharge and during the afterglow
are shown in the upper panel of figure 3. The electron
density n. is calculated under the assumption of quasineu-
trality of the plasma as a sum of the ion densities of all four
ions, n, = [Hj] + [H,D*] + [HD]] + [Dj]. The relative
population (fraction) fi; = [Hi1/([H3] + [H,D*] +H{HD3 ]+
[D3]) of Hi, and the corresponding values of f;,p, fip, and
Jins of HDF, HD3 and D7 ions are shown in the middle panel
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Figure 3. Time evolutions of the densities of HY, H,D*, HDJ and D{
ions measured at 125 K in a He/Ar/H, /D, gas mixture with densities
2.9 x 10'7/2.1 x 10"/1.6 x 10'/4.5 x 1013 cm~3, Fp, = 0.22.
The time is set to zero at the beginning of the afterglow. Upper panel:
The measured number densities of H{, H,D*, HD} and D7 ions and
the electron number density 7. calculated as a sum of ionic number
densities. The dashed line is a fit to the data that includes both
diffusion and recombination losses. For comparison, we show the
decay of the density of the a’>} (N = 1, J = 0) excited state of He,
(dash-dotted line) measured at 80 K and [He] = 4.5 x 10'7 cm 3,
[Ar] =1 x 10 cm3, [H] =5 x 1083 cm=3, [D,] = 5%

10"cm ™ The measured [He,] is multiplied by a factor of 5 x 10* to
fit in the figure. Using measured de-excitation rates published in [66]
the calculated time decay of [He,] at two different conditions is also
plotted (dotted line: 80 K, [Ar] =1 x 10" cm—3,

[H] =5 x 108 cm™3, [Dy] =5 x 10'3 cm—3; double-dot-dashed
line: 125 K, [Ar] = 2.1 x 10 cm 3, [Hy] =1.6 x 10 cm 3,

[D,y] = 4.5 x 103 cm—3). See text for details. Middle panel: The
relative populations fi3, fipps Jup, and fp; of the corresponding ions.
The dashed lines denote the relative populations at the beginning of the
afterglow. Lower panel: The plot of the reciprocal electron number
density, 1/n.. The dashed line is the fit to the data that includes both
the diffusion and the recombination losses. The dash-dotted straight
line is a linear fit corresponding to the losses due to recombina-

tion only.

of figure 3. The evolution of the reciprocal electron number
density 1/n. is shown in the lower panel of figure 3. The lin-
earity of the 1/n. plot is characteristic of a recombination
dominated afterglow plasma (see discussion below). Here and in
the following text we will use the parameter Fpr= [D,]/([H,] +
[D,]) to express the relative density of D,. The data in figure 3
were measured in a plasma with Fp, = 0.22.

In order to infer the recombination rate coefficients of
H,D* and HDJ ions it is necessary to measure simultaneously
the densities of all four ion species. The accessible

[H,], [Ar] (10" cm™)

Figure 4. Dependences of the reciprocal time constants of
exponential decays of He, and Ar* number densities on [Ar] and
[H,] measured in the afterglow in He/Ar (lower panel) and He/Ar/
H, (upper panel) gas mixtures, respectively. Pressures of the neutral
gas (He) were 600 Pa at 140 K and 900 Pa at 300 K. The argon
number density was kept constant during the measurement of the
[H>] dependences (upper panel): [Ar] = 7 x 102 cm~3 at 140 K
and [Ar] = 5 x 102 cm 3 at 300 K.

temperature range is limited by the sensitivity of the CRDS
and the strengths of available transitions to 80—-145 K.

3. Characterization of the afterglow plasma

Ideally, one would like to determine the recombination rate
coefficients of H,D and HDj ions separately in plasmas
containing only a single ion species, but this is not possible in
standard SA experiments. Hence, we varied the relative
abundances of the two ion species by adjusting the [D],/[H],
ratio characterized by Fp, and measured the effective
recombination rate coefficients for several fractional abun-
dances of all four Hi isotopologues. This dependence
on Fp, was then analysed to deduce the individual rate
coefficients.

The plasma was formed in a He/Ar/H, /D, gas mixture
with typical number densities of 5 x 10'7/10'* /10'/
10" cm~3. During the discharge and in the early afterglow,
the plasma contains ions, electrons and some highly excited
particles (see, e.g. the detailed discussion in [67, 68]). The
steady state is established typically within ~100 us after
switching on the microwaves (see discussion, and for the case
of H? figures 4, 5 and 7, in [69]). When (after ~2 ms)
microwaves are switched off the electrons were very rapidly
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Figure 5. The Boltzmann plots. Upper panel: the data obtained at
80 K for H, H,D*, HD3 and D7 ions. The values measured for the
H7 (33) and DY (44) states with energies of 251.218 cm™' and
254.964 cm ™', respectively, are not shown in the figure but they are
included in the fits. Open symbols denote values measured 100 us
after switching off the discharge. The values for H,D™ are multiplied
by a factor of two for better readability (the slope of the lines carries
information about the rotational temperature). Lower panel: The data
obtained at 145 K for Hf and HDj. The value measured for the HY
(33) state is not shown but it is included in the fit. For all these
ions the energies of the lowest allowed states were used as origins of
the plots.

cooled in collisions with He atoms. At the He densities used
in the present experiments (He] ~ 5 x 10'7 cm~3) the time
constant for this elastic cooling was below 10 us (see table 2
in [31] and for a detailed calculation see [70]). Helium
metastables (He™) can heat electrons in superelastic collisions
but they are removed by Penning ionization of Ar, H, or D,.
To ascertain the rate of removal of the highly excited particles
at the beginning of the afterglow and to characterize the
afterglow plasma we monitored the decay of He, in the
@Y (N=1,J=0) state and of Ar excited to the
(3s3p>(*P »)3d 2[3/2]°; J = 2) state. The population of
these excited particles is coupled to the presence of He™
formed in the discharge [66]. The measurements were carried
out in pure He, in He/Ar and in He/Ar/H, in order to
characterize the role of Ar and H,. The reciprocal values 1 /7
of the time constants of the decays of these excited states are
plotted in figure 4. The time constants were measured at
several experimental conditions as a function of Ar and H,
densities for [Ar] and [H,] up to 4 x 103cm—3. The observed
linear dependences of 1/7 on [Ar] and [H,] (low-pressure
limit) indicate that metastable atoms of helium He™, which
are the precursor of the highly excited He, and Ar" are effi-
ciently destroyed in collisions with Ar or H,. The rate

for H{, H,D*, HD3 and D7 ions. Some values for Hf and D ions are
from our previous experiments [31, 48, 75]. The open symbols denote
values measured at a time of 100 us in the afterglow. The dashed line
indicates equality 7;o = Ty, corresponding to thermal equilibrium.
The plotted data were measured at the conditions used in the experi-
ments for measurement of the recombination rate coefficients.

coefficients for the processes obtained from the plotted data
were on the order of 0.1-1x 107'9 cm?® s~!, typical for Pen-
ning ionization [71].

The measurements of the recombination rate coefficients
were carried out in He/Ar/H, /D, mixtures with typical den-
sities ~5 x 10'7/10'%/10'*/10'* cm~3. Here, the number
densities of Ar and H, were much higher than those used in the
measurements of the time constants 7 (shown in figure 4). The
upper panel of figure 3 compares the electron density decay to
the measured and to the calculated He, (232 (N = 1, J = 0))
decay. The latter was calculated using the measured de-exci-
tation rates of Kalosi ef al [66]. The density of excited parti-
cles decayed with a time constant shorter than ~50 us while
the electron density decayed for over 500 us by more than a
factor of 10, which is sufficient to obtain the recombination
rate coefficients. The actual data analysis also included diffu-
sion losses and resulted in more accurate recombination rate
coefficients than those obtained from the linear part of 1/n,
plots (see lower panel of figure 3).

The ions and metastables created in the discharge in He/
Ar/H, /D, mixtures were rapidly converted by a sequence of
Penning ionization and ion—molecule reactions to a mixture of
Hi, H,D*, HDJ and Dj ions (for details on the kinetics of
formation see [72-74]). Further collisions of H, H,D*, HD3
and D{ ions with He atoms and H, and D, molecules then
thermalized their rotational states. To characterize the rota-
tional excitation of ions during the discharge and during the
afterglow we monitored the absolute densities of ions in
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several lowest rotational states of the vibrational ground states
of Hj, H,D*, HD3 and D7 ions. Similar studies for recom-
bination of Hi ions were made by Hejduk et al [69], who
concluded that for 7 > 77 K, when normal hydrogen is used,
the rotational temperature and also the para to ortho ratio of
H7 ions in the afterglow correspond to thermal equilibrium.
In the present study the thermal population of rotational states
for all four ions was also confirmed. Examples of Boltzmann
plots for all four ions measured at 80 K and for Hj and
HDj at 145 K are shown in figure 5. For H,D* and HDj ions
the data shown were measured in the discharge and also in the
early afterglow.

In the same experiments the kinetic temperature (7y;,) of
ions was determined from the Doppler broadening of mea-
sured absorption lines. The relation between measured T;o
and Ty, is shown in figure 6.

On the basis of the present studies we can conclude that
ions Hy, H,D*, HD; and Di are thermalized during the
afterglow (well within 100 ps after switching off the micro-
waves) and that their temperature is equal to that of the dis-
charge tube (Tyy), i.€. that T = Tay = Tyge = Tror = Tiin- The
measured relative populations of ortho- and para-H,D* and
HDj are also in accordance with the thermodynamic equili-
brium at a given temperature. We also reached the same
conclusion for H (D7) dominated plasmas in SA-CRDS
experiments at temperatures above 77 K when normal H, (D,)
was used [31, 48, 69, 75, 76].

Because of the very fast removal of excited He™ from the
afterglow plasma we are confident that after a certain trans-
ition time (which is well within 100 pus) after switching off the
microwaves [70] electrons are cooled in collisions with He
atoms and that they are thermalized (i.e. they have a Max-
wellian electron energy distribution function with 7, = Tj).
To confirm this we rely on parallel FALP experiments and on
modelling of the afterglow plasma in both FALP and SA-
CRDS experiments. In the FALP experiment we studied the
relaxation of the FA plasma in a He/Ar/H, gas mixture using
a Langmuir probe [45]. The rapid relaxation of the electron
gas was also confirmed by measuring the temperature
dependence of the rate coefficient of the electron-assisted
three-body recombination of Ar* ions with electrons in a He/
Ar gas mixture and also by monitoring the temperature
dependence of the decay of plasma due to ambipolar diffu-
sion [76, 77]. The agreement of the results for recombination
of HY and D7 ions from FALP and SA-CRDS experiments is
significant because there are substantial differences in the
parameters of the decaying plasmas. The large difference in
the initial electron density of the afterglow plasmas in these
two experiments gives a different time scale for the electron-
density decay and different contributions of the three-body
electron-assisted process. The consistency and agreement of
results from SA-CRDS and FALP provides experimental
evidence that in SA afterglow electrons are thermalized
and Te = THe~

4. Data analysis

One complication in afterglow experiments arises from the
contribution of three-body neutral- or electron-assisted
recombination processes [2, 44, 78]. This can be important in
low-temperature experiments because rate coefficients of three-
body recombination processes usually have strong negative
temperature dependence. The predicted dependence is 7~ for
neutral- and 7—*° for electron-assisted recombination [49, 79].
On the other hand, this makes it possible to study these three-
body recombination processes and to measure their ternary rate
coefficients. Recently we studied some three-body recombi-
nation processes using low-temperature versions of SA-CRDS
and FALP experiments [4, 39, 44, 50, 77, 80]. These are
particularly important in H] dominated plasmas, where very
fast He- and H,-assisted three-body recombination has recently
been observed [39, 41].

In the data analysis we assumed a quasineutral afterglow
plasma consisting of Hj, H,D*, HD; and Dj ions that
recombine with electrons by binary and by neutral-assisted
recombination processes. The assumption is made for
experiments using the He/Ar/H,/D, gas mixture at typical
number densities of 5 x 10'7/10%/10"/10“ cm—3. In
agreement with our previous studies and with present
experimental data we consider the following recombination
processes with the indicated recombination rate coefficients:

Hi + e % neutral products, (1)
H,D" + e~ O heutral products, 2)
HDI + e~ ™% neutral products, 3)

D} + e LB peutral products, 4)

K
Hi + ¢~ + He — neutral products, (5)
K
H,D* + e~ + He —= neutral products, (6)
K 2
HD; + e~ + He % neutral products, @)
K
D} + e + He —> neutral products. (8)

We assume, in agreement with experimental data, that the
relative partial densities of ions (fractions) fiy3, fiop» fups and
Jbs are constant during the plasma decay (see the example of
data in the middle panel of figure 3 and also data in [37]).
Quasineutrality of plasma implies that the electron density
n. = [Hi] + [H,D*] + [HD3] + [D7]. The ionic fractions
can be written as fi;; = [H3]/n. and similarly for f,,n, fips
and f;. For a recombination dominated afterglow plasma the
balance equation for the electron density n. can be written in
the form:

on
a—: = —(tetr3 [H] ] + Qegrrop [HoDY]

n
+ aemp2 [HDF | + s [D3])ne — . )
RD

where g3, OeffHop, Qeffap2 and aiepps are the effective
recombination rate coefficients for ions Hf“, H,D™, HD2+ and
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Figure 7. Upper panel: the dependence of the overall effective
recombination rate coefficient aegy; on Fp, measured at 145 K and
three different buffer gas pressures. The open symbols are values
obtained for Hf and D5 taken from [39, 48, 84]. The dashed lines

are linear fits to the data. Lower panel: the dependence of fi;3, fiop»
Jupz and fiy; on Fpy measured at 145 K. The helium buffer gas
pressure was 1500 Pa and [H,] + [D>] = 1 x 10" cm~3. The full
lines are guiding for the eye only.

D7, respectively. The subscript eff here indicates that the
recombination rate coefficients are effective rate coefficients,
which can include contributions from binary and from three-
body recombination processes, as was observed previously
for Hf and for D ions [39]. The term n. /7gp in equation (9)
describes losses due to ambipolar diffusion and due to pos-
sible conversion to other ion species. Such loss processes can
be the formation of HZ-like ions and their consequent fast
recombination. The actual value of the time constant 7R is
given by the equation 1/7zp = (1/m + 1/7R), where the
time constants 7 and 7R describe the losses due to ambipolar
diffusion and the losses due to fast recombination of H{ type
ions formed in three-body ion—molecule associative reactions
[81-83]. By using in equation (9) the fractions instead of the
ion densities the balance equation (9) can then be written in
the simple form:

One 2 Ne
= T Qefflly — >
ot TRD

(10)

where we introduce the overall (summary) effective recom-
bination rate coefficient cvepsy:

Qefry = Olefizfyz T QeftH2Dfiop T QettaD2fipy T QettDafp3 -

(1)

Under the assumption of constant relative populations of
ions (constant fractions) the value of a.y; is constant during
the decay of the afterglow plasma. The overall effective
recombination rate coefficient c.gy; depends on the plasma
temperature and on the plasma composition, which depends
on densities [He], [Hy] and [D;]. By measuring the time
evolutions of the ion densities [H3 ], [H,D*], [HD3 ] and [D7]
at fixed [He], [H,] and [D;] (see figure 3) the value of augy;
can be determined. If c.gx for several ionic compositions
(fractions fiy3, fipps Jupy and fps) is measured at fixed [He]
and at fixed temperature then the specific effective recombi-
nation rate coefficients cvesry3, QeffoD, Qeffup2 and aregp3 can
be inferred.

In the data analysis we subtract the contributions due to
Hi and Dj recombination from the measured a.fy (see
equation (11)) and express the remaining contribution (ctefr)
due to H,D* and HDj3 ions as:

QUeffR = Qleffy, — QeffH3fy3 — QleffD3fp3- (12)

Following equation (11) we can also write equation (12)
in the form:

QleffR = QleffH2Dfippp + QletHD2fypo - (13)

Measurements of aegr for different ion compositions
then can be analysed to obtain effective recombination rate
coefficients cvegop and aerps- The observed dependence of
the effective coefficients on helium density, as expressed by a
linear sum:

Qleffion = Qbinion + Kion [He], (14)

then yields the binary and ternary contributions. The linear
summation is valid only in the low-pressure limit. We have
already observed saturation of c.g given by the rate of for-
mation of collisional complexes (see [41, 66]). We do not,
therefore, include here a possible but unobserved electron-
assisted three-body recombination. In our previous experiments
on recombination of Hj and D7 ions with electrons, performed
at a temperature of 80 K and with n, differing by two orders of
magnitude (10° — 10" cm~3), we did not observe any sub-
stantial influence of the electron density on the measured
recombination rate coefficients (for details see discussion in
[31, 84]), although according to the theoretical calculation
performed by Stevefelt for atomic ions [49], the recombination
rate coefficient due to electron-assisted three-body recombi-
nation could be comparable to that due to dissociative
recombination. We still do not have an explanation for this.
It is possible that the theory describing this process has to be
modified for molecular ions. At this point, it is important to
emphasize that while in the case of recombination of Hj and
D; ions we have not seen electron-assisted three-body
recombination, in studies of Ar" recombination the measured
ternary rate coefficient of electron-assisted three-body recom-
bination was in excellent agreement with theory; both experi-
ments were carried out using our FALP apparatus [80].
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5. Experimental data

From the measured evolutions of ion densities during the
afterglow (see example in figure 3) we obtained the overall
effective recombination rate coefficients oy (see the
example for three different pressures in the upper panel of
figure 7) and fractions f3, fiops fupp and fps. For all three
pressures the dependences of the ion compositions on Fp,
were also measured. The examples of dependences of fi3,
Jiops fupa and fi; on Fpp measured at 145 K and a helium
pressure of 1500 Pa are plotted in the lower panel of figure 7.
The data shown in figure 7 indicate that the effective
recombination rate coefficients do not change by much when
the ion composition is varied, and this seems to be true at
three different pressures. The previously measured values of
etz and aepps are plotted as open symbols in the upper
panel of figure 7 [39, 48, 84]. The present values of gy,
obtained for Fp, = 0 and Fp, = 1 are in good agreement with
previous ones.

The dependence of the overall (summary) effective
recombination rate coefficient a.gy, on the fraction Fp, =
[D,]/([Hy] + [D;y]) were measured for temperatures 80 K,
125 K and 145 K. At every temperature, experiments were
carried out for three different He pressures. Examples of g
as a function of Fp, measured at 80 K and 125 K and two
different He pressures are shown in figure 8. The values of
aerir Were calculated from aegy; using equation (12) and
measured values of a3 and a3 adapted from [39, 48, 84]
(see table 2).

The recombination rate coefficients cvgop and aegrpr
were deduced from the dependence of e on Fp, by calcu-
lating a least squares fit with aegop and aegapy as free para-
meters and f,, and fyp, interpolated from the measured
values. In a different approach, we used, instead of actual values
of ey, a linear approximation given by the fit to the depend-
ence of aifsy on Fpy, which is shown by dashed lines in the
upper panel of figure 7. The values of aefop and Qefrapo
obtained in both these approaches are close to each other, with
lower statistical errors in the latter one. Examples of evaluated
effective recombination rate coefficients cvepop and cverpy for
H,D* and HDJ ions for 80 K and 145 K are plotted in figure 9
as functions of the He density, together with values of cvefy3 and
Qerp3 Obtained in our previous FALP and SA-CRDS experi-
ments [39, 48, 84]. Assuming a linear dependence on helium
density (equation (14)), Ceffop = Qbinn2p + Kuop [He] and
similarly cefrap2 = Qpinup2 + Kup2 [He], the binary avyinnop
and apinyp and the ternary Kypp and Kyp, recombination rate
coefficients were obtained. For comparison, we also included in
the lower panel of figure 9 the values of the effective recombi-
nation rate coefficients measured in the FALP experiment for
Ar" ions in ambient helium [77], where we observed a very
good agreement with the classical theory of Bates and
Khare [40].

The measured binary recombination rate coefficients
Qpina2p and apinpp2 are plotted in the upper panel of figure 10
together with theoretical dependences calculated by Pagani
et al [24] and by Pratt and Jungen [26, 85]. The lower panel
of figure 10 displays the binary recombination rate
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Figure 8. The dependence of aefr = Qefrrop fipp + Qermip2fip, ON
Fp, obtained at 80 K for 500 Pa and 1300 Pa (upper panel) and at
125 K for 500 Pa and 1500 Pa (lower panel). The full lines are fits to
the data using equation (13).

Table 2. The measured values of the binary (in units of 1078 cm?s~!)
and the ternary (10~2° cm® s~!) recombination rate coefficients of
H,D* and HDJ and corresponding values for H{ and D7

[39, 48, 84].

T(K) 80 K 125 K 145 K
obmon 71 £ 42 102 +£50 65438
Qbmin2 87 +£25 83 +38 81428
by 10.1£14 80+£12 69+1.0
bnps 92 +£17 79+ 11 604+ 1.0
Kinp 1.1£06 12408 17408
Koo 15404 16+06 11407
K3 15+02 18402 14403
Kos 12402 22403 19402

coefficients ayipz and ay,;nps obtained in our previous FALP
and SA-CRDS experiments [48, 84].

As can be seen from figure 10, the measured values of the
binary recombination rate coefficients of H,D* and HDJ are
the same within the error bars in the whole probed temperature
range. We did not observe the substantial difference between
Qpingzp and ainppy predicted by Pagani et al [24] (see also
indication by arrows in figure 9). Nevertheless, the agreement
between the values of the observed binary recombination rate
coefficients and those predicted by the quantum mechanical
calculations of Jungen and Pratt [26] (the actual thermal rate
coefficients can be calculated from the cross sections published
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Figure 9. Upper panel: The dependence of cegop and cieppy on
[He] measured at 145 K. The full lines are linear fits to the data used
to obtain the binary and the three-body recombination rate
coefficients of H,D* and HD3. The dashed lines denoted Hj and
D7 are linear fits to a3 and egeps taken from [39, 48, 84]. The
arrows indicate the theoretical values of binary recombination rate
coefficients for H,D* and HDJ [24]. The full and the open stars
denote the values measured for Hf in previous FALP [84] and SA-
CRDS [76] experiments, respectively. The double-dot-dashed line
labelled B&K shows the contribution to c.; due to the helium-
assisted three-body recombination calculated for Ar" ions in helium.
The appropriate ternary recombination rate coefficient was taken
from [40] and scaled for Ar" ions by the reduced mass

(Kar (145K) = 5 x 10727 cm® s~1). Lower panel: The dependence
of eop and aegpy on [He] measured at 80 K. These
recombination rate coefficients were evaluated using data from [37]
with the addition of several newly measured values of cgry. The full
and the open stars indicate the values of a.gps3 obtained in the FALP
[84] and SA-CRDS experiments [48], respectively. The open
triangles are values of c.g measured in the FALP experiment at
80 K for an Ar" ion in the helium buffer gas [77]. The double-dot-
dashed line (B&K) denotes the contribution to aeg due to helium-
assisted three-body recombination calculated for Ar" ions in helium.
The appropriate ternary recombination rate coefficient was taken
from [40] and scaled for Ar" ions by the reduced mass

(Kar (80 K) = 3.1 x 10726 cm® s~1). The dot-dashed line (B&K -+
CRR) includes, in addition to helium-assisted three-body recombi-
nation of Ar" ions with electrons, the contribution arising from
electron-assisted three-body recombination. The corresponding g
was calculated using the ternary recombination rate coefficient from
[49] (Kg_crr = 1077 ecm® s~ 1) and n, ~ 10° cm=3.

in [85]) is good. In the case of HD3 ions the measured binary
recombination rate coefficients are very close to those calcu-
lated by Pagani et al [24] but their values for H,D™ are at least
twice as high as apipop determined in the present experiment.

T (K)

Figure 10. The temperature dependence of binary recombination rate
coefficients of HY, H,D*, HD3 and D7 ions with electrons. Upper
panel: The temperature dependence of binary recombination rate
coefficients for H,D* and HDJ ions obtained in this study. The
dashed and the full lines denote the quantum mechanical calculations
by Pagani et al [24] for H,D* and HD3, respectively. The theoretical
predictions of Jungen and Pratt [26, 85] for H,D* (dot-dashed line)
and for HD3 (double-dot-dashed line) are also shown. The dotted
lines labelled CRYRING denote the values obtained in the ion
storage ring CRYRING at 300 K [34, 86] extrapolated to lower
temperatures using a 7-%> dependence. Lower panel: The temper-
ature dependence of binary recombination rate coefficients apinps
and awyps for HY and D ions adapted from [48, 84]. The full (HY)
and the dot-dashed (D3+) lines denote the theoretical calculations by
Pagani et al [24]. The dashed and the double-dot-dashed lines denote
the values calculated by Jungen and Pratt [26, 85] for HY and D7
ions, respectively.

The ion storage ring experiment CRYRING reported at 300 K
the values of avpinmop = 6 x 1078 ecm? s~! [86] and avpipppr =
9 x 1078 cm3s~! [34], which are in reasonable agreement
with our data, as shown in figure 10. Note that CRYRING
experiments were done without in sifu determination of the
rotational excitation of recombining ions. For comparison we
also included in the lower panel of figure 10 the calculated
[24, 26, 85] and the measured [48, 84] values of a3
and vpinp3-

The measured values of the ternary recombination rate
coefficients Kypp and Kyp, of H,D* and HD3 ions are shown in
figure 11, together with values obtained in our previous SA-
CRDS and FALP experiments for H3+ [29, 31, 39, 45] and Ar"
ions [77] and values obtained for different ions by other groups
[67, 87-89]. The values of the ternary recombination rate coef-
ficients previously obtained for D3 are not shown but at tem-
peratures above 80 K, they are very close to those of Hi [39]. In
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Figure 11. The temperature dependence of ternary recombination
rate coefficients for helium-assisted three-body recombination of
H,D* (full circles) and HDJ ions (full triangles). Values of ternary
recombination rate coefficients of other ions are shown for
comparison. Open circles: K3 of Hf ions obtained in our previous
experiments [29, 31, 39, 45]. Open triangles: ternary recombination
rate coefficients Ky, of He-assisted recombination of Ar' ions
measured in a Cryo-FALP II experiment by Dohnal et al [77]. Open
stars: Kj,, as measured by Cao et al [87] for a mixture of
atmospheric ions in He. Dotted line: theoretical dependence of Bates
and Khare [40] scaled for Ar" ions in He by the reduced mass. The
open triangle, pentagon and diamond on the right indicate the three-
body rate coefficients measured for Hej ions in helium by Berlande
et al [88], Deloche et al [67] and Johnson er al [89], respectively.

the probed temperature range the values of the ternary recom-
bination rate coefficients Kyjop and Kyp, of HoDT and HDJ are
similar to the values previously reported for H and DJ and
substantially larger than the classical prediction for neutral-
assisted recombination of atomic ions by Bates and Khare [40].

All the reported errors are statistical errors. The sys-
tematic error of the SA-CRDS experiment is estimated to be
less than 10%.

6. Summary and conclusions

We have studied the recombination of H,D* and HD; ions
with electrons in the temperature range 80-145 K in a He/
Ar/H,/D, gas mixture at pressures 500-1700 Pa using
SA apparatus equipped with a CRDS absorption spectro-
meter. By measuring the time evolutions of the ion densities
[H7], [H,D*], [HD5 ] and [D7] at different gas densities [He],
[H,] and [D;] (see figure 3), we were able to determine the
binary (inn2p, Qbinnp2) and the ternary (Kuop, Kup2)
recombination rate coefficients for H,D* and HD3 ions. The
measured recombination rate coefficients are very close to the
corresponding values previously obtained for H and D}
[39, 84] and there is reasonable agreement with ion storage
ring data [34, 86] and some theoretical calculations
[24, 26, 85]. We did not observe a substantial difference
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between the binary recombination rate coefficients of H,D™
and HDJ, which contradicts the prediction by Pagani et al
[24]. The present results are summarized in figures 10 and 11,
and in table 2. This set of experiments represents the first time
Qpingzp and apingp, were measured for temperatures lower
than 300 K and with in situ determined populations of
recombining ions. The measured values of ternary recombi-
nation rate coefficients Ky,p and Kyp, were close to those of
H7 and D. We have previously offered an explanation of
this fast three-body process [44, 45], but more advanced
theoretical treatment is clearly needed.

A plasma is a complex multi-collisional environment and
the inferred rate coefficients depend on the assumption that
there are no unrecognized three-body processes. Further
experiments performed with very low background pressure,
and good control over rotational excitation, would provide a
valuable test of our results.

The binary and ternary recombination rate coefficients
reported in this paper are results of our long ongoing study of
the recombination of HJ ions and its isotopologues. We
believe that these new data will help improve astrochemical
models and lead to more accurate quantum mechanical
calculations.
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1 Introduction

The N>H™ molecular ion, being an important and abundant interstellar species, has been the
subject of spectroscopic and electron-ion recombination studies since its first radio astronomical
detection [1, 2]. It has been observed in a variety of interstellar environments [3—5] and serves as
a versatile probe of N, and CO abundances and physical structure of dark clouds [6, 7]. In denser
regions it is formed via proton transfer from HJ and the main destruction mechanisms include
proton transfer to CO and dissociative recombination with free electrons.

The dissociative recombination of NoH* with electrons has been studied by Flowing Afterglow
and Storage Ring techniques resulting in the determination of temperature dependence of its rate
coeflicient and branching ratios of the product channels and observation of emission spectra of
electronically excited products. For an overview of the different experimental results see recent
publications [8—10] and references therein. Only one spectroscopic determination of the decay
of the NoH* number density in an afterglow plasma has been carried out so far, which gave a
surprisingly high value of the recombination rate coefficient [11]. Fully ab initio calculations have
indicated that the inclusion of several types of vibronic coupling in the indirect recombination
mechanism yields theoretical cross sections comparable to experimental data [12].

Detailed descriptions of the experimental work on spectroscopic studies of NoH™ are given
in refs. [13, 14]. These include the observation of rotational transitions in excited vibrational
states. NoH™ has a linear configuration in its ground electronic state. Its vibrational states will
be represented in this paper by the symbol (vlvé\g), where vy, v2, and v3 indicate the numbers of
vibrational quanta in its three normal modes: in the v N-H stretching vibration, the v, bending
vibration, and the v3 N-N stretching vibration, respectively. [ is the quantum number associated
with the vibrational angular momentum corresponding to the doubly degenerate bending mode.
Extensive information on the excited vibrational states has been published [15].

The main aim of this study was to find suitable transitions of the NoH* ion that could be
used for the determination of number densities of the ground vibrational state and of the first
excited vibrational state of NoH™ for further studies of its recombination with electrons in afterglow
plasmas.



2 Experimental technique

The present experiments employ a cavity ring-down (CRD) laser absorption spectrometer in con-
junction with a stationary afterglow (SA) apparatus. The following sections will give a brief
description of the diagnostic technique and the apparatus. For more technical details see [16].

2.1 Cavity ring-down spectrometer

The design of the CRD spectrometer is based on the continuous wave modification developed
by [17]. The radiation sources employed in our setup are either fiber-coupled distributed feedback
diode lasers (DFB, typical linewidth of less than 10 MHz and optical output power higher than
10 mW) or an external cavity diode laser (ECDL, Sacher Lasertechnik, output power of 3 mW), with
central wavelengths in the near-infrared spectral region around 1580 nm and 1450 nm, respectively.
The active radiation source wavelength is measured by a Michelson interferometer-based wavemeter
(EXFO WA-1650). The optical setup is divided into two almost identical parts for the two types
of lasers. Each part consists of a free space optical isolator, an acousto-optic modulator, a pair
of lenses, and a pinhole for spatial filtering and mode matching the laser beam into the cavity.
Two plano-concave highly reflective mirrors (reflectivity > 99.95%) form the optical resonator.
The spacing of the mirrors is 75 cm and a typical ring-down time of the empty resonator is 32 us.
The entry mirror is fitted with a piezoelectric transducer which in turn is modulated either by a
triangular waveform or by a combination of a relatively low-amplitude sinusoidal waveform with a
slowly varied voltage offset controlled by active feedback to achieve higher acquisition rate of the
ring-down events. Photons exiting the cavity are detected by an avalanche photodiode. The detector
is equipped by an optical bandpass filter centered at the used wavelengths to minimize background
contributions from the discharge light emissions.

2.2 Stationary afterglow

The highly reflective mirrors of the CRD spectrometer are placed inside the stationary afterglow
vacuum apparatus at both ends of a fused silica discharge tube with an inner diameter of 1.2 cm. The
ions of interest are generated in a periodically switched microwave discharge inside a rectangular
waveguide resonator. The neutral gas typically consists of several hundred Pascal of buffer gas
(hydrogen or helium) with admixtures of reactants. The buffer gas is purified in the high pressure
region by liquid nitrogen cooled cryotraps before passing through the mass flow meter. The flowing
gas mixture is further purified in two other liquid nitrogen cooled cryotraps before entering the
discharge tube. The 2.45 GHz magnetron based microwave generator is continuously operated at
relatively low power of 8-20 W. Switching off the microwave power is achieved by an external
high-voltage switch connected directly to the magnetron power supply. Typical discharge period is
4 ms with a 50% duty cycle. The ring-down signal acquisition is synchronized with the discharge
pulses in order to achieve temporally resolved absorption measurements, sampled at 1.25 MHz
sampling frequency by a 12-bit AD converter. Light emitted from the discharge can be monitored
through a view port in the waveguide. The discharge tube itself is surrounded by an outer glass tube
that can be closed off at both ends and filled with liquid nitrogen to make a cooling bath. Pre-cooled
liquid nitrogen vapors from a heated reservoir can also be flowed through this surrounding volume
to achieve stable discharge tube wall temperatures Ty, in the range of 77-300 K.



3 Results and discussion

In the present experiments H>/N; and He/H, /N, gas mixtures were utilized to produce NoH* dom-
inated low-temperature plasmas. In both hydrogen and helium buffered plasmas optimal reactant
number densities were chosen to maximize the observed absorption signal. All the experiments
were conducted at Ty, = 300 K with nitrogen vapors flowing through the surrounding volume to
maintain stable temperature.

The first set of experiments, inspired by previous spectroscopic and recombination experiments
of [11, 18], was conducted in gas mixtures of H, and N, with typical number densities of 10 cm™3
and 10'4-10"> cm=3, respectively. When using He/H, /N, gas mixtures, the typical number densi-
ties used in the experiments were 10'7/10'#/10'* cm=. The main reactions for formation of NoH*
at these conditions are:

Hf + N, — NoH' + Hy (3.1a)

and
N; +H, - NoH" + H, (3.1b)

where the second reaction is slightly more exothermic [19]. For more details on H formation in
H, buffered plasmas see [20]. Computer simulations of the chemical kinetics predict abundant
production of NoH™ ions at typical experimental conditions. Special attention was paid to the
presence of H,O and NH3 impurity molecules in the discharge. The amount of HyO impurities
was monitored using transition at 6804.401 cm™! (0,2, 1) 202 < (0,0,0) 303. The line position and
intensity were taken from the HITRAN database [21]). The number density of water was found to
be substantially lower than 10! cm™. NHj reacts fast with the NoH* ions forming NH; molecular
ions [22]. We found that even if the NH3 number density is as low as 102 cm™3 the absorption
signal from the N,H" ions decreases by almost an order of magnitude. The NH3 molecules are
probably formed at the walls of the discharge tube. We used transitions at 6314.133cm™! and
6314.438 cm™! (line positions and transition line strengths taken from the HITRAN database [21]
and from ref. [23]) to monitor the actual density of NH3 in the discharge tube. By changing the buffer
gas flow and the H, /N ratio we were able to keep the NH3 number density well below 10'! cm™.

The search for P-branch lines in the v; first overtone band of NoH™ was initiated by simulating
a stick spectrum from the spectroscopic parameters determined by [18] for the (200) state and [14]
for the ground state. The rovibrational energy levels in units of cm™! of these states relative to the
ground state term value are expressed as follows:

T(v,J)=EW,J)/hc =Gy + B, [J(J + )] =D, [J(J + D> + H, [J(J + D]? (3.2)

where v and J represent the vibrational and rotational quantum numbers, respectively. The intensity
of these rovibrational absorption lines can be expressed as (in accordance with the definitions used
in the HITRAN database [24]):

¥ 8n E 1)
SN = - L) -2
v (1) = G (T) dreghe [eXp ( kBT) exp ( kBT)

where E, and E| are the upper and lower state energies, respectively, vy = (Ey — E)/(hc) is the

SkF(R12)* (3.3)

transition wavenumber, / is the Planck constant, c is the speed of light in vacuum, Qy is the total



internal partition function, € is the vacuum permittivity, kg is the Boltzmann constant, 7 is the
temperature, Sg is the rotational intensity factor, F is the Herman-Wallis correction term and R,
is the transition moment of the vibrational band. For the rotational and Herman-Wallis factors
we adapted the expressions found in [25]. The transition moment of the v; first overtone band
was computed by Vladimir Spirko! using the ab initio potential energy surface and dipole moment
surface from ref. [26]. The integrated absorption coefficient (area of the absorption line) equals the
line intensity multiplied by the number density of the absorbing molecules.

Figure 1 shows a section of the recorded spectrum, eight transitions in the P-branch of the v;
first overtone were observed from 6296 cm™! to 6320 cm™!. The measurements were later extended
to the R-branch in the range from 6388 cm™! to 6401 cm™! in order to achieve higher sensitivity in
the determination of the rotational temperature of the ions. Each line was fitted by a Gaussian line
shape resulting in the determination of the transition wavenumbers and the translational temperature
of the ions. In several cases where the absorption lines of interest were partially overlapped with
strong lines of N, arising from transitions between excited electronic states, mostly in the case of
R-branch lines [18], the lines were, in addition, fitted in a suitable section of the spectrum.

30 ———————— . SJ—————————————
~ |(200) —(000), P(7) . a) o~ N,H" (21'0) « (01'0), R(10) * b)
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Figure 1. Panel (a): an example of the measured absorption spectra for a P-branch transition. The full line
is the Gaussian fit to the data. The residuals of the fit are shown in the lower part of the figure. Panel (b):
examples of measured transitions originating in the first vibrationally excited state of No,H*. The full line is
the Gaussian fit to the data. The residuals of the fit are shown below.

The measured transition wavenumbers are listed in table 1 and were fitted together with the
data from [18] by a linear model in which the ground state parameters were fixed to the values given
by [14]. The transition wavenumbers were weighted by the quoted uncertainties, in the case of the
data from [18] a constant uncertainty was assumed given by the estimated experimental accuracy
of 0.005cm™! quoted in the paper. The improved molecular parameters obtained for the upper
vibrational state (200) are given in table 2.

The relatively high vibrational band strength of the transitions where v; changes by two quanta
enabled us to observe the (21'0) < (01'0) hot band that lies close to the v; first overtone band.
The energy levels of these states could be easily calculated using the effective energy expansion and

IPrivate communication.



Table 1. The measured transition wavenumbers in the (200) « (000) vibrational band of NoH* (Vexp)
compared to transition wavenumbers obtained by Sasada and Amano [18] and those calculated from the
energy levels given by eq. (3.2). The spectroscopic constants for the lower state were taken from ref. [14]
and for the upper state were obtained from the fit to the present data (see table 2 for details). The stars denote
lines that were blended with those of N> and were not used in the fit. The difference between measured and
calculated wavenumbers (A) is also shown. The numbers in parentheses are errors of the measurement in
units of the last quoted digit.

transition | Ve, (em™) Vsasada (€M) | Veare (em™) | A (1074 em™1)
P(12) 6296.0276(2) 6296.0276 0
P(11) 6299.6940(2) 6299.6939 1
P(10) 6303.3097(2) 6303.3098 -1
P(9) 6306.8752(2) 6306.8753 -1
P(8) 6310.3902(2) 6310.3902 0
P(7) 6313.8544(2) 6313.8545 -1
P(6) 6317.2682(2) 6317.2681 1
P(5) 6320.6311(2) 6320.6310 1
R(19) 6388.0010(2) | 6388.000(5) 6388.0009 1
R(20) 6390.0202(6)* | 6390.007(5) 6390.0203 -1
R(21) 6391.9873(4) | 6391.980(5) 6391.9872 1
R(22) 6393.9010(4) | 6393.898(5) 6393.9016 -6
R(23) 6395.7635(5) | 6395.759(5) 6395.7634 1
R(24) 6397.5723(6)* | 6397.568(5) 6397.5726 -3
R(25) 6399.3291(4) | 6399.327(5) 6399.3291 0
R(26) 6401.0331(9) | 6401.029(5) 6401.0329 2

Table 2. The spectroscopic constants for the (200) vibrational state of the NyH* ion. Values obtained in
this study are compared with constants reported by Sasada and Amano [18] and Kabbadj et al. [15]. The
numbers in the parentheses are errors in units of the last quoted digit.

G20 (em™) B (em™) D30 10~ % em™1)
present 6336.68123(12) | 1.5383702(14) | 2.8933(22)
Sasada and Amano | 6336.6775(39) 1.5383581(71) | 2.875(fixed value)
Kabbadj et al. 6336.679 1.538368(14) | 2.880(20)

molecular constants given in [15] as:

T(w,J) =Gy +B, [J(J + 1) = 2| =D, [J(J + 1) = 2]* + H, [J(T + 1) - 2], (3.4)

When v, = 1, each rotational level is split into two sublevels that are characterized by the projection
of the vibrational angular momentum onto the molecular axis and can also be labeled e and f
depending on the parity of the wave function [27]. A single pair of lines of the (21'0) « (01'0)
hot band is plotted in panel (b) of figure 1 to compare the typical line intensity with that of the
(200) « (000) band. The measured transitions of the (21'0) « (01'0) hot band are summarized
in table 3.



Table 3. The measured transitions in the (21'0) « (01'0) hot band of N,H* (Vexp) compared to transition
wavenumbers calculated from equation (3.4) using the spectroscopic constants available in ref. [15]. The
difference between measured and calculated wavenumbers (A) is also shown. The numbers in the parentheses
are errors of the measurement in units of the last quoted digit. Upper indices e and f denote parity.

Transition | Vg (cm™) Veale (em™) | A (1074 em™)
R(4)* | 6303.7250(20) | 6303.7231 19
R(4)" | 6303.8142(5) | 6303.8139 3
R(7)* | 6311.9879(4) | 6311.9881 -2
R(7)" | 6312.1350(10) | 6312.1371 -21
R(8)° | 6314.6419(7) | 6314.6420 -1
R(O)' | 6317.2450(11) | 6317.2454 —4
R(9° | 6317.4329(20) | 6317.4341 -12
R(10)* | 6319.7976(6) | 6319.7979 -3
R(10)" | 6320.0066(8) | 6320.0071 -5

We recorded a set of absorption lines in the P-branch section of the spectrum including the hot
band lines to create a Boltzmann plot (shown in figure 2) which can be used to evaluate the rotational
temperature of the ions. Our first approach was to fit the v; overtone lines separately in order to
include the possibility of a difference in vibrational and rotational temperatures. The rotational
temperature evaluated using states from the ground vibrational level using the Boltzmann plot is
Tiot = 356 £ 8 K, while the temperature of the discharge tube wall measured outside the microwave
resonator was approximately 310 K. Assuming the same rotational temperature in both probed
vibrational states and equal vibrational band strengths of the transitions, the resulting vibrational
temperature is 7yj, = 340+10 K in a very good agreement with the evaluated rotational temperature

of the ions.
1o N [H2]=5x10160m'3
= 'c.\.‘ [N,]=5x10"cm™
s SO T =(356+8)K
= S
2] ~
C ~
g S~
E 108 2 ~ - 3
% ¥~ <~ ]
2 e N,H"(000) AR
©
- + 1
o A NH"(01'0)
10’

" 1 " " " " 1 "
500 1000
lower state energy (K)
Figure 2. Boltzmann plot used for evaluation of the rotational temperature. The values obtained from the
P-branch transitions originating in the ground vibrational state of the NoH™ ion are plotted as circles, whereas

those from the first excited vibrational state are indicated by triangles. The dashed line denotes the fit to the
data used for the determination of the rotational temperature.



We used several first overtone transitions from the ground state of the CO molecule (P(11),
P(8), R(15) and R(16)) in the investigated frequency range to asses the systematic error of our
wavenumber determination by comparing the measured values with the HITRAN database [21].
The estimated systematic error of our measurement is lower than 2 x 10~ cm~!. The errors shown
in table 1 and table 3 include both statistical and systematic errors.

The time dependence of the measured number density of the ions in the ground vibrational
state of NoH* in the discharge and early afterglow plasma is shown in the panel (a) of figure 3. The
number density was evaluated assuming thermal population of states from the absorption on the P(6)
line of the (200) « (000) vibrational band of N;H" using equation (3.3) and Ry, = 0.0167 Debye.2
Panel (b) of figure 3 shows reciprocal plot of the ion number density n. Note that in recombination
dominated plasma this plot is linear:

1/n=1/ng+ af(t —to) 3.5)

where ng is the ion number density at ¢ = fy, a is the recombination rate coefficient and f; is the
ratio between the number densities of the electrons and probed ions. In our experimental setup the
losses of charged particles by ambipolar diffusion are not negligible so equation (3.5) is valid only
in the very early afterglow.

1011 [ T T v T v T v T ]

F N,H’ 350 K ]

— [He] = 4x10'"" cm™]

'e [H,]=3x10" cm™

O 4
g [N,] = 3x10" cm™

-200 0 200 400 600
t(us)

Figure 3. Panel (a): the time dependence of the overall number density of the NoH* ions in the ground
vibrational state calculated using equation (3.3) from the absorption on the P(6) line. The time is set to zero
at the beginning of the afterglow. Panel (b): reciprocal plot of the ion number density.

4 Summary and conclusions

Using a stationary afterglow apparatus equipped with a cavity ring-down spectrometer we have
probed several transitions belonging to the (200) « (000) and (21'0) « (01'0) bands of the N,H*
ion. In case of the v; first overtone the transitions were probed in both P- and R-branches. The
measured line positions shown in table 1 are in a very good agreement with previous experimental

28pirko, private communication.



study by Sasada and Amano [18] and with theoretical calculations. The improved accuracy of our
results in comparison with previous ones enabled us to calculate the spectroscopic constants of the
(200) state (see table 2 for details). The observed transitions enable us to probe the translational,
rotational and vibrational temperature of the ions as well as the number densities of different
rotational and vibrational states of NyH*. These results will be used in our ongoing study of NoH*
recombination with electrons.
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A cryogenic stationary afterglow apparatus equipped with a near-infrared cavity-ring-down-
spectrometer (Cryo-SA-CRDS) for studies of electron-ion recombination processes in the plasma
at temperatures 30-300 K has been designed, constructed, tested, and put into operation. The plasma is
generated in a sapphire discharge tube that is contained in a microwave cavity. The cavity and the tube
are attached to the second stage of the cold head of the cryocooler system, and they are inserted to an
UHYV chamber with mirrors for CRDS and vacuum windows on both ends of the tube. The temperature
of the discharge tube can be made as low as 25 K. In initial test measurements, the discharge was
ignited in He/Ar/H; or He/H; gas mixtures and the density of HY ions and their kinetic and rotational
temperatures were measured during the discharge and afterglow. From the measured decrease in the
ion density, during the afterglow, effective recombination rate coefficients were determined. Plasma
relaxation was studied in He/Ar gas mixtures by monitoring the presence of highly excited argon
atoms. The spectroscopic measurements demonstrated that the kinetic temperature of the ions is equal
to the gas temperature and that it can be varied from 300 K down to 30 K. Published by AIP Publishing.
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. INTRODUCTION

Electron-ion recombination is one of the fundamental
processes in plasma. Dependent on particular ion and on
parameters of plasma, it can occur by a variety of mecha-
nisms. From a kinetic point of view, recombination can be
binary or multi-collisional proceeding via collisional com-
plexes, e.g., ternary neutral-assisted (three-body, N-TBR, for a
general discussion, see, €. g., Ref. 1) or electron-assisted (col-
lisional radiative, E-CRR) recombination processes. In low-
temperature plasmas containing molecular ions, the dominant
binary recombination process is the dissociative recombina-
tion (DR) (see the recent review by Larsson and Orel?). In
plasmas containing only atomic ions, recombination usually
occurs by radiative recombination (RR).?> These processes
have been studied, and their recombination rate coeffi-
cients have been measured in afterglow experiments for 70
years.>*

Rate coefficients for recombination of ions with electrons
can be measured in two broad categories of experiments, the
historically older plasma afterglows and the newer merged-
beams and ion-storage-rings. Their basic principles have been
reviewed extensively (see, e.g., Refs. 2 and 5). Only a very
short overview of experimental techniques will be given here.
A plasma afterglow technique is relatively simple and inex-
pensive, while the modern storage rings are large-scale, expen-
sive, multi-user facilities (see short description below). Both
techniques have their strengths and weaknesses. Examples
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0034-6748/2018/89(6)/063116/11/$30.00

89, 063116-1

of afterglow techniques used for recombination studies are
the stationary afterglow (SA) technique,*® flowing afterglow
(FA),” and flowing afterglow with Langmuir probe (FALP)
technique.®~!! In the majority of these experiments, the ions are
identified by using mass spectrometers. Only in some exper-
iments, the recombining ions and their internal excitation are
identified spectroscopically.'>"!> The interpretation of after-
glow plasmas, i.e., the decay of plasma subsequent to the
removal of the ionization source, can be complicated by the
occurrence of extraneous processes, and because they are car-
ried out at relatively high neutral densities, they are not always
free of third-body interactions. The latter has been found to be
important in recombination studies of the H} ions.'*™"” Stor-
age rings are free of many such complications since the gas
densities are very low, but the absence of collisions also pre-
vents thermalization of the internal degrees of freedom, e.g.,
rotational energy of the ions. In the afterglow methods, in situ
optical absorption can be used to quantify internal states and
to distinguish spin modifications of the ions, such as ortho-
and para-HJ.?" Results obtained by the two measurement tech-
niques have often agreed but sometimes differed in which case
the disagreement often led to new insights. This is likely to
continue.

Measurements at very low temperatures (or ion-electron
collisions energies) are of particular interest for applications
to cold astrophysical clouds. In part for that reason, new cryo-
genic ion storage-rings have been built and have recently
become operative (CSR in Heidelberg?' and DESIREE in
Stockholm?”). Afterglow studies have been carried out at
temperature as low as 80 K, which is still higher than the
temperatures of interest in astrophysics.

Published by AIP Publishing.
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In the analysis of the afterglow data, it is usually assumed
that ions and electrons are in thermal equilibrium with neu-
trals (buffer gas) and that the temperatures of the elec-
trons, ions, and atoms/molecules of the buffer gas are equal,
Te =T, =T gs. In some afterglow experiments equipped with
spectral diagnostics, the kinetic temperature of ions can be
determined from the Doppler broadening of the absorption
lines.”? In FALP experiments, the electron energy distribu-
tion function and electron temperature can be measured by
the Langmuir probe.”*~2° In some SA and FALP experiments,
the electron temperature was determined by monitoring the
decrease in electron or ion densities due to the ambipolar
diffusion.?*?

In most of the afterglow experiments, recombination rate
coefficients were measured at temperature of 300 K, and in
some variable temperature FALP (VT-FALP), rate coefficients
were measured in the range 80-600 K.?%° Only in few exper-
iments, it was possible to measure recombination rate coeffi-
cients at temperatures below 77 K. In recent CRYO-FALP II
studies of recombination of HJ ions, the minimal temperature
was 60 K,29 and in studies of E-CRR of Ar* ions, the minimal
temperature was ~50 K.%’

As mentioned above, cross sections of binary recombi-
nation for several ions were measured also in merged beam
experiments, including storage rings. For detailed reviews, see
Refs. 2 and 5. Beam experiments can provide cross sections
a with very high energy resolution for binary recombination
processes, and in some experiments, they can provide prod-
uct distribution and kinetic energy of neutral products.” One
advantage of beam experiments is that the ions are formed
in a separate ion source so that the desired ion species can
be preselected before being injected. Ternary recombination
cannot be studied in beam experiments primarily because of
the absence of third particles. A disadvantage of these experi-
ments is that the excitation of some recombining ions is often
unclear. It is sensitive to conditions in the ion source and
also to relaxation/excitation in the ring (see, e.g., discussion
for H3 experiments in Ref. 30). TSR and CRYRING stopped
operation a few years ago, and, as mentioned above, new cryo-
genic instruments (CSR and DESIREE) have been constructed
and tested.>! These new instruments can reach temperatures
down to liquid He temperatures.”'?> Recently, experiments
on ion electron recombination were started at the main cooler
storage ring (CSRm) at the Heavy Ion Research Facility at
Lanzhou (HIRFL) accelerator facilities of the Institute of
Modern Physics in Lanzhou, China.*?

The current studies of recombination processes are moti-
vated by several factors:

(I) The fundamental interest in binary electron ion inter-
action and recombination in particular.’3-3

(IT) The fundamental interest in multi-collisional recom-
bination processes in low-temperature plasmas, in-
cluding neutral-assisted three-body recombination
(N-TBR)*72% and electron-assisted collisional radia-
tive recombination (E-CRR).?”-*** Because of the very
pronounced increase in the rate coefficients of the
ternary recombination processes with decreasing tem-
perature, it can be expected that at low temperatures,

Rev. Sci. Instrum. 89, 063116 (2018)

several recombination processes contribute to the
removal of ions and electrons from plasmas.

(II) Plasma modeling and need for particular temperature
dependencies of recombination rate coefficients. The
data are needed for modeling discharge plasmas, cold
astrophysical plasmas, and plasmas for technological
applications. Low temperature data are important for
modelling of processes in cold interstellar medium
and in ultra-cold plasmas. In astrophysics, recombi-
nation of H;, D;, H,D*, and HD] ions with elec-
trons and dependence on rotational excitation and on
nuclear spin states (para and ortho) are of particular
interest.*! =+

(IV) The theoretical description of recombination processes
at very low kinetic energies of the recombining par-
ticles and a comparison of measured binary and
ternary recombination rate coefficients to calculated
values.**

(V) The study of recombination in ultra-cold plasmas
and recombination studies in connection with forma-
tion of antihydrogenin ALPHA, ATRAP, and ATHENA
experiments (see, e.g., Refs. 46—49).

45

To study recombination processes, at temperatures from
30 K to 100 K, where there are hardly any experimental
data, and at electron and neutral number densities at which
losses due to ternary recombination processes are comparable
to binary recombination processes, we designed, constructed,
and put into operation a new experimental apparatus—
cryogenic stationary-afterglow with a near-infrared cavity-
ring-down-spectrometer (Cryo-SA-CRDS) which can operate
down to 30 K.

In the following, we present details on a newly con-
structed Cryo-SA-CRDS. Most technical problems have been
successfully solved, and the apparatus has been tested. The first
measurements focused on characterizing the plasma parame-
ters and testing the CRDS detection of HJ ions and gave very
encouraging results.

Il. APPARATUS SCHEMA, VACUUM, CRYOGENICS,
AND PLASMA GENERATION

A. Overview

The apparatus is a cryogenic version of a stationary
afterglow. The plasma is generated in a pulsed microwave
discharge. The decay of the ion density in the afterglow
plasma is measured, in this case, by optical absorption (Cav-
ity Ring-Down Spectroscopy, CRDS). The decay of the ion
density can then be analyzed to yield the recombination rate
coefficient.

A sapphire discharge tube in which the plasma is formed
is aligned along the axis of the cylindrical microwave cav-
ity. The sapphire tube is on both sides axially extended by
stainless steel bellows and tubes toward the mirrors of the
CRDS. The tube, its extensions, mirrors, and the microwave
resonator are placed in an UHV chamber (see Fig. 1). The
working gas is only inside the sapphire tube and in tubes
connected to it. The cavity of the microwave resonator is evac-
uated. The body of the resonator is attached to the second
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He/Ar/H,

microwave
resonator

|pump

stage of a Sumitomo RDK 408S cold head. The sapphire tube
is connected by copper braids to the microwave resonator. The
bellows holding the sapphire tube are directly connected to
the heat shield and through it to the first stage of the cold
head.

The temperature of the middle section of the sapphire
tube can be as low as 25 K. In the test measurements, the dis-
charge was ignited in a He/Ar/H; or He/H, gas mixtures, and
the HJ ion density and ion kinetic temperature were measured
during the discharge and during the afterglow. The measure-
ments indicated that for He densities higher than 10!7 cm=3,
the kinetic temperature of ions is equal to the gas temperature
and can be varied from 300 K down to 30 K (see discus-
sion below). From the measured decrease in the ion density,
during the afterglow, effective recombination rate coefficients
can be determined, assuming quasineutrality of the afterglow
plasma.

B. Overall scheme and vacuum system

In order to produce cold plasmas, it is necessary to cool
down the gas-filled discharge tube and to ignite the discharge.
For operation at very low temperatures, itis necessary to put the
discharge tube into a vacuum chamber for thermal insulation
and also to maintain purity of the gases in the tube.

We calculated the optimal parameters of vacuum and
cooling systems for various modifications of the experimental
design. On the basis of calculations of the microwave resonator
parameters, we decided to use a cylindrical TM;¢ mode reso-
nant cavity and to ignite the discharge in the sapphire tube
(ID =~ 2.5 cm and length of 20 cm) placed along the axis
of the cavity. The tube made from monocrystalline sapphire
was chosen because of its high thermal conductivity at low
temperature.

During the measurements, the pressure in the discharge
tube is in the order of hundreds of pascals and the gas flow
through the discharge tube is in the order of 0.1 Pam? s~! (the
actual flow velocity is ~1 ms™'). A Pfeiffer® WKP 1000 A
Roots pump is used to drive the buffer gas through the dis-
charge tube. The buffer gas and the reactant gases are purified

Rev. Sci. Instrum. 89, 063116 (2018)

heat shield

FIG. 1. Vacuum system including the sapphire discharge
tube (blue in the figure), microwave resonator (green),
and cooling system. Gas of the desired composition (e.g.,
F He/Ar/H») enters the tube on one side, and it is continu-
ously pumped out on the other side. The discharge tube
is connected to the heat shield (made of EN AW 2030
Dural alloy) via vacuum bellows and is attached to the
microwave resonator by silver-coated copper braids. The
positions of the different temperature sensors are denoted
by capital letters. See text for details. The red dashed line
indicates the optical axis between the highly reflective
mirrors of the CRDS optical resonator (not in the figure).

prior to entering the discharge tube by passing them through
liquid nitrogen cold traps. To minimize the heat losses, the
outer vacuum chamber is pumped by a Pfeiffer TMH 071P
turbomolecular pump to below 10~ Pa.

C. Cryogenics

The microwave resonator is made of Dural alloy EN AW
6082. The resonator is located inside a vacuum chamber and
is directly connected to the second stage of the cold head.
Silver-coated copper braids are wrapped around the sapphire
discharge tube and attached to the body of the microwave
resonator facilitating heat transfer from the discharge tube.
Because of possible large temperature gradients along the
discharge tube and to account for thermal expansion, the dis-
charge tube is connected to the vacuum system and to the
heat shield via stainless steel vacuum bellows. A schematic
view of the main vacuum chamber, discharge tube, and the
cold head is shown in Fig. 1. A 3D view of the inside of
the main vacuum chamber can be seen in Fig. 2. An actual
photograph of the interior of a vacuum chamber of Cryo-SA-
CRDS apparatus with the resonator, the heat shield (made of
EN AW 2030 Dural alloy), discharge tube, and vacuum bel-
lows is shown in Fig. 3. The temperature of the discharge tube
can be regulated by changing the current through heating ele-
ments (3039-001 cartridge heaters from Cryo-Con®) installed
in the upper part of the microwave resonator and on the sec-
ond stage of the cold head. This allows us to effectively set the
desired temperature and keep it stable within 0.5 K during the
measurements.

The temperatures of the different parts of the apparatus
are measured by several types of temperature sensors. The
temperature of the first and of the second stage of the cold head
(A and B in Fig. 1, respectively) and of the upper part of the
microwave resonator (C in Fig. 1) is monitored by LakeShore®
DT-471-CU silicon diodes (stated precision in the temperature
range below 100 K is 1.5 K). Different platinum resistance
temperature detector (RTD) sensors from Cryo-Con are used:
CP-100 on the upper part of the microwave resonator (D in
Fig. 1) and XP-1K on the lower part of the microwave resonator



063116-4

Plasil et al.

FIG. 2. 3D view. Schematic illustration of the inner section of the Cryo-SA-
CRDS showing the sapphire discharge tube and its connection to the rest of the
vacuum system, the microwave resonator, and the first and the second stage
of the cold head. The components are drawn to scale. The sapphire tube is
20 cm long, and its inner diameter is 2.5 cm. The colour scheme is the same
as in Fig. 1.

(E in Fig. 1), on the heat shield (G in Fig. 1), and on the
discharge tube holder (H in Fig. 1). XP-100 RTD sensor is
inserted between the copper braids that are wrapped around
the discharge tube (F in Fig. 1). All platinum RTD sensors
conform to IEC751 class B standards with maximal deviation
from the calibration curve of 1.5 K for temperatures higher
than 30 K.

The temperatures measured by different sensors during
the cooling procedure are shown in panel (a) of Fig. 4. It takes
more than four hours to cool down the discharge tube from
room temperature to ~30 K. Panel (b) of Fig. 4 shows the
temperature rise of the apparatus after switching off the cold
head. If required, the warming-up period can be shortened by
switching on the installed heating elements, as demonstrated
in panel (b) of Fig. 4.

G C
heating
heating element
element copper
braids
" vacuum
bellows
microwave sapphire
resonator tube
E heat
shield

FIG. 3. A photograph of the inner section of the Cryo-SA-CRDS showing the
sapphire discharge tube, copper braids, vacuum bellows, closed microwave
resonator connected to the second stage of the cold head, part of the heat shield
connected to the first stage of the cold head, and part of the main vacuum
chamber. The positions of the temperature sensors are denoted by capital
letters; for details, see the text. The position of the two heating elements is
also indicated.
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D. Microwave cavity

The basic design requirements for the cavity were to pro-
duce a nearly homogeneous column of plasma in a microwave
discharge in the frequency range of 2.4-2.6 GHz. To keep the
dimensions of the cavity small, we decided to use the TMy;q
mode of a cylindrical cavity (the convention for ordering of
the mode indices is axial, radial, and azimuthal), which pro-
duces a homogeneous electric field on the axis. The plasma is
contained in a coaxial sapphire tube passing through the cav-
ity. This configuration has a long history of use for microwave
plasma diagnostic (see, e.g., Refs. 50-54) and also for plasma
generation as pioneered by Beenakker.”® The resonant fre-
quency of a closed cavity containing a dielectric tube can be
calculated analytically.”> However, the influence of the holes
for inserting the discharge tube and other possible modifica-
tions can only be estimated by the perturbation theory. We
have used the equivalent circuit (EC) finite difference time
domain (FDTD) method®*®! as implemented in the openEMS
software®” to calculate the resonant frequencies of the cavity
with an arbitrary geometry. Our numerical model included the
cavity with the inserted discharge tube on a three-dimensional
cylindrical mesh. The electromagnetic field was excited by
applying a magnetic Gaussian pulse with a mean frequency
of 2.5 GHz and 20 dB bandwidth of 0.4 GHz to an area near
the cavity wall, which approximates the actual loop antenna
(see Fig. 5). Perfectly matched layer boundary conditions were
used outside of the cavity. After the excitation pulse, the time
dependence of the electric field amplitude was recorded at a
location close to the centre of the cavity. The resonant fre-
quencies were then obtained by harmonic inversion of the
signal®®®* implemented in the Harminv software.> We have
chosen such a time step and mesh spacing that the numeri-
cally determined frequency for a cavity without holes agrees
with the analytic model®® within 1 MHz. Based on these cal-
culations, we have chosen the inner radius of the cavity as
36.8 mm, which results in a resonant frequency of 2.479 GHz
for a sapphire tube with outer radius of 12.6 mm and thickness
of 1.3 mm and insertion holes with radius of 14 mm and length
of 18 mm. The length of the cavity was chosen as 60 mm. Tak-
ing into account the uncertainty of the tube wall thickness of
0.1 mm, the cavity manufacturing tolerances of 0.2 mm, and
possible deviation of the crystal c-axis from the tube axis up
to 5°, we could predict the cavity resonant frequency to be in
the range fcac(300 K) = (2.475 + 0.050) GHz at room tem-
perature. The thermal contraction of the system [coefficients
taken from page 176 of Ref. 66 for sapphire (a-axis) and from
Ref. 67 for aluminum alloy (typical value)] and change in sap-
phire permitivity®® cause frequency shifts of 7.4 and 12.2 MHz,
respectively. Hence, the expected resonant frequency at
temperatures between 20 and 50 K is fac(30 K)=(2.495
+ 0.050) GHz. The actual measured resonant frequency was
Smeas(300 K) = (2.434 + 0.001) GHz at Ty = 300 K and
Smeas(30 K) = (2.458 + 0.001) GHz at Ty = 30 K which is
in good agreement with the calculated values.

E. Microwave source

In order to ignite the microwave discharge inside a cavity
of the microwave resonator made of solid aluminum block and
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FIG. 4. Panel (a) Time evolution of the temperatures of different parts of the apparatus during the cooling procedure. For information on positions and types
of different temperature sensors (denoted by capital letters), see the text. The inset shows detail at the lowest achievable temperatures. Time is set to zero at the
beginning of the cooling procedure. Panel (b) Time evolution of the temperatures measured at different places after switching off the cold head and switching on
and off the heating. Here, time is set to zero at the time when the cold head is switched off. The vertical dashed arrows denote the time of switching off the cold
head (1), time at which the installed heating elements were switched on (2), and then off (3).

lacking any movable parts, we had to tune the frequency of the
used microwave radiation to match the resonant frequency of
the cavity of the microwave resonator. A microwave gener-
ator with amplifier was designed and constructed to obtain
very fast shut-off of the discharge. Microwaves are gener-
ated by a solid-state SLSM5 synthesizer from Luff Research,
Inc. and then amplified by a RCA2400H44CWB power ampli-
fier from RFcore Co., Ltd. In combination with an absorptive
PIN diode switch (SR-DA10-1S from Universal Microwave
Components Corp.), microwave power (P,y) of up to 25 W
with a switch-off time below 1 us can be obtained. The mea-
sured residual microwave power after switching off the PIN
diode was =200 nW. Using the model of electron cooling
described in Ref. 23 and assuming that this residual power
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-60 -40 -20 0 20 40 60
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FIG. 5. The calculated amplitude of the electric field intensity in the resonator.
The upper panel shows a 2D cut along the resonator axis (z-axis). The lower
panel shows the amplitude of the electric field intensity along the resonator
axis. The amplitude is normalized to unity in the centre of the cavity. The full
width at half maximum of this curve is close to the actual cavity length. The
electromagnetic field is formed by the loop in the upper part of the cavity; its
location is indicated by the square in the upper part of the figure.

is absorbed by the electron gas (typical number density of
2 % 10'° ¢cm™3 on axis, 2.4 x 10! electrons in total), which is
cooled by elastic collisions with helium (P =500 Pa, T = 50 K),
the equilibrium temperature of electrons will be approxi-
mately 0.10 K above the helium temperature. If we take into
account the coulombic and inelastic (rotational excitation) col-
lisions with H, the calculated temperature difference drops to
0.07 K. Orders of magnitude higher power (>23 W) would be
needed to heat the electrons by more than 10 K. The generator
with short on/off time is necessary for studies of recombi-
nation and relaxation processes in a very early afterglow.
The microwave frequency can be adjusted from 2.4 GHz to
2.6 GHz to effectively tune the system to the desired resonant
frequency.

F. Optical diagnostics

A modification of continuous wave Cavity Ring-Down
spectrometer (cw-CRDS) setup, developed originally by
Romanini ef al.,% was employed in the construction of our
spectrometer. CRDS is a well-established technique for spec-
troscopy of weakly absorbing or transient species and a
powerful tool for plasma diagnostics.’®””> In the CRDS, the
laser light passes through the optical isolator to prevent back
reflection to the laser and through the acousto-optic modula-
tor (AA.MGASS80/A1 from AA Opto-Electronic) and is then
injected into the optical cavity formed by two highly reflec-
tive mirrors (Layertec Laser Mirror 106978, reflectivity over
99.99%). The distance between the mirrors is 82 cm, and the
characteristic time of the ring-down decay is =200 us. In order
to periodically match the laser frequency to one of the opti-
cal cavity’s TEMgyy modes, one of the mirrors is positioned
on a piezo transducer HPCh 150/15-8/3 from Piezomechanic
GmbH. The photons exiting the optical cavity through the mir-
ror on the other side are detected by an InGaAs avalanche
photodiode,'? and the data acquisition is done via NI PCle-
6251 lab card (1.25 MS/s). A single mode distributed feedback
(DFB) laser diode with central wavelength of 1381.60 nm
and maximal output power of 20 mW (NTT Electron-
ics NLKIESGAAA) and an external cavity diode laser
(ECDL) TEC500 from Sacher Lasertechnik GmbH (10 mW,
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TABLE L. Hg transitions used in the present study (Vpresent) are compared to values vexp reported in Ref. 77.

Transition wavenumbers calculated by Lindsay and McCall’® from available experimental data (v ) and results
of quantum mechanical calculations by Neale, Miller, and Tennyson79 (Veale2) are also shown. Each transition
is labeled with corresponding vibrational and rotational (J, G) quantum numbers. For further details on the
spectroscopic notation, see Ref. 78. Energy of the lower levels E” was taken from Ref. 78. The numbers in the
parentheses are estimated errors of wavelength determination in the units of the last shown digit.

Vpresent (€M) Vexpr (em™)  veger em™)  veger (em™h) - Spin E” (em ™) Transition

6877.5538(12) 6877.546(35) 6877.553 P 169.296 3u21(1, 2) « 00?(2, 2)

7234.9729(12) 7234.967(9) 7234977 o 315.342 31)21 (4,3) « ng(S, 3)

7237.2978(5)  7237.277(17)  7237.302(25) 7237.314 p 64.123  30)(2,1) < 009(1, 1)

7241.2623(5) 7241.235(17)  7241.249(9) 7241.283 o 86.959 3021 (2,0) « Oug(l, 0)
1380-1520 nm) are used to probe the number densities of 2.0

several low lying rotational states of HJ ion in its ground
vibrational state using the second overtone transitions listed
in Table I. The laser wavelength is measured absolutely using
an EXFO WA1650 wavemeter. By comparing the measured
overtone transitions originating in the CO X 'X* ground state
and also the positions of several water transitions with those
in HITRAN database,’® we estimated the overall error of
wavenumber determination to be lower than 5 x 107* cm™.

The discharge column length is estimated to be 6 cm. We
made a 2D model in cylindrical coordinates of ion number
density time and space evolution in discharge and afterglow
plasma. Depending on parameters of the model, the systematic
error of the number density (and consequently recombination
rate coefficient) determination due to changes to discharge
column length is at most 20%.

lll. TESTS AND RESULTS
A. Kinetic and rotational temperature of the ions

To get further insight into the cooling of the gas mixture
in the discharge tube, we determined the kinetic temperature
(Txin) of the HY ions by measuring the Doppler broadening of
the absorption lines using second overtone transitions listed
in Table I. Using our time-resolved Cavity Ring-Down Spec-
troscopy setup, we were able to monitor the time evolution of
the kinetic temperature of the HJ ions during the active dis-
charge and in afterglow plasma. Examples of absorption line
profiles measured at 7¢c = 21 K and T¢c = 96 K in the dis-
charge and during the early afterglow are shown in panels (a)
and (b) of Fig. 6, respectively. As can be seen from the data
plotted in Fig. 6, the measured kinetic temperature of HY ions
is close to the temperature of the discharge tube holder (7'y).
Because the temperature of ions is equilibrated in collisions
with He atoms, we can conclude that under the experimental
conditions, the temperature of the helium atoms in the tube is
nearly equal to 7'y. Important is also the observation that the
temperature of the ions during the discharge is equal to the tem-
perature of the ions during the afterglow within experimental
uncertainty.

We have made systematic studies of the dependence of
the kinetic temperature T'gj, of the H; ions on helium pres-
sure, on the partial pressures of Ar and H;, on the power of the
microwave generator (Py), and on the length of microwave
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FIG. 6. Examples of H;’ absorption line profiles measured at T¢c = 21 K
([He] = 3.4 x 107 ¢cm™3, [Hy] = 1.0 x 10" ecm™3) and T¢ = 96 K
([He] =2.5 % 10'7 em™3, [Ar] = 1.7 x 10'* em™3, [Hy] = 2.4 x 10" cm™3)
during the discharge [panel (a)] and 250 us in afterglow [panel (b)]. The cor-
responding kinetic temperatures T'gj, of H;’ ions evaluated from the Doppler

broadening of the H;’ absorption lines (transition 31}21 2,0) « ng (1,0)) are
indicated in the figure. The discharge conditions were P,y =9 W, D =12.5%
for data obtained at Tc =21 K and Py = 14 W, D = 6.3% for data obtained at
Tc=96K.

pulse (on duty cycle D). We observed a substantial increase in
T'xin with increasing P, and duty cycle, as is shown in Fig. 7
for several combinations of Py and D. However, for duty
cycles lower than 13%, no substantial heating of the ions was
observed even with the maximum microwave power allowed
by our microwave generator (P, = 25 W). Short discharge
pulses (where Tk, ~ Ty) were used in experiments where the
recombination rate coefficient of HJ ions was measured. For
Hj ions with thermal population of states at 30 K, 59.6% of
the ions are in the para—Hg (1,1) state, 39.9% in the ortho-H;r
(1,0) state, and less than 1% in the para-HJ (2,2) state. These
values were calculated from the HJ energy levels and parti-
tion function published in Ref. 79. At Ty = (32 = 1) K and
Txin = (33 £ 2) K, the second overtone transition of H; origi-
nating in the (2,2) state and readily observable at 7y ~ 100 K
(see Table I for details) was not detected giving an upper
limit of the number density of para-HJ ions in the (2,2) state.
Together with the measured number density of the para-Hj
ions in the (1,1) state, this enabled us to establish the upper
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FIG. 7. The dependence of the measured kinetic temperature (7'gj,) of H;
ions on the temperature 7y (temperature of the discharge tube holder, see
Fig. 1). The kinetic temperatures are evaluated from the measured Doppler
broadening of the absorption lines of H; ions (circles and squares). The star
denotes the upper limit on the rotational temperature 7'ro(-para Obtained from
the measured populations of two para-states [H;r (1,1) and H;' (2,2)]. The
profiles of absorption lines were measured during the discharge. The values
denoted by open circles and star were obtained in experiments with short
discharge pulses (100-300 us, less than 13% duty cycle) with microwave
powers varying from Pyy = 10 W to 25 W. The values denoted by open
squares were obtained with longer pulses and with duty cycles above 13%:;
the corresponding duty cycle (D) and microwave power (Pyw) are indicated.
The dashed line indicates equality Tki, = Ty

limit of the rotational temperature of the para—Hg ions (T ror-paras
denoted by star in Fig. 7). These results indicate that the rota-
tional temperature of the para-HJ ions is close to Ty and to
the kinetic temperature of the ions.

B. Relaxation of the afterglow plasma

Here we will discuss the relaxation of the afterglow
plasma in He/Ar and He/Ar/H, gas mixtures. As has been
discussed previously (see, e.g., Ref. 23), in order to obtain
thermal rate coefficients for recombination of ions with elec-
trons in a stationary afterglow experiment, the plasma should
be thermalized and the electron and ion temperatures during
the afterglow should be equal.

During the microwave discharge, the electrons are heated
by the electric field and their temperature (7'.) is significantly
higher than the kinetic temperature of the ions (Tkj,) and
neutrals. After switching off the microwaves, T. and Tkiy
equilibrate due to elastic electron-neutral, ion-neutral, and
electron-ion collisions. However, in He/Ar gas mixtures, some
long-lived (metastable) excited He and Ar neutrals may survive
into the afterglow and heat the electrons in superelastic colli-
sions. For molecular ions, one further demands that the distri-
bution of rotational and vibrational states of the recombining
ions should be in thermal equilibrium at the kinetic temperature
of the ions. In the case of H; ions, it is also important to know
the relative populations of the two spin modifications (para and
ortho), even if they are not in thermal equilibrium. The CRDS
setup allows us to obtain the kinetic temperature of HJ ions
from the Doppler broadening of absorption line (see Sec. III A
for details) as well as to infer the rotational temperature from
the populations of different rotational states of H;.ZO’B The
relative abundances of the two nuclear spin states and their evo-
lution during the afterglow plasma can be also monitored by
CRDS.ZO’23
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As mentioned above, the crucial parameter for electron
ion recombination in plasma is the electron temperature 7.
In low-temperature plasmas, it is in principle possible to mea-
sure T directly by a Langmuir probe (for details, see Ref. 25).
The electron temperature can be indirectly determined by
utilizing the steep temperature dependence of the electron-
assisted ternary recombination (E-CRR) or from the measured
rate of charged particles losses due to ambipolar diffusion.”’
Whereas the former method is applicable only for atomic ions
(e.g., for Ar* ions'!®"), the latter ones sensitivity is limited
and strongly depends on the quality of the evaluated data. In
another approach, we monitored the relaxation of the after-
glow plasma by probing the rate of removal of the highly
excited particles (excited helium dimers and argon atoms) and
its dependence on the Ar, H,, or D> number densities.?'8 This
approach was used in the present study.

As a part of the tests of the new Cryo-SA-CRDS appa-
ratus, we studied the time evolution of the number density
of the 3s*3p°(*P; 4P 2[3/2] J =2 excited states of argon
(we will use symbol Ar* in the following text) in the dis-
charge and afterglow plasma using the electronic transition
3s23p° (*P§ 1)4p 2[3/2] J =2 - 3s3p°(*P§ 12)35 2[3/2]1 J =2
at 7230.922 cm™! (see Ref. 83). The radiative lifetime of this
state is shorter than 1 us.®* As can be seen from the data plot-
ted in Fig. 8, at the used experimental conditions (7'c = 58 K,
[He] = 6 x 10'7 cm™3, and [Ar] = 0.2 — 1.9 x 10'* cm™),
the excited Ar* atoms survive in the plasma after switching
off the discharge substantially longer than what would have
been expected from the lifetime of Ar”. This indicates that
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FIG. 8. Time evolution of the relative number densities of the
3s2 3p5(2P‘3’ /2)4p 2[3/2]J =2 excited state of argon (Ar*) in afterglow plasma
measured for different values of argon number densities denoted by Ay, Ay,
A3z, and Ay; the corresponding number densities of Ar are 2.1 X 103 ecm™3,
4.4%x1013 cm‘3, 8.4x1013 cm‘3, and 1.9x 1014 cm‘3, respectively. The used
transition was 3s23p° (%P} 24D 2[3/21J =2 - 3s23p° (P )58 2[3/21J =2.
Note that the radiative lifetime of the monitored state is shorter than 1 us.5*
For better readability of the plot, the measured relative number density of
excited argon atoms was divided (normalized) by the relative number density
measured at the time of switching off the discharge. Time is set to zero at
the beginning of the afterglow which is denoted by the vertical dashed line.
The inset shows the dependence of measured reciprocal time constants 1/7%
of the exponential decays on argon number density. The fast decay of the
Ar* number density in the early afterglow (¢ < 200 us) is not considered
in the fit. Under assumption of steady-state approximation, the slope of the
plot corresponds to the overall rate coefficient of the removal of He™ in
collisions with Ar from afterglow plasma including the Penning ionization
and excitation transfer.
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another source of excitation energy is present as the excitation
energy of this electronic state is larger than 13 eV. The most
likely sources of this energy are helium metastable atoms He™
(2'S and 23S states) produced in the discharge.®> The helium
metastable atoms can, in superelastic collisions, transfer their
energy to the electrons leading to the increase in the electron
temperature. When Ar is added to the helium buffer gas, the
helium metastable atoms are removed from the afterglow by
the Penning ionization of argon and by the excitation transfer.
This leads to the decrease in the measured time constant 7# of
the exponential decays of [Ar*] with [Ar] (see Fig. 8 and its
inset). Under the assumption of steady-state approximation,
the corresponding overall rate coefficient for the removal of
He™ from afterglow plasma (by the Penning ionization and
excitation transfer) can be inferred from the plotted depen-
dence of 1/7* on [Ar] in the inset of Fig. 8, kar(Tc = 58 K)
= (1.0 £ 0.2) x 107" cm? s™!. Note that at 300 K, the rate
coefficient for the Penning ionization of argon by helium
metastable atoms is kpp(300 K) = 7 x 10711 cm? s7! (see
Ref. 86). A similar set of experiments was performed by keep-
ing the argon number density constant [Ar] =2 x 103 cm™3
and changing [H,] in the range of 0.2 — 2 x 10'3 cm™3. The
evaluated rate coefficient for the removal of He™ in collisions
with H, was then ki (T =53 K)=(6.1 £ 1.3) x 10~ em3 s~ 1,
The values of ky; obtained in the previous experiment®! were
ki2(80 K) = (0.9 + 0.3) X 10719 em? s71, kpyp(140 K) = (1.9
+0.2)x 10710 cm? s7!, and k12(300 K) = (2.7 + 0.2) x 10710
cem® s71, ie., ki decreases with the decreasing temperature.
A similar conclusion can be drawn based on data in Refs. 43
and 81 also for k. This emphasizes that for low-temperature
recombination studies in helium afterglow plasmas, special
attention has to be paid to ensure the effective removal of
excited metastable particles.

C. Recombination study

In this section, we will demonstrate the capabilities of
the Cryo-SA-CRDS apparatus for recombination studies on a
test case of H} dominated plasma. We are aware that draw-
ing meaningful conclusions about the recombination of HJ at
low temperatures will require large data sets. Those will be
presented in a later publication.

Examples of observed time evolutions of Hj number
densities in afterglow plasmas measured at 7c =48 K and
Tc =119 K are shown in Fig. 9. Our previous studies of H
recombination in the temperature range of 80-300 K have
shown that the rotational temperature obtained separately from
populations of rotational states within the ortho and para states
manifolds is close to the temperature of the buffer gas. In
the present study, we have also confirmed this observation for
para-H;r ions at 30 K. As shown, e.g., in Ref. 20, the thermal
population of states within each nuclear spin states manifold
is maintained even when the ratio between the para and ortho
nuclear spin states number densities differs from the thermal
equilibrium value.

To obtain the overall number density of H; ions, we
first measured the relative population (para fraction, Pf3) of
the para-Hj ions Pf3 = [para-Hj]/([para-H3] + [ortho-H]) at
the given temperature. The number densities of all para- and
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FIG. 9. Time evolutions of the number densities of the H;’ ions measured
at two different temperatures. Panel (a): Tc = 48 K, P = 190 Pa, and
[Hy] = 3.4 x 10" cm™3. Panel (b): Tc = 119 K, P = 900 Pa, [Hy] = 5
x 1013 cm™3, and [Ar] = 1.4 x 10'* cm~3. The dashed line is the fit to the data
that includes both recombination and exponential losses. The dotted-dashed
line denotes the exponential losses only. The double dotted-dashed lines show
the calculated time evolutions of the relative density of He™ atoms, based
on the overall rate coefficient of the Penning ionization and excitation trans-
fer (see Refs. 43 and 81) and those obtained in this study [ka(Tc = 58 K)
=(1.0+02) x 100" em? s7! and kyp(Te = 53 K) = (6.1 + 1.3) x 1071
cm? s~1]. For simplicity, we assume that at 7 = 0, the density [He™] is equal
to the measured ion density. The inset in panel (a) gives an overall view of
the measured time evolution of the H} number density during the discharge
and during the afterglow. The inset in panel (b) shows the time dependence of
the reciprocal value (1/ny3) of the ion number density. Here the dashed line is
again a fit that includes both recombination and exponential losses of charged
particles, and the dotted line denotes appropriate recombination losses. The
effective recombination rate coefficient a¢ evaluated from the presented data
is written in each panel.

all ortho-HJ ions were calculated from the measured num-
ber densities of the lowest para-Hj (J = 1, G = 1) and the
lowest ortho-H;r (J =1, G = 0) rotational states assuming a
thermal population of states within each nuclear spin states
manifold. The obtained relative fraction of the para nuclear
spin states was then Pf3(T¢c = 48 K) = (0.45 + 0.02) and
Pfa(Tc = 119 K) = (0.49 + 0.02). The thermal equilibrium
value of Pf3 is ~0.52 at 50 K and ~0.49 at 120 K. To form
an H} dominated plasma, we used normal hydrogen from a
300 K reservoir where the ratio between the number densities
of the para and ortho nuclear spin states of H is 1:3. At 50 K,
the thermal equilibrium value for the ratio between the num-
ber densities of the para- and ortho-H; is approximately 3:1.
By feeding ortho-enriched hydrogen at 7'c = 48 K, we prob-
ably shift the population of HJ ions toward ortho-HJ. Further
measurements with different mixtures of ortho- and para-H;
at various temperatures are needed to further quantify this
effect.

The time evolutions of the H} ion number density dis-
played in panels (a) and (b) of Fig. 9 were calculated from the
measured time evolution of the ortho (J = 1, G = 0) rotational
state number density assuming thermal population of ortho and
para nuclear spin states separately and using measured Pf3.



063116-9 Plasil et al.

The dashed lines in Fig. 9 denote the fit of the measured
overall H} ion number density ny3 by the equation (assum-
ing quasineutrality of plasma and that HJ ions are dominant
ionic species in the afterglow)

1

a1} 1
a/effT<eT —1)+ e

, ey

ny3 =

o

where a.¢ is the effective recombination rate coefficient, ng is
the H; ion number density at ¢ = ¢ in the afterglow ng = ny3
(t =1tp), and 7 is the time constant of the exponential losses of
the charged particles

L1, .

T ™D TR
where the time constant 7p represents the losses of charged
particles by ambipolar diffusion and 7R is the time con-
stant for losses of HJ ions due to ion-neutral reactions.
In the investigated temperature range, the main process in
He/Ar/H, gas mixtures is the formation of fast recombin-
ing HI ions in the three-body association of H} with Hp
and He,

+ ks ot
H3 + Hy + He — H5 + He. 3)

The rate coefficient for this process at 80 K is k3 =(2.5
+0.7) x 1072 cm® s7! (see Ref. 87). Note that in the limit
of negligible exponential losses (r — o), Eq. (1) can be
simplified as

1 1
— = — + et — 10), 4)
ngz o
i.e., the reciprocal value of the measured ion number density
increases linearly in time with the slope giving the value of
Qeff.

Using the obtained rate coefficients for the Penning ion-
ization and excitation transfer (see above) and those from
Refs. 43 and 81, we calculated the expected decrease in the
relative number density of He™ during the afterglow due to the
Penning ionization and excitation transfer at 7'c = 48 K and at
Tc =119 K[see panels (a) and (b) of Fig. 9]. Because we do not
know the absolute value of the He™ density at the beginning
of the afterglow, we set it arbitrarily equal to the ion number
density for better comparison with H} ion density decays in
Fig. 9. Previous studies performed in flowing afterglow> and
stationary afterglow®® plasmas have shown that the He™ num-
ber density after switching of the discharge is comparable to
that of the electrons. Note that at the conditions of the present
experiments, the calculated relative number density of He™
decays by more than order of magnitude within first 100 us
after switching off the discharge. The effective removal of the
He™ particles on a time scale substantially shorter than that
of the ion density decay is crucial for future recombination
studies at low temperatures.

The effective recombination rate coefficients evalu-
ated from the data in panels (a) and (b) of Fig. 9 were
Qeii(Tc =48 K, Pf3 =0.45) = (1.0 + 0.3) x 1077 cm® s~! and
@eii(Te = 119 K, Pf3 =0.49) = (2.3 £ 0.1) x 1077 cm? s71,
respectively. The errors are statistical errors of the fits. It has
been shown in previous studies'®!"'? that in the case of H}

Rev. Sci. Instrum. 89, 063116 (2018)

ion electron recombination, the value of the measured effective
recombination rate coefficient is enhanced by collisions with
buffer gas particles even at pressure of 100 Pa. The dependence
of the measured a.f on buffer gas number density (helium in
our case) can be written as

Qeff = Upin + Kpe-TBR[HeE], (5)

where api, 1s the binary recombination rate coefficient and
Kpe-TBR 15 the ternary rate coefficient of He-assisted ternary
recombination. The values of ay;, for 55 K and 125 K obtained
in the recent Cryo-FALP II experimentg9 were apin(55 K)
= (8 £ 3) x 1078 cm? s7! (see Fig. 3 in Ref. 89) and
@pin(125 K) = (8.2 + 2.0) x 1078 ¢cm? s™! [calculated from
the dependence of @i, on T from: Ref. 89 apip, = (6.0 + 1.8)
x 1073(300/7)0-36%0-99 ¢cm3 =1 that is valid in the temper-
ature range of 80-300 K]. Similarly, the values of Kye 1R
reported in the same experiment'®%" were Kye1pr(55 K)
= (8.0 £ 3.0) x 1072% cm® s and Kyeter(125 K) = (1.9
+ 0.6) X 1072 cm® s™!. The corresponding effective recom-
bination rate coefficients calculated from Eq. (5) using appro-
priate helium number density are then a.(55 K, 190 Pa)
=(1.0+0.3) x 1077 cm?® s™! and (125 K, 900 Pa) = (1.8
+ 0.4) x 1077 cm® s™! which are in good agreement with
values obtained in the present experiment. Note that in the
Cryo-FALP II experiment,'®° the actual value of Pf; was
not measured. It was later inferred from an extrapolation of
the available experimental data that Pf3(60 K) = 0.45 and
Pf3(125 K) = 0.5 (see in Ref. 20) which are in good agreement
with the present values.

IV. CONCLUSION AND OUTLOOK

The primary purpose of this paper was to introduce a new
experimental apparatus, designed to study electron-ion recom-
bination at temperatures from 300 K down to 30 K, a temper-
ature range of interest for applications in cold astrophysical
clouds.

The apparatus was constructed, the discharge tube filled
with He/Ar/H, gas mixtures was successfully cooled down
to 30 K, and Cryo-SA-CRDS was put into operation. In the
test experiments, which included measurements of ion density
evolutions and of the kinetic and the rotational temperature,
the conditions optimal for recombination studies were deter-
mined. The first tests in H} dominated afterglow plasmas have
demonstrated the performance and capabilities of new appara-
tus and support our expectation that the Cryo-SA-CRDS will
be a powerful instrument for recombination studies at tem-
peratures down to 30 K. The first application will be to Hj
ions with emphasis on nuclear spin state-specific electron ion
recombination and then most likely to their isotopologues D?,
H,D*, and HDJ.
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We present studies on the thermalisation of Hz™ ions in a cold He/Ar/H, plasma at
temperatures 30-70 K. We show that we are able to generate a rotationally thermalised
Hz" ensemble with a population of rotational and nuclear spin states corresponding to
a particular ion translational temperature. By varying the para-H, fraction used in the
experiment we are able to produce para-Hs" ions with fractional populations higher
than those corresponding to thermodynamic values. At 35 K, only the lowest rotational
states of para and ortho Hz* are populated. This is the first step towards experimental
studies of electron—molecular ion recombination processes with precisely specified
quantum states at astrophysically relevant temperatures.

1 Introduction

As a key proton donor in the interstellar medium (ISM),* the trihydrogen cation
has been attracting the attention of the astrophysical community for around half
a century."” Despite a long history of its observation in discharge experiments
dating back to the beginning of the 20th century,® we have only recently - in the
last decade in fact - begun to understand how these ions dissociate after
recombination with an electron, on a fundamental, quantum mechanical level.
As we understand it now, H;" ions recombine in an “indirect process”, in
which the ion captures an electron into a high-lying Rydberg state and the whole
complex evolves towards dissociation via a cascade consisting of Rydberg states
belonging to different nuclear configurations.* This non-Born-Oppenheimer
coupling between the electronic and H;" vibrational degrees of freedom enhances
the dissociative recombination (DR) cross section, and once taken into account
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accurately,” puts the whole model in excellent agreement with results from
storage ring experiments®” for collision energies below 0.2 eV — a range relevant to
the chemistry of ISMs.

However, it was clear already at the time of publication of the experimental
results that this picture is not complete. The storage ring experiments by Kreckel
et al.® and Larsson et al.” were partially blind to the rotational temperature of the
ions as they both operated at room temperature. As Petrignani et al.® pointed out
later, the distribution of the rotational states of the H;" ions corresponded to
380"°%, K, which was hardly useful for the determination of thermal rate coeffi-
cients used in astrochemical models. This also imposed complications on veri-
fication of the theory, as it predicts a strong dependence of a DR probability on
a rotational state of the ion.*?

The matter gets complicated further if one realises that a rotational state a H;"
ion can occupy is restricted by the arrangement of its nuclear spins. Since
a spontaneous conversion of the nuclear spin states is forbidden, the population
of the lowest rotational levels of the ground vibrational level is frozen once the
ions are isolated. This also means that one has to consider two different species,
para-H;" (with one nuclear spin anti-parallel to the others) and ortho-H;" (with all
nuclear spins parallel) when discussing the rotational temperature. This becomes
an eminent problem in astronomical evaluations of ISM temperatures, in which
the temperature inferred from a ratio of para and ortho state populations of H;"
mismatches the nuclear spin excitation temperature evaluated from the pop-
ulations of the lowest para and ortho states of H,: typically, one gets a lower
temperature for an ensemble of H;" ions.*

To make the situation even more confusing, the theory,” the storage ring
experiments'* and our plasma experiments,'>** all show that para-H;" recombines
with a higher rate coefficient than ortho-H;'. So why are para-states populated
more in interstellar clouds? Why does para-H;" not disappear leaving ortho-Hj"
behind? According to Crabtree et al.,'*'> answers to these questions can be ob-
tained from measurements of how nuclear spins get scrambled in para/ortho-
H;" + para/ortho-H, collisions. In their analysis of the H;" state population in
a hydrogen discharge, they specify which para-ortho transitions are energetically
allowed at low temperatures. Unfortunately, the interpretation of their
measurements is complicated by presence of Hs' clusters and by a high electron
temperature. In the work by Hejduk et al.,' we showed how to circumvent these
complications by using a He/Ar/H, precursor gas mixture and the afterglow rather
than the discharge plasma. The same measurements for even lower plasma
temperatures are repeated here to illustrate the applicability of this method to
actively controlling the nuclear spin state population of H;" ions at cryogenic
temperatures.

With the advent of cryogenic electrostatic storage rings,"” it may seem that the
best thing to do for the problem of the H;" DR is to wait until new measurements
of the cross sections are carried out, this time with a low temperature distribution
of rotational states. That may be true if one is interested only in two-body
recombination processes, but Nature, fortunately, offers many other
phenomena to study. In our previous papers,’>'*'® we speculated that plasma
temperatures below 100 K should bring an enhancement of neutral or electron
assisted three-body recombination processes — much to our surprise, we discov-
ered they do not in the covered temperature range and at the used electron
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number densities. For example, the recombination rate coefficient for ortho-H;"
is not affected by the electron-assisted three body recombination process at all
and decreases to an extent that can not be explained by the rotational state
density.” It is tempting to speculate that we are starting to observe quantum
mechanical restrictions here and that temptation drives our effort to decrease the
plasma temperatures further and further. However, such an endeavour would be
pointless if we do not tackle some of the problems emerging at very low
temperatures: for example, it turns out that Penning ionisation is suppressed*® or
that hydrogen cluster growth is enhanced so that it makes the dissociative
recombination of H;" ions with electrons unobservable (as discussed below). We
will have to find out how to circumvent these peculiarities in the future. The good
news we are presenting here is that we manage to set an arbitrary, even thermal,
distribution of rotational and nuclear-spin states of H;" ions in our experiments,
which is the first step towards state-resolved plasma experiments.

2 Experiment

The experimental setup consists of a cryogenic stationary afterglow apparatus in
conjunction with a continuous wave cavity ring-down absorption spectrometer
(Cryo-SA-CRDS). A detailed description of the experimental setup can be found in
ref. 19. The spectrometer is used to determine the densities of the ion species. The
plasma is produced in a discharge tube made of monocrystalline sapphire (inner
diameter of =2.3 cm) by a microwave discharge (2.4-2.5 GHz, 4-25 W) in a He/Ar/
H, or He/H, gas mixture with typical number densities of 5 x 10'7/10'*/10'* cm
or 5 x 10"7/10"* em™>. The discharge tube is cooled by a closed cycle helium
refrigerator enabling operation in a temperature range of 30-300 K. Our CRDS
employs a modification of the continuous wave CRDS setup developed by
Romanini et al.*® The laser light is modulated by an acousto-optic modulator
before entering the optical cavity of the CRDS. The optical cavity itself is formed
by two plano-concave highly reflective mirrors (reflectivity over 99.99%). Photons
exiting the cavity through the mirror on the other side are detected by an InGaAs
avalanche photodiode.>® A DFB laser diode and an external cavity diode laser
(Sacher TEC 500) were used as light sources covering H;" second overtone tran-
sitions probed in the present study (see Table 1 for details). The wavelength of the
probing laser was measured by an EXFO WA-1650 wavemeter.

Table 1 The second overtone transitions of Hz* used in the present study (Vpresent). Each
transition is labeled with corresponding vibrational and rotational (J,G) quantum numbers.
For further details on the spectroscopic notation see ref. 25. Energies of the lower levels E”
were taken from ref. 25. The numbers in the parentheses are estimated wavelength
determination errors in the units of the last shown digit. The spectral line intensities for
particular states S were calculated using Einstein A coefficients from ref. 26 using the
definition in ref. 27. The estimated error of the Einstein A coefficients and hence of the Hx™
rotational state number density determination is lower than 5% (ref. 28)

Vpresent [CM '] Spin E" [em™'] Transition S[em™" (molem™ %)™
6877.5538(12) p 169.296 3v3(1,2) « 0v3(2,2) 2.8 x 107"
7234.9729(12) o 315.342 3v3(4,3) < 0v3(3,3) 3.3 x 10"
7237.2978(5) p 64.123 3v3(2,1) < 0w3(1,1) 2.1 x 107"
7241.2623(5) 0 86.959 3v3(2,0) «— 0v3(1,0) 3.8 x 107"
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The experiments are carried out in the following manner. The microwave
discharge is ignited in a flowing precursor gas mixture and maintained for 200 ps.
After this period, the microwave power is switched off to let the plasma decay. The
concentrations of ions are observed spectroscopically throughout the discharge/
decay sequence. The next microwave power pulse arrives after 3 ms. This flow
of events is repeated until the desired statistical accuracy of the measured values
is reached.

In the following text, we will denote the relative concentrations of para-H,
hydrogen (p-H,) and ortho-H, hydrogen (o-H,) by Pf, and °f,, respectively. Simi-
larly, ortho-H;" will be abbreviated as °H;" and para-H;" as PH;". A notation p-
H;'(J,G) or o-H; ' (J,G) will stand for a rotational state of para-H;" or ortho-H;" with
rotational quantum numbers J and G. For hydrogen gas with a 300 K thermal
population of nuclear spin states (“normal hydrogen”, n-H,), Pf, = 0.25 and °f, =
0.75. The symbol e-H, denotes para-enriched H, gas with Pf, between 0.25 and
~0.995. The highly para-enriched hydrogen gas is produced using a “para-
hydrogen generator” that converts o-H, to p-H, on a paramagnetic surface
(thermally dehydrated Fe(OH)O, CAS number 20344-49-4), cooled down in
a cryostat to temperatures 10-18 K.>>** During the experiment, n-H, is liquefied in
a catalyst container and the saturated vapour of the converted gas e-H, flows
through an outlet tube connected to the Cryo-SA-CRDS apparatus. This configu-
ration provides e-H, with a well-defined and constant value of Pf, equaling 0.995 +
0.005. This value was determined separately from the temperature dependence of
the N" + H, reaction rate coefficient in an ion trap in a setup described in ref. 24.
Note that the value of Pf, measured in our 22-pole ion trap experiment represents
the maximal obtainable para state purity. As we have no means to determine Pf, in
situ in the Cryo-SA-CRDS experiment, the actual value of Pf, could be lower. The
flow of highly enriched p-H, gas can be set in the range of 2 x 10 *to 4 x 10> Pa
m® s~ with few percent relative error by varying the temperature of the catalyst
container, i.e., by changing its vapour pressure. To achieve a desired value of Pf,,
the produced H, gas is mixed with an appropriate amount of normal hydrogen.
When referring to e-H, without the admixture of n-H, thorough the text, we will
use a “nominal” value of Pf, = 0.995 + 0.005 but as stated above the actual value of
Pf, could be lower with the best estimate being Pf, = 0.98 + 0.02.

Absorption line profiles shown throughout the presented work are compiled
from time dependent values of the spectral absorption coefficient averaged over
the nominal discharge period at a given laser frequency. The term discharge in
this work corresponds to the state when the microwave power is on, i.e. the first
200 microseconds of the discharge/afterglow cycle and the term “early discharge”
corresponds to the first 50 microseconds of the discharge/afterglow cycle. We
have to add that due to the very nature of the employed CRDS, values of the
spectral absorption coefficient given at a nominal time parameter represent
a non-linear average of the actual spectral absorption coefficient over the char-
acteristic time of the ring-down signal. This means that each value assigned to
a specific time contains information from the future development of the moni-
tored species. We are currently working on a method that will allow us to combine
the standard methods of fitting the inferred data to an afterglow chemical
kinetics model with a simulation of our CRDS setup. Similarly, the term afterglow
means values determined as the average of the nominal time period from 200 to
400 ps.

This journal is © The Rovyal Society of Chemistry 2019 Faraday Discuss., 2019, 217, 220-234 | 223



Published on 17 January 2019. Downloaded by Max-Planck-Institut fiir extraterrestrische Physik on 9/1/2022 9:23:10 AM.

View Article Online
Faraday Discussions Paper

~H; (sum) T =35%+3K 3
p-H (1,1) [H,]=9x10"cm® |
[He] = 4.5x10" cm®

P

0.6

0 200 400 600 800 1000
t (us)

Fig. 1 Upper panel: The time evolution of the number densities of the two lowest rota-
tional states of Hz™ in the discharge and afterglow plasma measured at Ty, = 35 + 3 K and
nominal Pf, = 0.995 + 0.005. Lower panel: The time evolution of Pfz = [p-Hz*1/([p-Hz*] +
[o-H3z"]). Time is set to zero at the beginning of the discharge. The discharge is switched
off after 200 ps.

We also suspect that during the microwave power on phase, the discharge does
not reach a steady state value of electron number density as can be seen from the
drop of the temporal evolution of the inferred ion number densities, shown in
Fig. 1 and 2. This premature termination of the discharge is apparently not caused
only by the acquisition method (CRDS) itself but by a quality of the microwave
resonator. Once the electron number density reaches a value high enough to shift
a resonant frequency of the discharge set-up, the microwave power penetrating
the resonator decreases and the discharge terminates. This effect needs to be
closer examined in future work.

3 Results and discussion

In general, it is not safe to assume that in plasmatic environments the kinetic,
rotational, and vibrational temperatures of the ions (Tyin, Tror, and Tyip), the
temperature of the neutral buffer gas Ty and the electron temperature 7, have
the same value, either in the discharge or in the afterglow, as both discharge and
afterglow are dynamic systems, exchanging energy with the surroundings - the
microwave discharge pumps energy into the plasma, which has to be dissipated
in the afterglow. Therefore, the determination of all the aforementioned
temperatures is necessary. The kinetic temperature of the H;" ions was measured
from the Doppler broadening of the absorption lines and the rotational
temperature was evaluated from the relative populations of different rotational
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Fig. 2 Upper panel: The time evolution of the number densities of the three lowest
rotational states of Hz* in the discharge and afterglow plasma obtained at Ty, = 65 + 4 K
and nominal °f, = 0.995 4+ 0.005. The dashed line denotes the fit to the data by egn (8) and
the dotted line shows the fitted exponential losses of charged particles. Middle panel: the
relative populations of the corresponding rotational states of Hz*. Lower panel: The time
evolution of Pfz = [p-Hz*1/([p-Hz '] + [o-H3z"]). Time is set to zero at the beginning of the
discharge.

Pf3
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states of the ground vibrational state of H;'. In addition, we can define the
nuclear spin temperature Tp:

_ Ey — Ey 1 _ Ey— En (1)
kg In Niogp(2J11 + 1) kg ln2&7
Nugo(2Jio+1) Nio

Top

where kg is the Boltzmann constant and the rotational energies, rotational
quantum numbers and number densities of the (J,G) states are marked as Ejg, Jjg
and Njg. Note that the nuclear spin state degeneracies for para (ortho) states are
g = 2 (go = 4). In case of a thermal population of states Top = Tror-

We can also define the rotational temperature for the para (Tyo¢-para) and ortho
(Trorortho) NuUclear spin states separately using the number densities of the two
lowest ortho and para states of H;", respectively:

T _ E11 — Ezz 1 _ E22 - Ell (2)
ropa kg Nogp(2J11 + 1) ey In SN’
Nugp(2Jn + 1) 3Ny
Ey— Ex 1 Es; — Eyg
Totortho = = ) 3
rorth ke N33go(2J10 +1) I Vo )
B
Niogo(2J33 + 1) 3N3;
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where the same notation as in eqn (1) is used for the p-H;"(2,2) and o-H;'(3,3)
states.

Comparisons of the absorption line profiles for transitions from p-H;"(1,1) and
0-H;'(1,0) states obtained in discharge at Ty, = 35 + 3 K with nominal Pf, = 0.995
+0.005, and Pf, = 0.25 are plotted in upper and lower panels of Fig. 3. Absorption
lines corresponding to ions in p-H;'(2,2) and 0-H;'(3,3) states were undetectable
within our experimental accuracy at this temperature because more than 98% of
all the H;" ions were in one of the two lowest rotational states. The population of
p-H;" in discharge with n-H,, as evaluated from the absorption spectrum, was
Pf; = 0.462 + 0.014 (bottom panel of Fig. 3). The corresponding nuclear spin
temperature T,, = 61 & 4 K. On the other hand, under the same experimental
conditions (temperature, buffer gas pressure, hydrogen number density) but
using para enriched hydrogen (nominal Pf, = 0.995 + 0.005), the measured p-H;"
fraction was Pf; = 0.832 £ 0.016 and T,,, = 14 + 2 K. This means that we are able to
change the fractional population of the p-H;"(1,1) state from 46% up to 83% (with
the majority of the remaining ions being in the o-H;"(1,0) state) by changing the
Pf, fraction in the injected H, gas.

The time evolution of the number densities of the p-H;"(1,1) and o-H;"(1,0)
rotational states obtained at Ty, = 35 & 3 K, [He] = 4.5 x 10'” cm > and [H,] =
9 x 10" em? with nominal Pf, = 0.995 =+ 0.005 is plotted in the upper panel of

-

absorption (107 cm™)

absorption (10" cm™)

C 1, %0 3
-5 0 5-5 0
v—-v, (10 cm™)

ok

Fig. 3 Upper panel: The absorption line profiles measured in discharge for the lowest
rotational states of Hz", o-Hz"(1,0) and p-Hz*(1,1), at [He] = 4.5 x 10 cm™>, [H,] = 9 x
10" cm~3 and Ty, = 35 + 3 K with para enriched H, (nominal Pf, = 0.995 + 0.005). vg is the
wavenumber of the corresponding transition from Table 1. The p-Hz"(2,2) and o-Hz*(3,3)
states were not observed. Lower panel: The same as in the upper panel but normal H, gas
(°Pf, = 0.25) was used to produce Hz* ions. Note that the spectral line intensity S for the
transition involving the o-Hsz(1,0) state is almost two times higher than that for the
transition involving the p-Hs*(1,1) state. The resulting relative population of the p-Hz*(1,0)
state with respect to all Hz* states is 0.462 + 0.014 when using normal H, gas and 0.832 +
0.016 with para enriched H,.
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Fig. 1. The corresponding time dependence of the relative population of the p-
H;'(1,1) state is shown in the bottom panel of Fig. 1.

The absorption line profiles obtained in discharge with para enriched
hydrogen (nominal Pf, = 0.995 + 0.005) at Ty, = 56 &+ 4 K and Ty, = 65 + 4 K are
shown in Fig. 4. As in the previous case of Ty;, = 35 K, the overtone transition
from the 0-H;"(3,3) state was not observed with normal or with para enriched H,
but the transition from the p-H;"(2,2) rotational state was readily detected at both
Txin = 56 + 4 K and Ty, = 65 £ 4 K. The nuclear spin temperature was evaluated
to be T,p, = 18 & 2 K for Ty, = 56 £ 4 Kand T,, = 20 & 3 K for Ty, = 65 £ 4 K, so
the ratio of the populations of the ortho and para states of H;" is far from the
thermal equilibrium values at the given temperatures (the thermal equilibrium
values are Pf3(56 K) = 0.51 and Pf;(65 K) = 0.50, respectively). On the other hand,
the rotational temperatures evaluated from a pair of “para” states (1,1) and (2,2)
are Tyot-para = 52 £ 2 Kat Tiin = 56 = 4 Kand Tror.para = 60 £ 3 K at Ty, = 65 = 4 K.
We showed in our previous works'*? that the rotational temperature evaluated
from “ortho” states (Tiotortho) 1S €qual within experimental accuracy to Ty, at
neutral gas temperatures above 80 K: this implies that, while the measured
relative ratio of the number densities of H;" ions in the ortho and para nuclear
spin states (mirrored in Pf; and T,p) is strongly non thermal, the relative pop-
ulations of the states within the respective ortho and para state manifolds are in
accordance with the thermal equilibrium value at a given temperature (7Tyy).

The time evolution of the number densities of p-H;'(1,1), 0-H;"(1,0) and p-
H;'(2,2) measured in the discharge and afterglow plasmas at Ty, = 65 4 4 K and

absorption (107 cm™)

absorption (10”7 cm™)

5 0 55 0 55 0 55 0
v-v, (10% em™)

Fig. 4 Upper panel: The absorption line profiles measured in discharge for the three
lowest rotational states of Hz™*, ortho-Hz*(1,0), para-Hs*(1,1) and para-Hz*(2,2), at Tyi, = 56
+ 4 K at nominal Pf, = 0.995 &+ 0.005. rq is the wavenumber of the corresponding tran-
sition from Table 1. The ortho-Hs"(3,3) state was not observed. Pfz = 0.748 4+ 0.009, Top=
18 + 2 K, Tiot-para = 52 £ 2 K. Lower panel: The absorption line profiles measured in
discharge for the three lowest rotational states of Hz*: o-Hz"(1,0), p-Hs*(1,1) and p-
Hs*(2,2), at Tyin = 65 £ 4 K. The o-Hx"(3,3) state was not observed. Pfs = 0.725 4+ 0.007,
Top =20 = 3K, Tiot-para = 60 £ 3 K.
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nominal Pf, = 0.995 + 0.005 is plotted in the upper panel of Fig. 2. The relative
fractional populations of these states are shown in the middle panel of Fig. 2. The
Pf; fraction (lower panel of Fig. 2) decreases by a few percent during the first 200 us
of the discharge and then does not substantially change, which is a condition
necessary for future state selective recombination studies. Tyot.para increases from
57 £ 2 K in the early discharge to 64 £ 4 K in the early afterglow plasma. The time
decay of the overall number density of the H," ions (ny ) after switching off the
discharge can be described by equation:

dl’lH ny n

3 3 2 Hj

7 = QefflH;le — —— = —effH, — —— 4
ds } T } T’ ( )

assuming that H;" is the dominant ionic species and that the plasma is quasi-
neutral. Here a.¢ is the effective recombination rate coefficient, n. is the electron
number density and t is the time constant for the exponential losses of the
charged particles:

1 1 1
=t G

T D TR

where 1, is the time constant for losses of charged particles caused by ambipolar
diffusion. The time constant ty represents H;" losses by ion-neutral reactions,
mainly by the formation of fast recombining H;' ions in the three-body associa-
tion of H;" with H, and He:

Hy* + H, + He 5 Hs* + He. (6)

As process (6) prevails over the reverse “collision induced dissociation” at low
temperatures, the time constant for reaction losses is simply given by:

L ko[ He). )

TR

At 80 K the ternary reaction rate coefficient for process (6) is k3 = (2.5 £ 0.7) X
107> ecm® s™' (see ref. 29). Hence, the time constant for reaction losses is
approximately 530 ps if [H,] = 1.5 x 10** ecm > and [He] = 5 x 10" em* at this
temperature.

The dashed line in the upper panel of Fig. 2 denotes the fit of the measured
overall H;" number density 7y, by the analytical solution of eqn (4):

1
M, = 1 1 (8)
Oleff‘E(e T — 1) +—€r
ny

where n, is the number density of H;" at ¢t = ¢,. The corresponding effective
recombination rate coefficient is ae = (1.7 & 0.3) x 10~ " em® s~ . The cited errors
are statistical errors of the fit.

In order to successfully determine the thermal recombination rate coefficients
for ortho and para H;" ions in the afterglow plasma, we have to make sure that
several assumptions are valid:

(1) H;" is the dominant ion in the afterglow;
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(2) It is possible to substantially change the ratio of the number densities of the
ortho and para nuclear spin states of H;" and this ratio is constant in the after-
glow, or its time dependence is known with sufficient accuracy;

(3) The population of states within the nuclear spin state manifold is close to
thermal equilibrium, i.e. the internal states of the o-H;" and p-H;" are thermal-
ized to the temperature of the buffer gas: Tro.para = Trot-ortho = Tkin = Tgas;

(4) The electron temperature 7. is close to the temperature of the buffer gas;

(5) The populations of the excited vibrational states of H;" are in accordance
with the thermal equilibrium value at the given temperature.

The fulfilment of assumptions (2) and (3) was demonstrated in the previous
text. We assume that the vibrational relaxation of H;" ions is fast under the used
experimental conditions for higher vibrational states’** but Ty;, was not
measured in the present experiments. Assumptions (1) and (4) have to be dis-
cussed in detail.

Although the falling edge of the microwave power pulse is much shorter than 1
us, helium atoms excited by the discharge to metastable 2'S and 2°S states survive
in the afterglow for a long enough time to transfer their internal energy to elec-
trons in superelastic collisions increasing the electron temperature. As the radi-
ative lifetimes of these states are orders of magnitude longer than the typical
timescale of the experiment, it is necessary to ensure their fast removal from the
afterglow. The helium metastable atoms can be destroyed e.g. in the Penning
ionization®® of argon and H,. In previous studies,"**** we monitored the relaxa-
tion of the afterglow plasma by probing the rate of removal of the highly excited
particles (excited argon atoms and helium dimers) from the afterglow and its
dependence on [Ar] or [H,]. These measurements demonstrated that we can
ensure the fast removal of excited particles from the plasma by a meticulous
choice of reactant number densities at temperatures higher than approximately
45 K.

Unfortunately, the introduction of argon is not an efficient mechanism for the
removal of the metastable atoms at temperatures below 45 K. At such low
temperatures, the argon gas freezes on the walls of the discharge tube. Moreover,
the rate coefficients for Penning ionization and the excitation transfer by the
interaction of metastable helium atoms with H, or Ar decrease with decreasing
temperature further complicating the experiments at low temperatures.

To describe the time evolution of the number densities of different species in
the afterglow plasma, we use a numerical model of the chemical kinetics
described e.g. in ref. 36. A comparison of a model prediction and measured data is
shown in Fig. 5 for Ty, = 65 K. We modified the model from ref. 36 by adding
state-to-state reaction rate coefficients for the o/p-H;" + o/p-H, system from ref.
37. As can be seen in Fig. 5, the model of the chemical kinetics is in good
agreement with the experimentally obtained time evolution of the p-H;" and o-H;"
number densities. The model of the chemical kinetics also helps us to estimate
the amount of Hs" ions produced in reaction (6) and their impact on the
measured effective recombination rate coefficients. We can also employ the
model of the chemical kinetics to predict the possible time evolution of Pf;
induced by different values of recombination rate coefficients for the recombi-
nation of p-H;" and o-H;" with electrons. Following the derivation in ref. 36 we
can crudely estimate the number density of H;" ions in the afterglow plasma
using the steady state approximation:
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Fig. 5 The results of the model of the chemical kinetics (dashed lines) together with the
actual measured time evolution of the p-Hz* and o-Hz* number densities obtained at
Tkin = 65 £ 4 Kand nominal Pf, = 0.995 4+ 0.005. Parameters used in the model: [He] =5 x
107 cm™3, [Ho] = 1.5 x 10 cm ™3, P, = 0.95, ks = 2.5 x 1072° cm® s~ ! and the recom-
bination rate coefficients for recombination of p-Hz" and o-Hz* with electrons were set as

ap=17x10"cm?®s tand ap=0.2 x 10" cm®s~!. Time is set to zero at the beginning of
the afterglow.

1 k3[H2HHe] [H3+}
[Hs™] = k ;[He] + asn,

(9)

where k_; is the rate coefficient for the reverse of reaction (6) and «s is the
recombination rate coefficient of H;" ions with electrons. Assuming n. = [H;'] +
[H5'] and that the loss of H5" ions by collision induced dissociation is negligible
in comparison with losses due to the their recombination with electrons, we get:

Z
Y
Hs'] = ———<[H;"], (10)

2

where a = a5tp[H;"]. Using tg = 530 ps, a5 = 4 x 10~ ° ecm® s from ref. 38 and
[H;'] =3 x 10'° em?, the estimated number density of H;" ions is [Hs'] = 4.7 x
10 ecm ™’ (see the results of the chemical kinetics model in Fig. 5 for
comparison).

The ability of the present experimental setup to control the ratio of the pop-
ulations of the ortho and para nuclear spin states of H;" is demonstrated in Fig. 6.
The values of Pf; measured in discharge at Ty, = 35 + 3 K, Ty, = 56 + 4 K and
Twin = 65 £ 4 K are plotted for different values of the relative fraction of p-H,. At
Tiin = 35 K, the value of Pf; is given by the populations of the p-H;'(1,1) and o-
H;'(1,0) states only. The obtained values of Pf; are compared to the Pf, and Pf;
values expected for a thermal population of the states, and to the dependence of
Pf: on Pf, calculated from the model of the chemical kinetics. As can be seen from
the upper panel of Fig. 6, the values of Pf; measured in the early discharge at
particular values of Pf, are not in agreement with the dependence of Pf; on Pf,
calculated from the model of the chemical kinetics (lines in lower panel of Fig. 6).
Note that in the discharge, H;" ions are continuously produced in the reaction of
H;" with H, resulting in the “nascent” Pf; fraction given by Pf nascent (dotted line
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Fig. 6 Upper panel: The dependence of the measured Pfz ratios on the used nuclear spin
composition of the H, gas in early discharge at Tyin = 35 + 3 K, [He] = 5.0 x 10 cm~,
[Ha] = 9 x 10 cm™>, at Ty, = 56 + 4 K, [He] = 4.5 x 10" cm ™3, [H,] = 1.5 x 10 cm 3,
and at Tyin =65 £ 4 K, [He] = 4.8 x 10" cm ™3, [H,] = 1.5 x 10 cm ™3, and in the afterglow
plasma at T, = 56 £ 4 K. Fits of the data obtained for the discharge plasma in ref. 16 at 80
K and 300 K are plotted as dash-dotted and dashed lines, respectively. The "nascent™° Pfz
from o/p-H,* + o/p-H, reactions is plotted as a dotted line. Lower panel: The values of Pfs
obtained in the afterglow plasma at Ty, = 56 + 4 K are compared to data measured by
Grussie et al.*® using a 22-pole ion trap at a trap temperature of Tyyap =54 £ 1K, Tyjn =62 +
3K, Trot-para =69 £ 4 Kand Pf, = 0.66 £ 0.05; at Tyrap = 48 £ 1K, Tiin =62 £ 3K, Trot-para =
62 + 3Kand Pf, = 0.74 + 0.05, and at Tyyap = 44 £+ 1 K, Tyin =60 £ 5K, Trot-para = 66 £ 4 K
and Pf, = 0.82 4 0.05. The full circles denote the corresponding values of Pf, and Pfz in
thermal equilibrium. The different lines denote the dependences of Pf; on Pf, calculated
from the model of the chemical kinetics for 30 K (full line), 50 K (dashed line) and 60 K
(dash-dotted line).

in Fig. 6). The values of Pf; obtained in the present experiment in an afterglow
plasma at Ty, = 56 + 4 K are compared in lower panel of Fig. 6 to those measured
by Grussie et al.*® at T, = 60 £ 5 K and at Ty, = 62 £+ 3 K in a 22-pole ion trap
experiment (see the caption of Fig. 6 for further details). Although the values of Pf;
measured in the afterglow plasma for particular Pf, values are lower than those
obtained in discharge (compare the full and open triangles in the upper panel of
Fig. 6) the agreement with the model of the chemical kinetics is not perfect. This
could indicate that a small number of H;" ions are still produced in the afterglow.
This would be possible if the metastable helium atoms were not removed from
the afterglow fast enough, leading to the creation of H," ions by the Penning
ionization of H,. On the other hand, the thermal rate coefficients for the o/p-H;" +
o/p-H, collisional system employed in our chemical kinetics model were
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calculated by Hugo et al.*” based on a microcanonical approach using the Lan-
gevin model and conservation laws in the temperature range of 5-50 K. The actual
values used in our calculations are those of Table 8 of ref. 37, fitted in temperature
ranges of 5-20 K or up to 50 K, depending on the magnitude of the rate coeffi-
cients. For temperatures outside these ranges the extrapolated values based on
the given functional forms lose their predictive power as can be seen from the
comparison with the thermal values (full circles in the lower panel of Fig. 6). In
other words, our model calculations for temperatures higher than 50 K come with
a price of systematic uncertainties in the predicted values.

4  Summary

The Cryo-SA-CRDS apparatus was employed to study how the populations of the
rotational and nuclear spin states of H;" evolve in the discharge and afterglow
plasma in the temperature range of 35-70 K. Both the rotational and the nuclear-
spin state distributions were confirmed to not change significantly in the after-
glow plasma. The distribution of the nuclear spin states can be varied by
adjusting the fraction of para-H, in the precursor hydrogen gas, while the rota-
tional state distribution within each nuclear spin manifold is governed within
experimental uncertainty by the kinetic temperature of the ions. This behaviour
can serve as a method for the preparation of a thermal ensemble of p-H;" and o-
H;" ions, which is important for obtaining thermal recombination rate coeffi-
cients in the plasma. We have demonstrated that, although the nuclear spin
temperature describing the ratio between the ortho and para H;" states can
substantially differ from the kinetic temperature of the H;" ions, the rotational
states within each ortho and para state manifold are populated in accordance
with the thermal equilibrium at a given temperature. We have seen that only a few
H;' rotational states are populated in the studied temperature range. At Ty, = 35
K, the majority of H;" ions are either in the p-H;"(1,1) state or in the 0-H;'(1,0)
state. We are thus able to prepare H;" ions with a desired mixture of two quantum
states of which up to 83% can be in the p-H;'(1,1) state. This is crucial for future
studies of the state selective recombination of H;" ions with electrons performed
at conditions relevant for astrochemistry. Nevertheless, prior to that, we still need
to control the removal of metastable helium atoms from the afterglow plasma at
temperatures below =50 K. We will address this issue in future work.
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ABSTRACT

Recombination of N;H" ions with electrons was studied using a stationary afterglow with a cavity ring-down spectrometer. We probed in situ
the time evolutions of number densities of different rotational and vibrational states of recombining N,H" ions and determined the thermal
recombination rate coefficients for N;H" in the temperature range of 80-350 K. The newly calculated vibrational transition moments of N,H*
are used to explain the different values of recombination rate coefficients obtained in some of the previous studies. No statistically significant
dependence of the measured recombination rate coefficient on the buffer gas number density was observed.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128330

I. INTRODUCTION

N,H, an important interstellar ion, has been observed in
different interstellar environments such as dark and translucent
clouds,"” protostellar cores,” and protoplanetary disks’ and is con-
sidered to play a role in the atmospheric chemistry of Titan.” N,H*
serves as an important tracer for N, in dark clouds; therefore,
detailed information on production and destruction processes of
N,H* could help with the prediction of N, abundance in this envi-
ronment. N,H in the interstellar medium is mainly produced in
proton transfer from Hj to N, and its main destruction mecha-
nisms are proton transfer to CO and dissociative recombination with
electrons.”

Due to the fundamental character of the process of recombina-
tion of NoH" ions with electrons and because of its profound impor-
tance for the interstellar chemistry, the recombination of N,H"
ions has been studied for over 40 years,’" but the results of various

theoretical and experimental studies differed by almost an order of
magnitude. Different experimental techniques were employed to
obtain the value of the recombination rate coefficient for N H"
recombination with electrons starting with the merged beam study
of Mul and McGowan® who reported a recombination rate coeffi-
cient @ = 7.5 x 1077 cm® s7! at 300 K (according to Refs. 7 and 9,
this value has to be divided by a factor of two to correct for a cal-
ibration error). A substantially lower value at room temperature
was obtained in the Flowing Afterglow Langmuir Probe (FALP)
experiment of Smith and Adams (1.7 x 1077 cm?® s7!, see Refs. 10
and 11) and also in an early storage ring experiment CRYRING
(1.0 x 1077 em® s7', see Ref. 12). Later FALP experiments by Smith
and Spanel'” and by Poterya et al."* reported slightly higher values of
2.4 x 1077 cm® s™" and 2.8 x 1077 cm® s™* at 300 K, respectively. A
value of 2.1 x 1077 ¢cm® s™! was used by Rosati et al."” to explain the
emission spectra from N;H" recombination in the flowing afterglow
plasma at room temperature. This is in excellent agreement with
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recent results from an ion storage ring experiment by Vigren et al.’
However, at the lower temperatures of interest to astrochemistry, the
FALP and ion storage ring results differ by a factor of two at 100 K.
In all these measurements, the internal excitation of the recombin-
ing ions was not known and, especially in the case of the ion storage
ring experiments, the rotational population of N;H" ions in the ring
probably corresponded to a temperature of 300 K or higher.'® The
only experimental study that probed the internal excitations of the
recombining N, H" ions was performed by Amano'” who reported a
recombination rate coefficient & = 7 x 1077 cm® s~! at 273 K, sub-
stantially higher than the corresponding FALP or ion storage ring
results.

There are only a few theoretical studies of the dissociative
recombination of N,H" ions with electrons. The direct dissocia-
tive recombination process for N,H* recombination with electrons
at low collision energies is highly inefficient according to Hickman
etal."’ and Talbi."” Fonseca dos Santos et al.”""*" treated the indirect
mechanism for dissociative recombination of N,H" ions by con-
sidering several types of vibronic couplings through all vibrational
modes of the molecular ion, but their results are up to a factor of
two lower than the values from recent FALP and ion storage ring
experiments and five times lower than the results of the absorp-
tion spectroscopy experiment by Amano."” One of the aims of our
study is to help resolve the discrepancies between theory and various
experimental studies.

In low density environments, as in the interstellar medium or
in ion storage rings, electron-ion recombination is a purely binary
process,

NoHY + e~ 2% neutral products, (1)

where aypi, is the binary dissociative recombination rate coefficient.
In the presence of an ambient gas (e.g., the helium buffer gas in
the present experiments), the recombination can be enhanced by a
three-body recombination process,””

N,H" +e” + He Ko, neutral products, 2)

where K. is the ternary recombination rate coefficient. Process (2)
has been extensively studied for atomic ions”** and to some extent
for molecules,”*” ** and the experimental results at temperatures
at or above 300 K mostly confirmed theoretical predictions™”*’ with
Kie ~ 1072 ¢cm® s™! at 300 K. On the contrary, recent studies on
recombination of Hj ions or their deuterated isotopologues with
electrons in the helium buffer gas™ ** reported much faster ternary
recombination with ternary recombination rate coefficients on the
order of 1072 cm® s™! at 300 K. Even higher ternary recombina-
tion rate coefficients were obtained for H} ions in the H, buffer
gas.””" This was taken as an indication that ternary recombination
of Hj (and its isotopologues) proceeds via dissociation of long-lived
excited intermediate states.’””’ As the recombination of N,H" ions
with electrons is also governed by an indirect dissociative recom-
bination process involving excited Rydberg states,”’ a three-body
recombination might also contribute to the overall deionization of
the N;H* dominated plasma in ambient gas.

This paper describes an experimental study on recombination
of N,H" ions with electrons in the temperature range of 80-350 K
with spectroscopic determination of number densities of different
rotational and vibrational quantum states of recombining NyH*

ARTICLE scitation.orgljournalljcp

ions. In addition, attention was paid to a possible dependence of
the measured recombination rate coefficient on buffer gas number
density.

Il. EXPERIMENT

The recombination rate coefficients””” are measured in a sta-
tionary afterglow (SA) in conjunction with cavity ring-down spec-
troscopy (CRDS) to monitor the decay of the densities of different
rotational and vibrational states of N;H™ ions. The plasma is gen-
erated in a pulsed microwave discharge in a fused silica tube (inner
diameter ~1.3 cm). The microwave generator is equipped with an
external fast high-voltage switch to cut off the power to the mag-
netron within a fall time less than 30 ys. A low microwave power
in the range of 10-25 W, with »40% duty cycle, is used to avoid
excessive heating of the gas during the discharge. The discharge tube
temperature (Tiec) is measured by a thermocouple outside of the dis-
charge and can be varied between 80 and 350 K. As will be shown
below, T is within the error of the measurement equal to both
kinetic temperature of the ions Ty, and rotational temperature Trot.
In the following text, we will use T as a nominal temperature T
describing the experiments. Liquid nitrogen or precooled nitrogen
vapors are used as a coolant. The discharge is ignited in a helium
buffer gas with admixtures of Ar, H,, and N, (with a typical com-
position of 10'7/10"/10'/10" c¢m™>) or in an H, buffer gas with
an admixture of N, (typical density [Hz] = (0.3-1) x 107 em™3,
[N2] ~ 10" cm™). Only “normal” hydrogen, where para and ortho
nuclear spin manifolds are in equilibrium at 300 K and para-H,
to ortho-H, ratio is 1/3, was used in these experiments. The time
constants of processes of formation and relaxation of the N,H*
dominated afterglow plasma are discussed in the Appendix.

The main diagnostic technique is the time-resolved cavity ring
down absorption spectroscopy in the continuous wave modifica-
tion (cw-CRDS), based on the configuration described by Romanini
et al.”’ For details on the present SA-CRDS setup used for studies of
electron-ion recombination, see, e.g., Refs. 32 and 38-41. The vibra-
tional states of NoH" will be denoted here by the symbol V1V12V3,
where vi, v2, and v3 indicate the numbers of vibrational quanta in
their three normal modes, while / is the quantum number associated
with the vibrational angular momentum corresponding to the dou-
bly degenerate bending mode. The overtone transitions originating
from the ground vibrational level (000) and from the first excited
vibrational level (0110) of NoH" were used to probe the time evo-
lution of number densities of N,H ions in different rotational and
vibrational states.

The transitions used in the present study are summa-
rized in Table I. Ammonium transitions at 6314.1334 cm™" and
6314.4382 cm™" (line positions taken from HITRAN database’’)
were scanned to estimate the amount of NH; produced in the dis-
charge. NHj reacts rapidly (knw, = 2.3 x 107° cm3sfl) with N,H*
ions forming NHj ions.” At the buffer gas and reactant number
densities used, the measured number density of NH; during the
experiments was less than 5 x 10'" cm™. The corresponding char-
acteristic time constant for formation of NH} in reaction of N,H*
with NHj is then at least 900 ys. Our computer model of chemical
kinetics predicts that, with [NH3] =5 x 10" em™3, the number den-
sity of NHj ions will be below 3% of all ions in the recombination
dominated early afterglow plasma.
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TABLE I. List of the transitions in the (200)-(000) and (21'0)-(01'0) vibrational bands
of NaH" (Vexp) that were used in the present study. The line positions were taken from
Ref. 44. Note that there is a typing error in the third column of Table Il in Ref. 44—
there should be Bygg = 1.528 cm=" instead of 1.538 cm=" in all rows in the table.
The numbers in the parentheses are errors of the measurement in units of the last
quoted digit. Each transition is denoted by the appropriate branch (P or R) and by the
rotational quantum number of the lower state. Upper indices e and f denote parity.

Band Transition Vexp (em™ 1Y)
(200)-(000) P(8) 6310.3902(2)
(200)-(000) P(7) 6313.8544(2)
(200)-(000) P(6) 6317.2682(2)
(200)-(000) P(5) 6320.6311(2)
(21'0)-(01'0) R(9Y 6317.2450(11)
(21'0)-(01'0) R(9)° 6317.4329(20)
(21'0)-(01'0) R(10)° 6319.7976(6)

I1l. RESULTS AND DISCUSSION

The time dependent optical absorption signals are recorded
during the discharge and during the afterglow. The measured
absorbances are then converted to the number densities of N, H"
ions in particular quantum states. The conversion makes use of
recently calculated transition dipole moments (see Sec. I'V and Ref.
45 for further details). The overall number density of N;H is then
calculated from these partial number densities under assumption of
thermal population of states.

The time evolutions of the densities of N;H" ions in differ-
ent rotational states of the ground vibrational state are plotted in
the upper panel of Fig. 1. As can be seen from the middle panel of
Fig. 1, the fractional populations of the measured rotational states
do not change significantly in the afterglow. This does not necessar-
ily imply that the recombination coefficients for different rotational
states are the same since rotational relaxation is much faster than
recombination at used experimental conditions.

In principle, rotational or vibrational excitation of the recom-
bining N>H" ions could significantly affect the recombination rate
coefficients, as was pointed out by Fonseca dos Santos et al.,”’ whose
theoretical treatment, however, did not include such effects. The
measurements reported here yield thermal recombination rate coef-
ficients, and we carefully checked that the kinetic, rotational, and
vibrational temperatures of the ions (Tyin, Trot> and Tyip,) and the
temperature of the neutral buffer gas Tre have the same value in
the afterglow plasma. The kinetic temperature of the NH" ions
was measured from the Doppler broadening of the absorption lines.
At the used experimental number densities of the buffer gas, the
pressure induced broadening is not negligible. We fitted the absorp-
tion lines by a Voigt profile. The corresponding pressure broad-
ening coefficient B, was determined from the dependence of the
Lorentzian widths of the fitted Voigt profiles on helium number
density. Pressure broadening coefficients Bp measured in the tem-
perature range of 78-300 K in the helium buffer gas for the P(6)
transition in the (200) < (000) vibrational band are summarized in
Table IT. We assume that Bp for other transitions within the P branch
are similar.
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FIG. 1. Upper panel: time evolution of number densities of different rotational states
of the ground vibrational state of NoH* ions during the discharge and the afterglow
plasma. The electron number density n. was calculated from the measured ion
number densities under assumption of plasma quasineutrality and thermal popu-
lation of states. Time is set to zero at the beginning of the afterglow. The dashed
line denotes fit to the data by Eq. (5), and the dotted-dashed line represents fit-
ted exponential losses of N,H* ions. The data were obtained at T = 140 K, T,
=139 + 6 K, [He] = 1.5 x 107 cm~3, [Ar] = 2.5 x 10™ cm=3, [Hy] = 5 x 10™
em=23, and [Na] = 4 x 10" ecm~2. Middle panel: time evolution of the fractional
populations of the different rotational states of N,H* ions in the discharge and the
afterglow plasma. The dashed lines denote the corresponding values in thermal
equilibrium at 140 K. Lower panel: time evolution of the rotational temperature of
N,H* ions obtained from the relative populations of measured rotational states of
the vibrational ground state of NoH*.

The rotational temperature was evaluated from the measured
relative populations of different rotational states of the ground vibra-
tional state of N,H'. As can be seen from the lower panel of Fig. 1,
the rotational temperature measured in the discharge and early
afterglow plasma is the same within experimental accuracy and is
close to the discharge tube wall temperature T and to the kinetic
temperature of the ions Tyy,. The dependence of the rotational tem-
perature measured in the discharge on the kinetic temperature of the
ions is shown in Fig. 2. As can be seen from this figure, the rotational
temperature of N;H" ions is close to the kinetic temperature in the
whole studied temperature range.

In addition to the kinetic and rotational temperatures of the
N,H" ions, we also estimated the vibrational temperature of the

TABLE II. Pressure broadening coefficients Bp measured for the P(6) transition in the
(200) < (000) vibrational band of N,H* in the helium buffer gas.

T (K) Bp (10 ' em ! em®)

78 6.2+0.5

140 7.7+ 0.6

200 8.9+0.3

300 9.4+0.5
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FIG. 2. Dependence of the rotational temperature measured during the discharge
on kinetic temperature. All the displayed data were obtained in the helium buffer
gas. Inset: an example of the Boltzmann plots used for determination of the
rotational temperature obtained at T =200 Kand T =78 K.

N,H" ions from the number densities of different rotational states
in the ground vibrational state (000) and the first excited vibra-
tional state (01'0) of N,H*. As the energy difference between the
(01'0) state and the (000) ground state is according to Ref. 46 only
~690 cm™ ', in thermal equilibrium at 300 K, almost 10% of all N,H*
ions are in this excited vibrational state. The time evolution of num-
ber densities of N,H" ions in (000) and (01'0) vibrational states
obtained at T = 300 K in the discharge and afterglow plasma is
shown in the upper panel of Fig. 3. Again, the relative population
of the (01'0) vibrational state is close to the thermal value at a given
temperature both in the discharge and in the afterglow plasma. The
dependence of vibrational temperature measured in the discharge

n (cm‘a)

fraction

FIG. 3. An example of measured time evolutions of number densities of N,H*
ions in the ground and the first excited vibrational state. The lower panel shows
the relative fractions of the vibrational states, and the dashed lines denote the
corresponding fraction in thermal equilibrium at a temperature of 321 K. The partic-
ular vibrational state number densities were calculated from the measured number
densities of the J = 6 rotational state of the ground vibrational state and of the J =9
state of the (01'0) vibrational state under the assumption of the same rotational
temperature in both vibrational states.
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on kinetic temperature of N,H" ions is plotted in Fig. 4. At lower
temperatures, the measured number density of the (01'0) vibrational
state decreases accordingly, and at 80 K, the absorption lines belong-
ing to the (21'0)-(01'0) vibrational band of N, H" were not visible at
all. The vibrational temperature measured in the discharge is slightly
higher than the corresponding kinetic temperature. Note that we are
able to probe the number densities of only the two lowest vibrational
states of N, H™.

Based on the aforementioned measurements, we can safely
assume that the rotational and vibrational populations of the recom-
bining N,H" ions are close to thermal ones given by the kinetic
temperature of the ions that is in turn close to the discharge tube
temperature T.

The electrons are heated by the electric field during the
microwave discharge, and their temperature (T.) is significantly
higher than the kinetic temperature of the ions (Tk,) and neu-
trals. After switching off the microwaves, Te and Ty, equilibrate
due to elastic electron-neutral, electron-electron, and ion-neutral
collisions.”” In helium buffered plasmas, the long-lived (metastable)
2'S and 2°S states of He may survive into the afterglow and heat
the electrons in superelastic collisions. In our previous studies,”” *’
we monitored the relaxation of the afterglow plasma by probing
the rate of removal of the highly excited particles (excited helium
dimers and argon atoms) and its dependence on the Ar and H,
number densities. These results indicate that, at the conditions used
in the present study (number densities of Ar and H), the helium
metastable atoms are removed from the afterglow plasma with a
characteristic time constant lower than 30 ys after switching off the
discharge.

If N,H" is a dominant ionic species and taking into account
quasineutrality of plasma, the time evolution of the number density
of N,H" ions sy, in the afterglow plasma can be described by the
equation

400 T T T

o NZH , discharge

—T,=T, ‘
vib kin 7z
300----7—\/m=7—m+3OK éﬂ% i

< 200} % .7 :
2 .
100 . ]
O 1 1 1
0 100 200 300 400

T (K)
FIG. 4. Dependence of the measured vibrational temperature T, on kinetic tem-
perature Ty, of the NoH* ions measured in the discharge. The kinetic temperature
was obtained from the Doppler broadening of the P(6) line of the (200) < (000)
vibrational band of NoH*. It was assumed that the rotational temperature of (000)
and (010) states is equal to Tyj,. The vibrational temperature was then evaluated
from the P(6) line of the (200) < (000) vibrational band and from the R(9)" line of
the (210) < (010) vibrational band of the NoH* ion. The full line denotes equality
of Tyip = Tkin, and the dashed line indicates Ty, = Tyin + 30 K. The displayed errors
are statistical errors of the fits.
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dnn,u NN, H
——— = —QfN,HMe — krnn,u[R] — ——
dt ™D
2 NN,H
= —QeffIN,H — T (3)

Here, nc is the electron number density, a.g is the effective
recombination rate coefficient, kg is the rate coefficient for the reac-
tion of N;H™ ions with impurities (e.g., NH3) of number density
[R], and 7p denotes the time constant of charged particle losses due
to the ambipolar diffusion. 7 represents the time constant of the
exponential losses of the charged particles,

1 1 1
S+, (4)

where 1/7r = kr[R].
Equation (3) has an analytical solution in the form
1

a1} =
(XeffT<e T - 1>+70e T

)

NN,H =

where 19 is the number density of N;H" at time ¢ = f,.

The recombination rate coefficient is denoted here by the sub-
script eff—“effective” to account for a possible dependence of o
on the densities of the buffer or reactant gases. For example, at
high buffer gas density (helium or H; in our case), the N;H" ions
can undergo both binary and three body recombination, and the
effective recombination rate coefficient then has the form

Qeff = Qpin + KM [M]> (6)

where [M] is the number density of either helium or molecular
hydrogen and Ky is the corresponding ternary recombination rate
coefficient. The measured dependences of a.¢ on [He] or [Hj]
obtained at Ty, = 325 + 10 K and Ty, = 350 + 15 K, respectively,
are plotted in Fig. 5. The helium number density was changed in
the range of (1-7) x 10" cm™. We did not observe any statisti-
cally significant enhancement of the measured a.g with increasing
[He] at this temperature. The values of a.g obtained in the hydrogen
buffer gas ([Hz] = (5-8) x 10" cm™?) with an admixture of (3-10)
x 10 cm™ of N, at Ty, = 350 + 15 K are very close to those
obtained in the helium buffer gas at Ty, = 325 + 10 K. A sim-
ilar stationary afterglow experiment performed at 273 K in the
hydrogen buffer gas ([Hz] = (0.7-2.1) x 10" em ™3, [N] = (7-11)
x 10" ¢cm™*) by Amano'” gave a value of the recombination rate
coefficient g = 7.0 x 1077 cm™>, almost two times higher than
the values measured by us either in the helium or in the hydrogen
buffer gas. On the other hand, recent FALP'* and ion storage ring’
values (open star and triangle in Fig. 5, respectively) are in a good
agreement with our results. The dependence of the effective recom-
bination rate coefficient on [He] measured for H ions at 300 K in
different experiments (see Fig. 4. in Ref. 35 and references therein for
details) is plotted for comparison. It is evident that the dependence
of aer on [He] is steeper for H3 than for N,H" ions.

At sufficiently large number densities of N, Ny4H ions can be
formed by three body association of N,H* with N, and He,

ki
N,H" + N, + He — N,H" + He. 7)

Adams et al.'' studied reaction (7) in their SIFT apparatus and
obtained kn,n = 2.8 x 1072 cm®s™! at 80 K. As the binding energy
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FIG. 5. Dependence of a on [He] measured at Ty, = 325 + 10 K in the helium
buffer gas with [Ny] = 3 x 10™ cm=2 and [H,] = 3 x 10" ecm=2. The values
measured in the hydrogen buffer gas at Ty, = 350 + 15 K and [H,] = (3-10)
x 10" cm=3 are plotted as full stars. The data obtained in recent FALP'®'* and
ion storage ring” experiments at 300 K are plotted as squares, open stars, and
triangles, respectively. The values of a. measured in different experiments for
H ions in the helium buffer gas at 300 K*':**“" are plotted for comparison (for
details, see Refs. 35; no distinction between different H experiments is shown
here). The dashed and the dashed-dotted lines are linear fits to the N,H" and H
data, respectively. The arrow denoted “Amano” indicates values of a. obtained at
273 K by Amano in the hydrogen buffer gas ([Hz] = 7 x 10"°-2 x 106 cm® s~ 1)
with an admixture of Ny.”

of NyH" is relatively high (~0.6 eV),31 we assume that the inverse
reaction to reaction (7) has a negligible rate in the studied temper-
ature range. Reaction (7) limits the number densities of He and N,
that can be used in the experiments. The corresponding three body
association reaction of NoH" with H, and He is slow with a reaction
rate coefficient at 80 K lower than 5 x 107°° cm® s™! (see Ref. 11).
The dependence of the measured a.g on [N, ] obtained at T'= 200 K
in the helium buffer gas ([He] = (1-5) x 107 em™, [Ha] = (3-7)
x 10" cm™?, [Ar] ~ 5 x 10" cm™) is plotted in Fig. 6. The depen-
dence of the same data on [H,] is plotted in Fig. 7. As can be
seen from Figs. 6 and 7, for [N;] < 10" em™3, a. does not sig-
nificantly change with [N:], [Hz], or [He]. For [Nz] > 10" em™,
aeff increases with increasing nitrogen number density. This is in
qualitative agreement with the results of a computer model of the
chemical kinetics (dashed line in Fig. 6) that predicts that, at higher
nitrogen number densities, N4H" cluster ions are formed in the three
body association reaction (7). We evaluate a.g from the time decay
of N,H" number density in the afterglow plasma assuming that it
is equal to the electron number density. For [N;] > 10" cm ™3, this
assumption is no longer valid and it leads to an apparent increase in
Qefr With [N ].

Aided by the model of chemical kinetics, we performed sim-
ilar sets of measurements at T = 80 K and T = 140 K to ensure
that the formation of cluster ions does not influence the measured
value of the effective recombination rate coefficient. Unfortunately,
as the formation of the NyH" cluster ions is proportional to the
product of [He] and [N,], we were limited in the range of helium
number density that could be used in present experiments, espe-
cially at the lowest temperatures. This in turn limited the precision
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FIG. 6. Dependence of the measured effective recombination rate coefficient on
[N,] obtained in the helium buffer gas at T = 200 + 5 K ([He] = (1-5) x 107 cm=2,
[Ha] = (3-7) x 10™ cm=3, [Ar] ~ 5 x 10" cm~°). The dashed line denotes the
results of the model of the chemical kinetics fitted by the same procedure as exper-
imental data. Parameters of the model: T = 200 K, [He] = 1.9 x 10" cm=3, [H,]
=5x 10" cm=2,and [Ar] =5 x 10" cm =3,

of ternary recombination rate coefficient Ky, determination. Sim-
ilarly as for 325 K and 200 K, we did not observe any significant
dependence of aefr on helium number density at 140 K and 80 K, and
given the complications mentioned above, only an upper estimate of
Kye could be determined. These values are summarized in Table 111
and compared to the previously obtained ternary recombination rate
coefficients for helium assisted recombination of Hj ions.”"*° Note
that the value of Ky, predicted for helium ions in helium at 300 K is
Kie #1077 cm®s7! (see Ref. 22).

The binary recombination rate coefficients ay,;, for recombi-
nation of N,H" ions with electrons obtained in the temperature
range of 80-350 K are plotted in Fig. 8. In the whole studied

. 200 K
0
Zm .‘-Té %,1 T .—%.—.%é.q §—.%§§_
§ Wl ]
T |
s’ ?,t
= o2 . - : - N H
[H,] (10" cm™) 2
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[He] (10" cm™)

FIG. 7. Dependence of the measured effective recombination rate coefficient on
[He] for [N2] < 1.0 x 10™ cm~2 obtained at T =200 + 5 K, Tyn = 217 + 9 K,
Trot = 197 + 8 K, and Ty, = 230 + 40 K ([He] = (1-5) x 10" em~2, [H,] = (3-7)
x 10" cm=3, [Ar] ~ 5 x 10" cm~2). The dotted line is a linear fit to the data,
and the dashed line represents the average value of all displayed .. Inset:
dependence of ae on [H,]. The plotted data are the same as in the main figure.
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TABLE IIl. Values of Ky measured in the present experiment for NoH* compared to
those obtained for HZ ions in the helium buffer gas.>** The numbers in parentheses
in the first column denote the quoted temperature in the H} experiments. For com-

parison, the value predicted by Bates and Khare?” for helium ions in helium at 300 K
is Khe-gates ~ 1027 em8 s~ 1,

KHe(N2H+) KHe(H;)
T (K) (10 P em®s ™) (10 ®embs Y
78(80) 1.875% 15+02
140(145) 0.1%7 14+03
200(200) 0.2'%; 23+£09
325(300) 0.219¢ 27405

temperature range, our results are in good agreement with the recent
FALP experiment data by Poteyra et al.'* and for higher temper-
atures also with the latest ion storage ring data by Vigren et al.” At
lower temperatures, the apparent disagreement with ion storage ring
results could probably be explained by possibly higher rotational
temperatures of the ions in the ring. New generation of cryogenic
storage rings such as CSR in Heidelberg’ will be able to address
this issue. The measured values of ap, do not follow T7%° tem-
perature dependence that is usual for ions recombining via a direct
dissociative recombination process as, for example, in the case of
(o) ions.”* For temperatures above 240 K, the obtained values of
N;H" binary recombination can be well described by a function
anye = (2.81 +0.04) x 1077(T/300 K)~(O81#010) ¢py3s~1 \whereas

15F K T T 7

10} ]

a, (107 cm’s™)

100 200 300 400
T(K)

FIG. 8. Temperature dependence of the measured recombination rate coefficients
of NoH* (full circles, the value of ey, at 350 K was obtained in the H, buffer gas,
and for the rest of the data points, the helium buffer gas was used) compared to
values obtained in previous experiments. Rhomboids: FALP,'" squares: FALP,'
stars: FALP,' triangles: stationary afterglow with absorption spectroscopy,'” full
line: ion storage ring,” and double-dot-dashed line: merged beams® and recent
theoretical calculations by Fonseca dos Santos®' (dotted-dashed line, the rate
coefficient was calculated from the cross sections for the direct and indirect
recombination processes in Ref. 21). The dashed line denotes fit to the data:
anyie = (2.81 +0.04) x 1077(T/300)~ (812010 cp3s=1 for T > 240 K and
anme = (3.29 £0.04) x 1077 (T/300)~(0060.02) ciy3s=1 otherwise. The dot-
ted lines show 15% deviation from the fitted value (estimated systematic error of
the measurement reflects mainly the uncertainty in the effective discharge column
length and in the calculated vibrational transition moments).
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at lower temperatures, the measured value of the binary recombi-
nation rate coefficient is almost independent of temperature with
e = (329 + 0.04) x 1077(T/300 K)~(%06#02) ¢py3¢~1 The
mentioned errors are statistical errors of the fit.

Of particular note is the disagreement of the present data with
the values obtained by Amano'’ using infrared absorption spec-
troscopy in a stationary afterglow with the hydrogen buffer gas.
Although we performed several measurements at ~350 K with the
hydrogen buffer gas, we essentially obtained the same values of o
at that temperature as in the helium buffer gas. In the same paper,
Amano also reported a very high recombination rate coefficient
for H} ions in the hydrogen buffer gas."” We were able to repro-
duce Amano’s values for the H} recombination rate coefficient in
the temperature range of 240-350 K using the same experimental
setup as in the present study’™”* and explained the enhanced Hj
recombination rate by H, assisted three body recombination of Hj
ions. To obtain N;H" number densities from the measured absorp-
tion spectra, Amano used transition dipole moments calculated by
Botschwina™ that are higher than those calculated in the present
study. If we used the same transition dipole moments as Amano did,
we would get a 40%-70% (depending on the actual level of theory
Amano used from Ref. 53) larger value of the effective recombina-
tion rate coefficient. This largely but not fully resolves the differ-
ence between the values of a.g obtained in present and Amano’s”’
experiment. At lower temperatures, the formation of cluster ions
such as Hi (see discussion in Ref. 36 on chemical kinetics of plas-
mas with high number densities of hydrogen) cannot be neglected.
As Amano was probing time evolutions of ion number densities
(as we do), the presence of any other ions than N,H" in the after-
glow would inevitably produce higher values of the measured effec-
tive recombination rate coefficient, but we cannot arrive at definite
conclusions.

The recent quantum mechanical calculations by Fonseca dos
Santos’' agree very well with our data at low temperatures (and are
by a factor of two lower than the values obtained in the CRYRING
experiment(‘), but at 300 K, they are almost 40% lower than the
present data. This could indicate a possible dependence of the
recombination rate coefficient on rotational or vibrational excita-
tion of the N;H" ions that is not included in the theory. In a very
recent state selective study on recombination of HeH" ions with
electrons, Novotny et al.”" observed dependence of the measured
recombination rate coefficient on rotational excitation of HeH"
ions. The ions in higher rotational states recombined more than an
order of magnitude faster than the rotational ground state [apen+
(J = 0,100 K) ~ 2 x 10~° cm®s™*]. This corresponds to the previ-
ous ion storage ring experiment by Strémholm et al.”” who reported
a value of aprerr- (100 K) ~ 8 x 107 cm’s™". The actual rotational
population of HeH" ions in the study of Stromholm et al.” corre-
sponded probably to the temperature of 300 K. A similar depen-
dence of the recombination rate coefficient on rotational excitation
of NH" ions could qualitatively explain the temperature depen-
dence of the recombination rate coefficient obtained in our study.
The comparison of our values with ion storage ring data measured
by Vigren et al.” also hints on a higher recombination rate coeffi-
cient for ions in higher rotational states—there is an excellent agree-
ment around 300 K, where the rotational population of N,H* cor-
responded to 300 K in both experiments. On the contrary, at 80 K,
our recombination rate coefficients obtained with N,H" rotational
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TABLE IV. Vibrational transition moments Mpresent = |{v}'v5 VY |ua|v]v5v3)| of

NyoH* (in Debye) calculated in the present study for two isotopes of nitrogen com-
pared to those obtained by Botschwina®® [Mgotschwina, CEPA-1(ED) level of theory].
The numbers in parentheses in the fourth column are the IR intensities of absorption in
em? mol " from Ref. 53. Maotschuina Were calculated from these values using Eq. (2)
in Ref. 56. Prime and double prime denote upper and lower states, respectively.

Transition Mpresent Mpotschwina
VIV o vivhvg ("N,H") (*N,H") ("N,H")
000 < 000 3.4906" 3.4910

000 <> 200 0.0153 0.0157 0.0191(91.2)
100 < 300 0.0256 0.0266

000 <> 100 0.2432" 0.2430 0.284(20257)
01'0 < 21'0 0.0153 0.0157

02°0 < 22° 0.0153 0.0154

01'0 < 11'0 0.2430 0.2428

001 < 201 0.0147 0.0152

02°0 < 2220 0.0154 0.0154

?Experimental value from Ref. 57:3.4 + 0.2 D.
bExperimental value from Ref. 58: 0.23 + 0.02 D.

populations corresponding to 80 K are by a factor of two lower than
the ion storage ring data with 300 K rotational populations of N;H"
ions.

IV. THEORETICAL CALCULATIONS

The electric dipole moments of N;H" used in the present study
for ion number density determination were calculated from the
ab initio potential energy and electric dipole surfaces of Ref. 45 using
the Suttcliffe-Tennyson Hamiltonian® for triatomic molecules. The
calculated characteristics are found to be in a close agreement
with their experimental counterparts that are available for low-lying
vibrational states,”””" thus ensuring reliability of the made predic-
tions. The obtained vibrational transition moments M of N,H"
are summarized in Table I'V. The calculated vibrational transition
moments are almost 20% lower than those reported by Botschwina™’
and used by Amano'’ in his absorption spectroscopy study of
N,H" recombination. As the evaluated number density of N,H*
is proportional to the inverse of M?, the value of the recombi-
nation rate coefficients obtained by Amano'’ is overestimated by
approximately 40%.

V. DISCUSSION OF ERRORS AND THEIR SOURCES

The errors quoted through this work are statistical errors. The
systematic error of the measured recombination rate coefficients
arises mainly from the uncertainty of the discharge column length
(estimated as 10%) and from the uncertainty of the used vibra-
tional transition moments. By comparing the calculated vibrational
transition moments with those obtained experimentally in Refs. 57
and 58, we estimate the resulting systematic error of recombination
rate coefficient determination to be lower than 5% and the overall
systematic error to be lower than 15%.
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VI. CONCLUSIONS

We have measured the recombination rate coefficient for
recombination of N,H" ions with electrons in the temperature range
of 80-350 K using a stationary afterglow apparatus with a cavity
ring-down spectrometer. In addition, the rotational and vibrational
populations of N,H" were monitored to ensure that the internal
excitation of the recombining ions is in thermal equilibrium with
the temperature of the buffer gas. Particular attention was given
to possible influence of the neutral assisted three body recombina-
tion with electrons on the measured recombination rate coefficients.
No statistically significant enhancement of the measured recombi-
nation rate coefficients with buffer gas density was observed in the
studied temperature range giving an upper estimate on the ternary
neutral assisted recombination rate coefficients for recombination
of N;H" ions with electrons. Essentially the same effective recombi-
nation rate coefficient was obtained for N;H" ions in the hydrogen
or helium buffer gas at Ty, = 350 + 15 K or Ty, = 325 = 10 K,
respectively.

The binary recombination rate coefficient of N,H* was found
to be almost constant below 240 K: an,u+ = (3.29 + 0.04)
x 1077(T/300 K)~(*06002) ¢3¢~ At higher temperatures,
the obtained value of the binary recombination rate coefficient
decreases with increasing temperature as an,u+ = (2.81 + 0.04)
x 1077(T/300 K)~ (@801 351 We hope that our results will
help improve models of interstellar chemistry involving N,H" ions
especially at low temperatures and will possibly give impulse for

ARTICLE scitation.orgljournalljcp

enhancement of quantum mechanical calculations of the dissociative
recombination rate coefficient for polyatomic ions.
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APPENDIX: MODEL OF CHEMICAL KINETICS

A model of chemical kinetics is employed to calculate the chem-
ical evolution of the afterglow plasma at given conditions. The sys-
tem of differential rate equations describing the number densities
of each species is assembled from the appropriate set of chemical
equations, which includes binary and ternary interactions among
neutrals, ions, and electrons. Additionally, ambipolar diffusion of
the charged species is represented as a first order chemical equa-
tion in the model. The system of differential equations is then
solved using a multistep stiff equation solver implemented in the
lsoda” routine. The reactions that are most important for the for-
mation and destruction of NoH" ions in a mixture of He/Ar/H,/N>
are summarized in Table V. The number density of metastable
helium atoms He™ (2'S and 2°S states) at the beginning of the after-
glow was assumed to be the same as or lower than the electron

TABLE V. The most important reactions considered in the model of the formation and destruction of NoH* ions. The reac-
tion rate coefficients are for 300 K if not stated otherwise. The characteristic reaction times teaci0n Were calculated for
[He] =2 x 10" ecm=3, [Hy] =5 x 10™ cm~3, [A] =5 x 10™ em™2, [Np] =5 x 10" em—3, ne = 1 x 10" cm™2, [NH3]
=5x 10" cm 3, [N] =5 x 10" cm~3, and [H] = 5 x 10" cm—2 from the appropriate reaction rate coefficient k and
reactant number densities [R] as Treaction = 1/(k[R]) for two body reactions and similarly for the three body reactions. The rate
coefficients for the reactions of H; are given for ions with vibrational excitation v < 1. The reaction rate coefficient for reaction

R26 was obtained at 80 K.
Rate coefficient
No. Reaction cm® s, em® sfl) Treaction (US) References
R1 He™ +H, - Hj +He+e 90% 32x10 1 63 63 and 64
—~HeH"+H+e 10%

R2 He™ + Ar > Ar" + He + e 7x10 1 29 61
R3 He' + He + He -~ He} + He 1x10 250 65

R4 He' + N, - N* + N + He 60% 1.6x10°° 13 66

— NI + He 40%

R5 HeH' + H, — Hj + He 1.5x10 7 1 67

R6 HeH' + N; - N,H" + He 1.70x10~° 12 68

R7 Hej + Ar — Ar* + He + He 2x10 10 10 65

R8 Hej + N, — Nj + He + He 1.12x10° 18 69
R9 Ar" + H, - ArH" + H 85% 8.6x10 10 3 70

- HI +Ar15%

R10 Ar'+N; — Nj +Ar 1.0x10 " 2000 71
R11  ArH"+H, — H} +Ar 1.5x107° 1 72
R12 ArH" + N, - NoH' + Ar 8.0x10 10 25 72
R13 H' + He + He — HeH" + He 9x10 2 278 73
R14  H'+H,+He— Hj +He 3x10°% 333 36

J. Chem. Phys. 152, 024301 (2020); doi: 10.1063/1.5128330
Published under license by AIP Publishing

152, 024301-8



The Journal

of Chemical Physics

TABLE V. (Continued.)
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Rate coefficient

No. Reaction (em®s Lem®s 1) Treaction (US) References
R15 H} + Ar —» ArH' + H 23x10°° 1 74
R16 H +H, - Hj +H 2x107° 1 74
R17 Hi +N; > N,H' +H 2x10°° 10 75
R18 Hi + N; - NH' + H 1.8x10° 11 68
R19 Hji + e — products 1.10x 107 91 36 and 76
R20 H} + H, + He - H! + He 2x107 % 5000 36
R21 H} + NH; — NH} + H, 439x10° 456 77
R22 N"+H, > NH" +H 3.7x10 1 4 78 and 79
R23 Ni +H, - N,H' + H 2x10° 1 80
R24 N,H" + e~ — products 2.8x10 7 36 Present
R25 N,H'" + NH; — NHj + N, 23%x10 ° 870 43
R26 N,H* + N, + He - NyH" + He 2.8x107% 3571 11
R27 NHj + e — products 1.4x10°° 7 81
R28 N4H" + e~ — products 2x1077 50 Estimate

number density. This assumption is based on the experimental study
described in Ref. 61. The reaction rate coefficients listed in Table V
are for 300 K if not stated otherwise. For some associative reac-
tions in the He buffer, we used rate coefficients measured for H,
[reactions (R14) and (R20), see Ref. 36 for details]. Figure 9 shows
the comparison between the measured and calculated time evolu-
tions of N,H™ number densities in the afterglow plasma at 140 K.
As the actual ionic composition of the plasma at the end of the
discharge period is not known, we varied the initial conditions for
number densities of different ionic species at the beginning of the
afterglow. The results of the model of chemical kinetics show that
N,H" is a dominant ionic species in the afterglow within 200 us after
switching off the discharge. The only exception to this is when N*

300 Pa, 140K experiment

T S Wi
400 800 1000

t (us)

FIG. 9. Time evolution of the measured overall number density of NoH* ions (full
line) compared to the results obtained from the model of chemical kinetics. The
data were obtained at T = 140 K, [He] = 1.5 x 10" cm=2, [Ar] = 2.5 x 10™ cm~3,
[Ha] =5 x 10™ cm=3, and [Ny] = 4 x 10" cm=2 (same as in Fig. 1) and [NH3]
=5 x 10" ecm=3. [He™](t = 0) = 1/3 ne(t = 0).

ions are present at the end of the discharge period in sufficient
amounts (tens of percent). N reacts rapidly with hydrogen (reac-
tion R22) forming NH", and in subsequent reactions with hydrogen,
NHj ions are produced (for details on this particular reaction chain,
see Ref. 62). During the experiments, we were searching for possible
dependences of the measured effective recombination rate coeffi-
cient on reactant or buffer gas number densities (see Figs. 6 and 7).
As the values of recombination rate coefficients of N;H" obtained in
this study did not change with reactant and buffer gas number den-
sities varying by almost an order of magnitude, we assume that the
number density of N* ions at the end of the discharge period was
well below 10% of all ions.
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1. Introduction

The H; ion discovered by Thomson in 1911 [1] using an early
form of mass spectrometry has been in the previous century a
focus of many theoretical and experimental studies. In 1925 the
formation of Hj in a ion molecule reaction of H, with H, was
described by Hogness and Lunn [2], whereas the equilibrium struc-
ture of Hy ion as an equilateral triangle was established in the early
thirties [3]. But it took nearly half a century until the absorption
spectrum of this ion was experimentally observed by Oka in
1980 [4]. Prior to the laboratory or astrophysical detection, the
Hj ion was considered a crucial building block of the interstellar
chemistry [5] as the most abundantly produced interstellar ion
[6]. It was later detected in many astrophysical environments rang-
ing from ionospheres of gas giants to interstellar gas clouds and
towards the galactic centre [7-9]. It’s key role in the cosmic chem-
istry is given by the ability to transfer a proton in ion molecule
reactions as an universal proton donor [6,10].

Together with the abundance of the Hj ion in the Universe and
the variety of conditions that are available in space it makes H the
starting point for long reaction chains resulting in production of
more complex molecules [11]. As a consequence, it’s dissociative
recombination (DR) with electrons is one of the most important
reactions in astrophysics [12] and has been studied for more than
70 years [13].

* Corresponding author.
E-mail address: petr.dohnal@mff.cuni.cz (P. Dohnal).
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The value of the dissociative recombination rate coefficient of
Hj was a matter of heated debate and much controversy. During
the turbulent history of H; recombination studies, until the early
2000s, the recombination rate coefficients obtained in ion storage
rings experiments were close to ~ 10~ cm3®s~! (for 300 K)
[14,15], while the values reported from afterglow experiments
(stationary and flowing afterglows) were in a very broad range
from 1.8 x 1077 to 10" cm3s~! [16-19]. To further complicate
the overall picture, the theory predicted that there are no favour-
able potential energy curve crossings [20], which indicate a very
small dissociative recombination rate coefficient. It was necessary
to go beyond the Born-Oppenheimer approximation by invoking
the Jahn-Teller mechanism with the latest theoretical calculations
supporting the high value of the recombination rate coefficient
[21,22]. Around the same time, the discovery of surprisingly fast
three-body helium assisted recombination of Hj ions by Glosik
and coworkers [23] finally explained the results of various after-
glow experiments. The obtained ternary recombination rate coeffi-
cients were almost two orders of magnitude larger than those
predicted for atomic ions by the theory [24,25]. A similarly fast
three-body helium assisted recombination was later observed for
all deuterated isotopologues of H; [26-28] and even larger ternary
recombination rate coefficients were reported for Hj ions in H,
buffered plasma [29,30]. There is no study on the third-body
assisted recombination of H; ions with electrons with other third
bodies than helium or hydrogen. MacDonald et al. [31] studied
recombination of Hj ions in neon buffered plasma but the covered
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pressure range was too small to observe any dependence on the
neon density.

Glosik and coworkers [23,32] pointed out that a long lived
excited neutral molecule can be formed during the collision of
Hj ion with electron, with lifetimes on the order of tens of picosec-
onds. This is sufficiently long for this neutral molecule to undergo,
at conditions typical for afterglow experiments, additional colli-
sions with buffer gas particles. Unfortunately, there is no fully
quantum mechanical study on third-body assisted recombination
of Hj ions.

In this paper we utilize the Cryogenic Stationary Afterglow
apparatus equipped with a Cavity Ring-Down Spectrometer
(Cryo-SA-CRDS) to study the recombination of H ions with elec-
trons in the neon buffered plasma. In the first part of the paper,
the simultaneous measurements of electron and ion number den-
sities in the afterglow plasma and the method for recombination
rate coefficient determination will be described with HJ in helium
buffered plasma as a test case. In the second part of the paper this
approach will be utilized for determination of ternary recombina-
tion rate coefficient for recombination of Hj ions with electrons
with neon as a third body.

2. Experiment

The Cryogenic Stationary Afterglow apparatus with a Cavity
Ring Down Spectrometer (Cryo-SA-CRDS) was used in the present
experiments. The simplified scheme of the apparatus is shown in
Fig. 1 and a detailed description can be found in Ref. [33]. The main
diagnostic technique is the continuous wave Cavity Ring-Down
Spectroscopy (cw-CRDS) developed originally by Romanini et al.
[34] which enables us to probe the time evolutions of the number
densities of the studied ions in discharge and afterglow plasma.

The plasma is ignited in a discharge tube made of monocrys-
talline sapphire with an inner diameter ~ 2.5 cm and a length of
20 cm. The plano-concave mirrors (reflectivity 99.99% or better)
of the CRD spectrometer are attached on each end of the discharge
tube 82 cm apart. The tube material was chosen due to the high
thermal conductivity of monocrystalline sapphire at low
temperatures.
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A distributed feedback (DFB) laser diode centered at 1381 nm
was used as a light source to cover the second overtone transitions
originating from the lowest energy para and from the two lowest
energy ortho rotational states of Hj. The light exiting the optical
cavity is detected by an InGaAs avalanche photodiode. The wave-
length is measured by EXFO WA-1650 wavemeter.

The Hj ions are formed in the microwave discharge ignited
either in a He/Ar/H, or in a Ne/Ar/H, mixture with typical compo-
sition 10'7/10'*/10" cm™3. The buffer gas flow velocity is
~ 1m s~! and the used gases are purified prior to entering the dis-
charge tube by passing through liquid nitrogen cold traps. For
details on the chemical kinetics in helium buffered plasmas con-
taining argon and hydrogen see Ref. [30]. The formation of H; ions
in neon buffered plasma will be discussed later.

The microwave resonator is made of two solid aluminium
blocks and does not have any movable parts. To ignite the micro-
wave discharge, it is necessary to tune the frequency of the micro-
wave radiation to the resonant frequency of the microwave
resonator cavity using the TMy;o mode. A solid-state microwave
source was built to produce microwave radiation in the frequency
range of 2.4-2.6 GHz with a power of up to 20 W and a switching
time of less than 1 us (for details see Ref. [33]).

The discharge tube is connected by copper braids to the body of
the microwave resonator that is attached to the Sumitomo RDK
408S cold head, which enables experiments in the temperature
range of 30-300 K [33,35]. The discharge tube with the mirrors
of the CRD spectrometer and the cold head are placed in an exter-
nal vacuum chamber to provide thermal insulation. In order to
minimize the heat losses, this vacuum chamber is pumped down
to pressure below 10~ Pa.

We added the time resolved microwave diagnostics to the Cryo-
SA-CRDS for electron number density measurements. The method
is based on tracing the changes of the resonance frequency of a res-
onator [36]. The shift of the resonance frequency of a cylindrical
resonator is proportional to the electron number density n. on
the axis of the discharge tube of Cryo-SA-CRDS:
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Fig. 1. The Cryogenic Stationary Afterglow apparatus in conjunction with a continuous wave Cavity Ring-Down absorption Spectrometer (Cryo-SA-CRDS). Temperature
sensors are denoted by blue capital letters. The discharge tube is drawn as a dark blue frame. The microwave resonator is around the tube and shown by green frame. The
Sumitomo RDK 408S cold head is placed above the microwave resonator. The laser light is controlled by the acousto-optic modulator (AOM) and goes through the first mirror,
a discharge tube and the second mirror at the other side of the discharge tube and then to the detector. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 2. Time evolution of the frequency response of resonant cavity obtained in
helium buffered plasma at T =200 K, [He] = 3 x 10'7 cm~3, [Ar] = 2 x 10" cm~3 and
[Hz] = 4.6 x 10"®> cm=3. The frequency position of the center of each peak-like
feature gives resonant frequency of the microwave resonator at a particular time in
the afterglow and through Eq. (1) the electron. number density.

where f, is the resonance frequency, Af, is the shift in the resonance
frequency caused by the plasma, E is the intensity of the high-
frequency field in the resonator, V is the resonator volume, V7 is
the volume of plasma tested, ], is the Bessel function of zeroth
order, m. and e, are the mass and charge of the electron and ry is
the inner radius of the discharge tube, while r is a distance from
the axis [37]. An equivalent circuit finite difference time domain
method [38,39] as implemented in the openEMS software [40]
was used to calculate the resonant frequencies of the cavity and
other quantities in Eq. (1) based on the actual geometry of the cav-
ity with the inserted discharge tube represented on a three-
dimensional cylindrical mesh. The details of the calculations can
be found in Ref. [33].

The aluminium body of the microwave resonator forms a cylin-
drical cavity (its rotational axis is coaxial with the optical axis)
with two loop microwave antennas on opposite sides of it. The first
antenna is used to transmit the microwave radiation both for igni-
tion of the discharge (~ 20 W of input power) and for probing of
the resonance frequency of the microwave cavity (~ 1 mW) while
the second antenna is connected to the microwave power detector.
The probing microwaves are generated using a SLSM5 synthesizer
from Luff Research Inc in the frequency range of 2.4 GHz to 2.6 GHz
and the entry of the microwaves into the resonator is controlled by
a fast absorptive PIN diode switch (SR-DA10-1S from Universal
Microwave Components Corp.).

In each discharge cycle the probing microwaves are set to a
specific frequency and switched on for only ten microseconds at
a chosen time relative to the onset of the discharge. In this way
we are able to cover the time evolution of the resonance frequency
of the resonant cavity in the afterglow plasma and at the same time
ensure that the microwaves do not significantly influence the
decay of the plasma in the afterglow. An example of the measured
time evolution of the frequency response of the resonant cavity is
shown in Fig. 2.

3. Results and discussion
3.1. Data analysis

The two second overtone transitions 32}(2,0) — 029(1,0) and
3v1(2,1) «— 029(1,1), which originate in the lowest rotational
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states of H; with ortho and para nuclear spin state symmetry,
respectively, were used in present study. The numbers in parenthe-
ses denote the rotational quantum number J and the quantum
number G = |K — I|, where K is the quantum number for projection
of the rotational angular momentum J on the body-frame symme-
try axis and [ is the quantum number for vibrational angular
momentum. For further details about symmetry and notation see
Ref. [41]. The relevant rotational state number densities were cal-
culated from measured absorbances using energies and Einstein
coefficients from Ref. [42]. Based on previous studies that used
the same or similar experimental setup and experimental condi-
tions, [43,35] we can safely assume that the rotational states of
Hj are populated in accordance with the thermal equilibrium at
a given temperature. Therefore, the number density of the Hj ions
presented through this text was determined under the assumption
of thermal population of states using the strongest available tran-
sition 32}(2,0) «— 029(1,0) from the measured number density of
the ortho Hj(1,0) state. The transition 321(2,1) — 0¢9(1,1) was
used only to confirm thermal ratio of the ortho and para nuclear
spin states.

The time evolution of the number density of H; ions in the
afterglow plasma can be, assuming that there is no formation of
Hj ions in the afterglow, described by the formula:

dnH ny
dt3 = —OlefiTy, Me — 73 (2)

where ny, and n. denote the Hj ion number density and the elec-
tron number density, respectively and o is the effective recombi-
nation rate coefficient. The subscript “eff’ denotes the possible
dependence of the measured recombination rate coefficient on
the buffer gas number density [23]:

Oleff = Olp + K]\/[[M], (3)

where o, is the binary recombination rate coefficient appropriate
for low density environments such as interstellar gas clouds and
Ky is the ternary recombination rate coefficient with [M] being
the number density of the particular third body M. Symbol 7 in
Eq. (2) is the time constant that describes losses by the ambipolar
diffusion and by ion-neutral reactions:

1 — 1 n 1 , (4)
T Tp Tr

where 7p is the time constant for losses of charged particles by the
ambipolar diffusion and the time constant tg represents the losses
of Hj ions by ion-neutral reactions. Under current experimental
conditions (pressure, temperature, reactant number density) this
term mainly arises from the formation of fast recombining H. ions
in the three body association reaction of Hj with H, and He or Ne
(in helium or neon buffered plasma):

H{ + H, + He — H;{ + He, (5)

HJ +H, + Ne — H; + Ne. (6)

The main processes that influence the time evolution of the electron
number density in afterglow plasma containing Hj ions are the
recombination with ions and the ambipolar diffusion:

dne Ne
— = —Oleffly,Ne — N E oing — —
dt eff ItH; e e i illi

(7)
where «; and n; are the recombination rate coefficients and number
densities of ions other than Hj present in the afterglow plasma.
According to the model of chemical kinetics [30] in a helium buf-
fered afterglow plasma at conditions used in present experiments
these ions will be mainly H:.
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The recombination rate coefficient for the studied ions can be,
in principle, obtained by measuring the time evolutions of Hj
and electron number densities and by numerically solving a set
of corresponding differential equation. This is possible even at con-
ditions when the Hj ions are not the dominant ionic species in the
afterglow plasma. The main drawback of such an approach is that
it is necessary to make assumptions about other processes in the
afterglow. This is not a problem in a helium buffered plasma with
admixtures of argon and hydrogen where conditions can be set,
such as predominantly only H; and H{ ions are present [30]. The
corresponding set of differential equations then consists of only
Eq. (2) for Hj, Eq. (7) for electrons and equation:

dn]-[5 Ny,

Ny
= —0l5Ny, Ne — 5
de >THs e

TR7

Ton, (8)
for HZ ions, where nys is their number density and «s is the corre-
sponding recombination rate coefficient. In this case,
Tr = 1/(ks[H;][He]) where ks is the reaction rate coefficient for the
three body association reaction (5).

When the underlying chemical kinetics is not well known, as in
the case of neon buffered plasmas, we opted for a direct integration
of Eq. (2) yielding for H; number density in time ¢;:

My, (6) = an(to)e—“effx(fx)—%y(ti)’ (9)
where ny, (to) is the initial density of Hj ions,
G
X(t;) = / ne(t)dt, (10)
to
and
Y(t;) = t; — &o, (11)
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As ny, (t;),X(t;) and Y(t;) are measured quantities or may be calcu-
lated from the measured ones, we simply find the values of the
parameters ny, (o), dler and 7 that fulfill Eq. (9) in the least square
sense.

3.2. Hj recombination in ambient helium gas

Guided by the model of the chemical kinetics [30], we have
deliberately chosen the conditions so as to ensure that Hj ions will
be dominant in the helium buffered early afterglow plasma. Thus
the H number density obtained by the cavity ring-down spec-
trometry and the electron number density evaluated from the shift
of the resonant frequency of the microwave resonator should be
equal to each other within the uncertainty of the measurement
at the beginning of the plasma decay.

Examples of the time evolution of the electron and H number
densities obtained in a helium buffered afterglow plasma at
T = 200 K are shown in Fig. 3. Here and thorough the text the sta-
ted temperature was measured by sensor H in Fig. 1 i. e. at the dis-
charge tube holder. As discussed in Ref. [33], and also confirmed in
this study, the kinetic temperature of the Hj ions obtained from
the Doppler broadening of the absorption lines is very close to
the one measured by this sensor. The data were obtained using dif-
ferent number densities of hydrogen gas and fitted using the inte-
gration method described above. The effective recombination rate
coefficients obtained in this way are equal to each other within the
statistical uncertainty of the fit even at conditions where the mea-
sured electron and ion number density are substantially affected
by the formation of rapidly recombining HZ ions in reaction (5).

The values of the binary and ternary recombination rate coeffi-
cients previously obtained for HJ ions in the helium buffered

Ologe - (1 .15'1 o.10')x1o '7lcmss'1l N oy - (1 25+ o.2d)x1o 7 cmss'*f
ol [H,] = 4.6x10™ cm? | [H,] =8.9x10% cm™ |
107 F——n; T
i Hy I
e fit -
10°F a) - Av
0?,\ 0 t T t T 1 t i t i —+
g 0 = (134 £0.25)x10 7 cm3s" T 0 = (1.50 £ 0.61)x10 Tem®s™ ]
= | . _
1070 L [H,] = 1.4x10™ cm™ | [H,]=2.6x10"cm® |
M
h ) , * , l ‘ |
0 500 1000 0 500 1000
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Fig. 3. Measured time evolutions of the electron (squares) and Hj (full line) number densities in the helium buffered afterglow plasma at different number densities of
hydrogen. The dashed line denotes fit of the data using Eq. (9). For details on the fitting procedure see in text. The obtained effective recombination rate coefficients are
written in each panel and the displayed error is the statistical error of the fit. The experiments were performed at T = 200 K, [He] = 3 x 10" cm~3 and [Ar] = 2 x 10'* cm—3

with [H;] in the range of 4.6 x 10" to 2.6 x 10" cm=3.
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plasma at 200 K are op=(69+20)x10°%cm3s! and
Kie = (1.6 £0.5) x 1072° cm® s-1, respectively [44,45]. By substi-
tuting these values into Eq. (3) we get
Oeir (200 K, [He] = 3 x 10”7 cm=3) = (1.17 £0.25) x 1077 cm3 57! in
an excellent agreement with present values displayed in Fig. 3.
We performed several measurements at T=115 K, T =150 K
and T=200 K with [He] in the range from 1x 10" to
3 x 10" cm~3 and [H,] between 4 x 10" and 5 x 10" cm~3. The
results show that simultaneous measurement of H and electron
number densities combined with the fitting procedure described
above enables determination of reliable recombination rate coeffi-
cients even at conditions where the standard approach (e.g. 1/n.
plot [13]), relying on the studied ions being dominant in the after-
glow, fails.

3.3. Determination of the A coefficient for the 3v}(2,0) — 005(1,0)
overtone transition

The ability of the present experimental setup to probe the time
evolutions of both the electron number density and of the absor-
bance pertaining to the specific transition may be utilized in some
cases to measure the corresponding absorption line strength. The
mentioned model of the chemical kinetics [30] predicts that at
low hydrogen number densities (e.g. for data plotted in panel a)
of Fig. 3) the early afterglow plasma will be dominated by HJ ions.
Assuming thermal population of states and using the obtained
electron number density as an estimate of the overall Hj ion num-
ber density while taking into account the particular absorption line
profile, one can calculate the Einstein A coefficient for the
3v1(2,0) — 029(1,0) transition from the definition in Ref. [46] as:

Sabs 87TV2cQ(T) ' T Sab

__ “abs KT —abs -1
" n.l g, "\ am2" Ne Cals™], (12)

where S, is the absorbance measured at the centre of the Doppler
broadened absorption line with full width at half maximum
(FWHM) w in cm!, v = 7241.245 cm™! is the transition wavenum-
ber and E; = 86.9591 cm™! is the energy of the lower state. Q =
20.66 is the partition function at T = 200 K, ¢ denotes the speed
of light in cm s, while h and kg are the Planck and Boltzmann con-
stants, respectively. The statistical weight of the upper state is g, =
20 and L =6 cm is the discharge column length. The upper and
lower state energies and the partition function were taken from
Ref. [47]. Fig. 4 shows the Einstein A coefficient calculated from
Eq. (12) using the data plotted in panel a) of Fig. 3. The measured
electron number density was linearly interpolated to get the same
timescale for n. and S,,. The resulting Apresent = (8.7 £0.5) 57!
was calculated from the values in the first 600 us of the afterglow
and is in good agreement with the most recent theoretical value
Atheory = 9.0758 s71 [42].

3.4. Recombination of Hj ions with electrons in neon buffer gas

In order to study the third-body assisted recombination of HJ
ions in the neon buffer gas, the discharge was periodically ignited
in a mixture of Ne, Ar and H, with number densities in the range of
3x 10" —1.2 x 10" em~3 for neon, 5 x 10" — 2 x 10'* cm™3 for
argon and 3 x 10" — 1 x 10" ¢m~3 for hydrogen. There is one pre-
vious study of Hj recombination in neon buffer gas performed at a
gas temperature of 240 K using the stationary afterglow technique
with the electron number density being measured by microwave
diagnostics and with the mass spectrometric identification of
recombining ions [31]. In that experiment, the neon number den-
sity was in the range of 5.6 — 8.0 x 10'” cm~3 and the hydrogen
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Fig. 4. The Einstein A coefficients for 3}(2,0) « 0(1,0) transition calculated
using Eq. (12) for the data corresponding to the panel a) of Fig. 3 (full line). The
dashed line denotes the theoretical value Aeory = 9.0758 s~ from Ref. [42].

number density was 4 x 10'® cm~3. The recombination rate coeffi-
cient obtained in that study [31] was
o= (1.6+0.3) x 1077 cm3 s~!, a value very close to that obtained
in the helium buffered plasmas at the same pressure and temper-
ature [23,30]. They were unable to extend their measurements to
lower temperatures as the plasma was increasingly dominated
by H:I ions. Note that the timescale of their experiment was on
the order of tens of ms [48] while in our case it is on the order of
hundreds of us which is required to minimize the influence of
H: ions formed in reaction (6).

In the present experiment the Ne* Ar" and H; ions are pro-
duced in the discharge. A series of fast ion molecule reactions with
hydrogen converts Ar* and Hj ions to H; [30], while Nej ions are
formed in the three body association reaction:

Ne™ + Ne + Ne — Ne; + Ne, (13)

At 80 K the three body reaction rate coefficient reported for reaction
(13) by Johnsen et al. [49] is k(Ne"*Psj5) = (12 +3) x 1072 cmS 5!
and k(Ne**P; ) = (3.5 £ 1.8) x 10 *2cm®s-" for the two lowest fine
structure states of neon ion. Nej reacts with H, [50]:

Ne; +H, — NeH* + Ne + H, (14)

The rate for reaction (14) obtained at 200 K is 1.1 x 1071° cm3 s-1.
While NeH" is the main product of reaction (14), other minority
products (Ne;H™ and NeH; ) were also reported in Ref. [50]. These
react further with H, with reaction rate coefficients
9.6 x 107" cm? s~ and less than 4.0 x 10" cm3 s~!, respectively.
The main bottleneck for the production of Hj is the reaction of
NeH" with H,:

NeH* + H, — Hj + Ne, (15)

with a very low reaction rate coefficient of 2 x 10" cm? s~ [50].
At[H,] =5 x 10" cm3, the characteristic time constant for reaction
(15) will be 1 ms. Given the timescale of the present experiments,
only negligible amount of the Hj ions will be produced during the
afterglow in process (15) and we do not take this production into
account in the data analysis. As a consequence, the early afterglow
plasma contains a mixture of ions: Hj that was formed in discharge
in ion molecule reactions involving Ar",H; and H,, then NeH" pro-
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Fig. 5. Example of time evolution of electron (squares) and H3 (full line) number
densities measured in a neon buffered afterglow plasma at T=110 K, [Ne] =
6.3 x 10" cm~3, [Ar] =5.4 x 10> cm3, [H,] = 1.0 x 10" cm3. Fit to the data using
Eq. (9) is denoted by a dashed line and the obtained effective recombination rate
coefficient is displaye.d in the figure.

duced from Nej by reaction (14), and other minority ions like H;
and NeH;.

An example of the time evolutions of the Hj and electron num-
ber densities in a neon buffered plasma at T = 110 K is plotted in
Fig. 5. As outlined in the discussion of the chemical kinetics above,
Hj is not a dominant ion species in the afterglow. In fact, it
accounts for no more than one third of all ions. A similar behavior
was observed for data obtained over the entire range of buffer gas
and reactant number densities used in the experiment. We fitted
the data by Eq. (9) and the resulting dependence of the measured
effective recombination rate coefficients on the buffer gas number
density is shown in Fig. 6. To obtain the binary and the ternary
recombination rate coefficients we fitted this dependence with
Eq. (3) yielding op(110K)=(7.0+1.7)x10 ¥ cm3s! and
Kne(110K) = (1.8 4£0.2) x 10 ® cm®s~'. A fit of the effective
recombination rate coefficients obtained for Hj in helium buffer
gas at 125 K is also plotted in the figure for comparison. As can
be seen from Fig. 6 the obtained binary and ternary recombination

4 T T
O H;inNe 110K
- - -fit
”~
— —H}inHe 125K -
3+ . i -
‘T/\ ——Hj in Ne 240 K [MacDonald] _ 1
wn “o°
mE - -
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Fig. 6. The dependence of the effective recombination rate coefficients for
recombination of H; ions with electrons on buffer gas number density obtained
in the present study in neon buffer gas at 110 K (circles). The fit to the data by Eq.
(3) is shown as a dotted line. The values are compared to those reported by Dohnal
et al. [43] in helium buffer gas (dashed line) and by MacDonald et al. [31] in neon
buffer gas at 240. K (full line).
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rate coefficients are very close to those obtained in a helium buf-
fered plasma using a similar experimental setup and conditions
[43]. Bates and Khare [24] proposed that the recombination rate
of atomic ions in ambient gas will be proportional to the reciprocal
reduced mass of the positive ion-buffer gas atom system at low
densities and temperatures. This would suggest that the ternary
recombination rate coefficients for H; ions in helium and neon
should differ by a factor of 1.5 which is consistent with our data
when all uncertainties are taken into account. We note that the
theory [24] fails to predict the magnitude of the Hj ternary recom-
bination rate in helium by several orders of magnitude at 300 K, so
also this estimate should be taken with a grain of salt.

3.5. Uncertainties and their sources

The statistical uncertainty of the ion number density determi-
nation is on the order of 10° cm=3, as evidenced by the scatter of
the data in Figs. 3 and 5. The systematic uncertainty of the mea-
sured ion number density arises mainly from the uncertainty of
the discharge column length (estimated as 10%) and from the
uncertainties of the used vibrational transition moments that are
estimated to be less than 5% [51]. The statistical uncertainty of
the obtained electron number density is very small (comparable
with the width of the corresponding line in Figs. 3 and 5), whereas
the temporal resolution is 2.5 ps. The systematic uncertainty of the
electron number density measurement is largely determined by
the precision of the determination of the resonant frequency of
the empty cavity and is estimated to be less than 3 x 10° cm3.
The overall systematic uncertainty of the effective recombination
rate coefficient determination is estimated to be 15%

4. Conclusions

We have combined a stationary afterglow apparatus equipped
with a Cavity Ring-Down spectrometer with time resolved electron
number density measurement based on the shift of the resonant
frequency of the microwave resonator. The experimental setup
was first tested on the recombination of H ions in the helium buf-
fer gas at conditions where the underlying ion formation processes
were well known [30]. The results have shown that reliable recom-
bination rate coefficients can be obtained even at conditions when
the ions of interest are not the dominant ions in the afterglow
plasma. The application of the present experimental setup for the
determination of Einstein coefficients of observed transitions was
demonstrated for the case of the 321(2,0) «— 029(1,0) second over-
tone transition yielding Apresent = (8.7 £ 0.5) s~! in excellent agree-
ment with the most recent theoretical prediction of
Atheory = 9.0758 571 [42]. The third-body assisted recombination
of Hj ions with electrons in a neon gas was studied at T = 110 K
and the obtained ternary recombination rate coefficient
Kne(110K) = (1.8 £0.2) x 102 cm® s~! is close to the value mea-
sured in a helium buffered plasma.
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Abstract

The recombination of vibrationally cold N;r ions with electrons was studied in the temper-
ature range of 140 — 250 K. A cryogenic stationary afterglow apparatus equipped with
cavity ring-down spectrometer and microwave diagnostics was utilised to probe in situ
the time evolutions of number densities of particular rotational and vibrational states
of NJ ions and of electrons. The obtained value of the recombination rate coefficient
for the recombination of the vibrational ground state of Nj with electrons is anp =

(2.95 + 0.50) x 1077(300/T)(0-28+0-07) ¢pp3g—1,

Plain Language Summary

[ enter your Plain Language Summary here or delete this section]

1 Introduction

Molecular nitrogen is the most abundant gas in the Earth atmosphere and also major
component of the atmospheres of other solar system bodies such as Pluto (Krasnopolsky,
2020), Titan (Krasnopolsky, 2014) or Triton (Elliot et al., 2000). It is one of the main species
in ices covering surfaces of trans-Neptunian objects (Young et al., 2020). As a result, N;r isa
main molecular ion in the Earth atmosphere (Lin & Ilie, 2022) as well as in the atmospheres
of Titan (Lammer et al., 2000) and Triton (Yung & Lyons, 1990). It is also an important
element in many technical and industrial processes (Sharma & Saikia, 2008; Morozov et al.,
2016; Sakakura et al., 2019; Holcomb & Schucker, 2020) and in nitrogen containing plasmas.
Dissociative recombination of NJ ions with electrons,

Nf +e” - N+N, (1)

is a key process in ionospheric modelling (Fox & Dalgarno, 1985; Sheehan & St.-Maurice,
2004; Fox, 2005) and has been for more than 70 years subject of many theoretical and
experimental studies (Sheehan & St.-Maurice, 2004; Larsson & Orel, 2008).

Deionization of nitrogen plasma was studied in a seminal work by Biondi and Brown
(Biondi & Brown, 1949) that served as stimulus for Bates to develop his theory of dissocia-
tive recombination (D. R. Bates, 1950). These early experiments were performed without
identification of recombining ions and were characterized by strong pressure dependences of
the measured recombination rate coefficients. The Biondi group added mass spectrometry
to their stationary afterglow setup and reported values of recombination rate coefficient for
N3 at 300 K of 2.9 x 1077 ecm3s™! (Kasner & Biondi, 1965) and later 1.8 x 10~7 em?s~!
(Mehr & Biondi, 1969). The actual vibrational population of the recombining ions was not
known. Zipf (Zipf, 1980) using laser induced fluorescence and similar conditions as those in
Biondi’s experiments reported 87 % of all N ions in the ground vibrational state with the
inferred value of the recombination rate coefficient for Nj (v = 0) being 2.2 x 1077 em3s~!
and higher for v = 1 and v = 2 states. Johnsen pointed out (Johnsen, 1987) that the anal-
ysis of Zipf’s data did not took into account the efficient resonant charge exchange process
between N3 ions and nitrogen molecules

N3 (v/) + Ny(v = 0) <> NJ (v = 0) + Ny(v/), (2)

and that the measured recombination rate coeflicient reflected the high vibrational temper-
ature (~ 1500 K) of the N ions. Bates (D. Bates & Mitchell, 1991) reanalyzed Zipf’s
data with inclusion of charge exchange process (2) and suggested a corrected value of
2.6 x 1077 em3s~! for the vibrational ground state of N; at 300 K. The reanalysis also
indicated that the value of the recombination rate coefficient would decrease with increasing
vibrational excitation of the N3 ions.

The FALP (Flowing Afterglow with Langmuir Probe) experiments by Mahdavi et al.,
Geoghegan et al. (Mahdavi et al., 1971; Geoghegan et al., 1991) and Canosa et al. (Canosa
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et al., 1991) reported values of the recombination rate coefficient for N;r ions at room
temperature of 2.2 x 1077 cm?3s™', 2.0 x 10~ ecm?3s~! and 2.6 x 107 cm3s™!, respectively.
The advantage of the FALP technique in comparison with stationary afterglow is that the
studied ions are produced separately from the discharge and are thus with high probability
in their vibrational ground state.

Cunningham and Hobson (Cunningham & Hobson, 1972) used shock tube to measure
the temperature dependence of the recombination rate coefficient for the N;r ions in the
range of 700 — 2700 K. Despite the high temperatures used in the study, they claimed that
the obtained results are for v = 0 state of Nj and by extrapolating their data down to 300
K got value of a = 1.78 x 107 em3s~!. Mul and McGowan (Mul & McGowan, 1979) used
the merged electron-ion beam technique and obtained the dependence of the recombination
rate coefficient a = 3.6 x 1077(7,/300)(~%%) cm3s~! for electron temperatures between
100 and 20 000 K (according to refs. (Brian & Mitchell, 1990; Larsson & Orel, 2008)
this value should be divided by a factor of two due to calibration error). The internal
excitation of the recombining ions was not known. In another merged electron-ion beam
study Noren et al. (Noren et al., 1989) employed a radiofrequency ion trap source that
could be utilized to control the number of collisions that the ions undergo prior to their
injection to the beam line. The obtained value of the recombination rate coefficient for
vibrationally cold ions was 0.4 x 1077 cm?s~!, substantially lower than values reported in
afterglow experiments, and increased when number of collisions in the ion source decreased
— 1. e. for vibrationally excited ions. Sheehan et al. in their excellent review (Sheehan
& St.-Maurice, 2004) speculated that instead of vibrational quenching, the ions became
vibrationally reactivated due to collisions in the ion source. On the other hand, Mitchell
(Florescu-Mitchell & Mitchell, 2006) suggested that possible calibration error could explain
results of Noren et al. (Noren et al., 1989).

The merged electron-ion beam study of Sheehan et al. (Sheehan & St.-Maurice, 2004)
and the ion storage ring experiment CRYRING (Peterson et al., 1998) reported practically
identical cross sections for recombination of Ng‘ ions with electrons in a broad energy range.
The corresponding recombination rate coefficients for the temperature of 300 K were 1.5 x
1077 ecm3s™! and 1.75 x 1077 em3s ™!, respectively. The latter study also probed vibrational
populations of the recombining ions with 46% percent of all N;r ions in the v = 0 state, 27%
inv=110 % in v = 2, and 16% in v = 3 state.

Despite the breadth of the available experimental data, the reported values of recombi-
nation rate coefficients differ by a factor of two or more at 300 K and there are no experiments
with vibrationally cold ions performed for temperatures below 300 K. The majority of the
studies, with notable exception of merged electron-ion beam experiment by Noren et al.
(Noren et al., 1989), also hint that the recombination rate coefficient decreases with increas-
ing vibrational excitation of the recombining ions (for further discussion see ref. (Sheehan
& St.-Maurice, 2004). Unfortunately, of all the studies that were able to determine the vi-
brational populations of the recombining N; ions, none was conducted with overwhelming
majority of ions in the vibrational ground state.

Dissociative recombination of Né" ions with electrons was extensively studied by Guber-
man (Guberman, 1991, 2007, 2012, 2013, 2014) using multichannel quantum defect approach
(MQDT). His calculations have shown that at elevated temperatures the v = 0 state of N
will recombine with electrons substantially faster than the excited states. At 300 K the
predicted ratio between the values of the recombination rate coefficients for the two lowest
vibrational states of N;’ is less than 1.5 and decreasing with decreasing temperature.

Little (Little et al., 2014) used the framework of the R matrix theory to obtain the
recombination rate coefficients for several low lying vibrational states of N2+. This approach
was later refined by Abdoulanziz et al. (Abdoulanziz et al., 2021) by taking into account
higher kinetic energies of incoming electrons and more vibrational levels of the target molec-
ular ion. Their calculations confirmed Guberman’s results (Guberman, 2014) that v = 0
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state of NJ recombines faster than the vibrationally excited states but the ratio between
recombination rate coefficients for v = 0 and v = 1 states is predicted to be more than 4 at
the temperature of 300 K and does not significantly change with decreasing temperature.
The obtained absolute value of the recombination rate coefficient for v = 0 is also higher
than that from MQDT theory (Guberman, 2014) while the value for the v = 1 state is
substantially lower.

In this paper we present the results of experimental study on recombination of the
vibrational ground state of N2+ ions with electrons performed in the temperature range of
140 - 250 K.

2 Experiment

Cold
He/N, head

[
et Tl o EL -

n detector
resonator *
roots pump

turbopump discharge tube

Isolator——JLaser1 |

Beam splitter

Isolator]——]Laser2 ]

Figure 1. A scheme of the Cryogenic Stationary Afterglow with Cavity Ring-Down Spectrometer
(Cryo-SA-CRDS) apparatus. The microwave resonator (green in the figure) is connected to the
discharge tube via copper braids. A cold head of the close cycle helium refrigerator Sumitomo
RDK 408S is attached to the microwave resonator enabling operating the discharge tube in the
temperature range of 30 — 300 K. The laser is switched on and off by passing through an acousto-
optic modulator (AOM) and then passes through mode matching optics (not in the figure) before
entering the optical cavity formed by two highly reflective plano-concave mirrors. The light leaking

through the cavity is collected by an avalanche photodiode.

A Cryogenic Stationary Afterglow apparatus with Cavity Ring Down Spectrometer
(Cryo-SA-CRDS) was used in present experiments. The simplified scheme of the experi-
mental setup is shown in Figure 1 and its detailed description can be found e.g. in refs.
(Plasil et al., 2018; Shapko et al., 2021) so only a short overview will be given here. The
gas of the required composition enters the discharge tube on one side and is pumped by a
roots pump on the other side. The plasma is produced in a sapphire discharge tube with
an inner diameter of 2.5 cm and a length of 20 cm by a microwave discharge in a prepared
gas mixture. The discharge tube is cooled by a closed cycle helium refrigerator enabling
operation in the temperature range of 30-300 K. The Cavity Ring-Down Spectrometer based
on an approach developed by Romanini et al. (Romanini et al., 1997) is used to monitor
the time evolutions of the number densities of ions in particular rotational (and vibrational)
state. The optical cavity consists of two highly reflective plano-concave mirrors with a re-
flectivity greater than 99.99 %. The light that leaves the cavity through the second mirror
is detected by an InGaAs avalanche photodiode. For the experiment with N; ions we used
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Table 1. List of transitions of the 22; - 2T, Meinel system of NJ used in present study. o/
and v/ denote the vibrational quantum number of the lower and upper state, respectively. The
transition wavenumbers v were taken from ref. (dan Wu et al., 2007) for transitions originating in
the ground vibrational state of NI and from ref. (Benesch et al., 1980) for the v = 1 state. For
details on spectroscopic notation see in ref. (dan Wu et al., 2007). Lines denoted by asterisk were

overlapping to some degree with nearby lines of Na.

Transition o// v/ v (em™!)

R11(8.5) 1 3 12358.082
R11(9.5) 1 3 12358354
Qa2(11.5) 1 3 12358.426
Q22(9.5) 1 3 12370.692*
Q21(18.5) 1 3 12374.848*
Q22(10.5) 0 2 12726.047*
Py (10.5) 0 2 12731.879
Q22(9.5) 0 2 12731981
Roo(175) 0 2 12737.000
P»1(9.5) 0 2 12737.428
Q22(8.5) 0 2 12737.524
P (8.5) 0 2 12742.591
Q22(7.5) 0 2 12742.675
P»(3.5) 0 2 12747.298*
Py (7.5) 0 2 12747370
Q22(6.5) 0 2 12747.436

optical system consisting of two lasers (L785P090 with central wavelength of 785 nm and
L808P030 centred at 808 nm) covering transitions in the Meinel system of N; 22; - 211,
originating in the ground and the first vibrational state of the ion. The transitions used in
the present study are listed in Table 1. The Einstein A coefficients for transitions between
different vibronic levels were taken from ref. (Qin et al., 2017) and the state to state line
intensities were calculated following refs. (Rothman et al., 1998; Hansson & Watson, 2005)
using Honl-London factors from ref. (Earls, 1935), spectroscopic constants from ref. (dan
Wu et al., 2007) and transition wavenumbers published in refs. (Benesch et al., 1980; dan
Wu et al., 2007). The wavelength is measured absolutely by WA-1650 wavemeter.

The time evolution of the electron number density in the afterglow plasma is determined
by tracing the changes of the resonant frequency of the microwave resonator. For details see
ref. (Shapko et al., 2021). The N ions are formed in a pulsed microwave discharge (10 W,
period of 3 ms, discharge on for few hundred ps) ignited in a He/Ny mixture with a typical
composition of 1017 /10'* cm?3. The buffer gas flow velocity is ~ ms~! and the used gases are
purified prior to entering the discharge tube by passing through liquid nitrogen cold traps.
Our previous study (Plasil et al., 2018) has shown that for H7 ions in helium buffer gas the
kinetic Ty;, and the rotational T.,; temperature of the ions in the discharge tube is within
the error of the measurement equal to the temperature given by the temperature sensor
positioned on the stainless-steel holder of the discharge tube. Here and in the following
text, this temperature will be denoted as Ty.

3 Data analysis

The values of the recombination rate coefficients were obtained from the measured time
evolutions of the electron and ion number densities using procedure described in detail in
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ref. (Shapko et al., 2021). If NJ ions are no longer formed in the afterglow plasma, the time
evolution of their number density can be described by formula:

dny nN
Ta T emene s T ¥

where ny, and n. are the number densities of N ions and of electrons, « is the recom-
bination rate coefficient and 7 is the time constant for the losses of N3 ions by ambipolar
diffusion and by reactions (ion-molecule reaction, three-body association reaction, etc.):

11,1 “
T ™D R
here 1 is the time constant of ambipolar diffusion losses and 7r describes reaction losses. At
experimental conditions in the present experiments (temperature, pressure, reactant number
density) this term is given mainly by the formation of NZ ions in the three-body association
reaction of NJ with Ny and He:

Ni + Nz + He — N + He, (5)

The value of the rate coefficient for reaction (5) was determined by Anicich [Anicich et al.,
1999] to be higher than 2 x 1072% ecm?®s~! at 300 K.

By directly integrating equation (3) we get for N;r number density in time ti in the

afterglow:
nn, () = n, (to)e X =Y (0) (6)

where ny, (to) is the initial number density of N3 ions,

X(t) = / ne(t)dt (1)

to

and
Y(t;) =t —to, (8)

As nn, (t;), X (¢i) and Y (¢;) are measured in present experiments (or may be calculated from
the measured quantities), we find the parameters ny,(t9), @ and 7 that fulfil equation (6)
in the least square sense.

As has been shown by Shapko et al. (Shapko et al., 2021), by measuring at the same
time both electron and ion number densities, reliable recombination rate coefficients can
be evaluated even at conditions when the studied ions are not dominant in the afterglow
plasma. Moreover, as both sides of equation (3) depend linearly on the N5 number density,
if no N; ions are produced in the afterglow, the data analysis is very robust with respect
to possible systematic errors in N;r number density determination.

4 TUncertainties and their sources

The statistical uncertainty of the ion number density determination is on the order of
1 x 10® cm™3, and its systematic uncertainty, arising mainly from the uncertainty in the
discharge column length (estimated as 10%) and in the used vibrational transition moment.
While the statistical uncertainty of the electron number density is very small, the systematic
uncertainty is largely given by the precision of the determination of the resonant frequency
of the empty cavity and is estimated to be less than 1 x 108 cm™3. The overall systematic
uncertainty of the effective recombination rate coefficient determination is estimated to be
15%.
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5 Results and Discussion

An example of measured absorption line profiles is shown in Figure 2. The P5;(10.5)
and Q22(9.5) lines of the *Xf - *II,, (0 — 2) band of N5 are accompanied by a Ny line around
12371.75 cm~!. For recombination rate coefficient determination, only those N lines that
were not overlapping with N5 lines were used. In this we were aided by the list of wavelengths
and relative intensities of molecular nitrogen transitions reported in ref. (Western et al.,
2018).

N,
Q,, (J=9.5)
N 12731.974 (cm'D

z
12731.750 (cm’) (12731.981)

(12731.753)
0O

N
T

N

2
P, (J=10.5)

12731.874 (cm’”)
(12731.879)

o
T

Absorbtion coeficient (10° cm™)

127318 127320
Wavenumber (cm™)

Figure 2. Example of spectra measured around 12732 cm™! in discharge plasma. Each line is
labeled by the name of corresponding species (N or N2+), spectroscopic notation of the transition
and the measured central wavelength. The numbers in parentheses are wavenumbers from refs.
(dan Wu et al., 2007; Western et al., 2018). The data were obtained at Ty = 209 K, [He] =

7 x 10" cm™ and [N2] = 7 x 10'* em ™3,

The total number density of NJ ions in v = 0 or v = 1 state was determined from the
population of single state meaning unclear!! under the assumption of thermal populations
of rotational levels pertaining to each vibrational state. The dependence of relative number
densities of NJ ions in different rotational states of the vibrational ground state on rotational
energy measured at Ty = 140 £ 5 K is plotted in Figure 3. The statistical weight of each
state was taken into account. The obtained rotational temperature was Tt = 136 £ 5 K, a
value very close to Ty. As the number density of the probed rotational states of vibrationally
excited N;‘ ions was very low, we assumed that the populations of rotational states for N;’
(v = 1) are in accordance with thermal equilibrium at a given temperature.

An example of absorption line profiles for transitions originating in the ground and the
first excited vibrational states of N;r is shown in Figure 4. It is evident that the majority
of the ions is in the ground vibrational state. Under assumption of thermal population of
rotational energy levels in v = 1 state, only 1.5 % of all NJ ions are in the first vibrationally
excited state. By changing the experimental conditions (discharge power, reactant and
buffer gas number densities) we were able to slightly increase the relative population of the
v = 1 state. The highest fraction was obtained when neon buffer gas was used instead of
helium — around 3 % of all ions were in v = 1 state. The measured recombination rate
coefficient at such conditions a (200 K) = (3.0 + 0.3) x 1077 cm3®s~! is very close to
that obtained with lower vibrational excitation of the recombining ions. In the following



179 text, only the results of experiments conducted in helium buffer gas and with the lowest
vibrational excitation of the ions will be presented.

22 T T T T T T
~. T,.=136%5K
e
~ 20F 6.0 T,=139+3K
~ o
+ ~
- \\
S 18+ .. |
2
S s
£ 16} .
\é\
14} 1

100 200 300 400 500 600 700
E (cm™)

Figure 3. The dependence of the relative number densities of NJ ions in different rotational
states of the ground vibrational state on the energy of given state (Boltzmann plot). The data
were obtained in discharge plasma. The obtained rotational temperature Tiot = 136 & 5 K is very
close to the temperature of the discharge tube holder Ty = 139 £ 3 K. The helium and N2 number
densities were 1 x 10'7 cm ™2 and 5.5 x 10'* cm™3, respectively.

180
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Figure 4. Comparison of absorption line profiles of two lines originating in the ground and the
first excited vibrational state of N . The data were obtained in discharge at temperature of the
discharge tube holder Ty = 244 #+ 4 K, [He] = 5.8 x 10'® cm™® and [N2] = 1 x 10'® cm™3. The

calculated amount of vibrationally excited N in the discharge is 1.5 % of all N3 ions.

Typical time evolutions of electron and N number densities measured in afterglow
plasma are shown in Figure 5. The measured number density of N3 ions is lower than the
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electron number density and the relative fraction of N;r with respect to all ions decreases at
later times in the afterglow. Part of this behavior is due to the formation of N ions in the
three-body association reaction of N with helium and molecular nitrogen (5). In order to
minimize the influence of process (5) on plasma decay we had to keep the helium buffer gas
density quite low — below 1 x 10’7 cm™3. At such conditions the He' ions formed in the
discharge are not converted sufficiently fast to Hej ions in three-body association reaction:

He' + He + He — Hej + He, (9)

and may remain in the afterglow plasma. The value of the rate coefficient for reaction (9)
was reported to be 1 x 10731 ecmSs~! at 300 K (Ikezoe et al., 1987). After switching off the
discharge, He™ ions are quickly removed from the afterglow plasma by a fast ion-molecule
reaction with No:

Het + Ny — N + He, (10)

Het + Ny - Nt + He + N, (11)

Reaction (10, 11) slightly favours production of N* ions over NJ (Lane, 1986). A subsequent
three-body association reaction of NT ions with helium and Ny then leads to formation of
N7 ions. The reported experiments were aided by a model of chemical kinetics that included
the main processes influencing charged particles in afterglow plasma. The model is further
described in Appendix A.

A crucial parameter for recombination studies is the electron temperature. In helium
buffered stationary afterglow plasma, metastable electronic states of helium (2'S and 22S)
are formed in the discharge and can in superelastic collisions transfer energy to electrons
thus increasing the electron temperature (Plasil et al., 2009). In present experiments, the
helium metastable atoms Hem are removed from the afterglow plasma by Penning ionization
of NQS

He™ + Ny — NJ + He +e™, (12)

We estimated the reaction rate coefficient for Penning ionization of Ng in collisions with
helium metastable atoms (12) from the increase of electron and N number densities in
the early afterglow at given temperature and N number densities. As the time evolution
of the number density of the helium metastable atoms was not directly measured and we
have to roughly estimate the electron and ion loss processes in early afterglow, such an
approach is inherently burdened by a large systematic error. The inferred reaction rate
coefficients for Penning ionization of Ny by helium metastable atoms were k™ (140K) =
(373 ) x 1071 em®s™! and k™(250K) = (575 5) x 107 cm3s~!. This is in reasonable
agreement with previous measurement by Lindinger et al. (Lindinger et al., 1974) who
reported a value of £™(300K) =7 x 1071 em3s~1.

In our study of NJ recombination we kept the number density of Ny sufficiently high to
ensure that helium metastable atoms are removed from the afterglow plasma within 100 ps
after switching off the discharge. The data obtained within the first 200 ps of the afterglow
are excluded from the data analysis.

The values of recombination rate coeflicients obtained in the temperature range of 140
— 250 K are plotted in Figure 6 and compared to the results from previous experimental
and theoretical studies. Our results are in an excellent agreement with recent theoretical
predictions for Nj (v = 0) by Abdoulanziz et al. (Abdoulanziz et al., 2021). The values of
recombination rate coefficient obtained by other groups who also monitored the vibrational
state of recombining ions are substantially lower than our data. In all these experiments a
large fraction of ions was vibrationally excited. This indicates, in agreement with analysis
by Bates et al. (D. Bates & Mitchell, 1991) and Sheehan et al. (Sheehan & St.-Maurice,
2004) that the recombination process is less efficient for vibrationally excited ions than for
the ground vibrational state of NJ . A summary of previous studies that probed populations
of vibrational levels of Nj ions is given in Table 2.
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Figure 5. Time evolution of the measured electron and NJ number densities obtained at 230
K. The buffer gas and reactant number densities were: [He] = 6.4 x 10'% cm™3s™! and [N2] =

6.7 x 10" em™3s™!. The dashed line denotes fit of the data by equation (6). The NJ number
density was calculated from the absorbance at the center of the Q22(9.5) transition of the 22; -
2l'Iu(O — 2) band of N;r under assumption of thermal population of rotational states. Time is set

to zero at the beginning of the afterglow.
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Figure 6. The dependence of N recombination rate coefficient on temperature. Present data

(full squares) are compared to the results of recent quantum mechanical calculations by Abdoulanziz
et al. (Abdoulanziz et al., 2021) for particular vibrational states (dashed lines denoted v = 0 and
v = 1). Values obtained in previous experiments by Peterson (Peterson et al., 1998), Sheehan
(Sheehan & St.-Maurice, 2004), Zipf (Zipf, 1980), Canosa (Canosa et al., 1991), Kasner (Kasner &
Biondi, 1965), Mehr (Mehr & Biondi, 1969) and Goeghan (Geoghegan et al., 1991) are plotted as

full line, dash-dotted line, up triangle, circle, star, down triangle and open square, respectively.

By taking together available experimental data from Table 2. We can make an estimate
of recombination rate coefficient for higher vibrational states. As the available state resolved
experimental data are very scarce, we were unable to calculate the recombination rate
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Table 2. Comparison of values of recombination rate coefficient for N ions obtained present and
in previous experiments with available information on N;‘ vibrational excitation. The recombination
rate coeflicients from refs. (Peterson et al., 1998; Sheehan & St.-Maurice, 2004) are stated to be valid
for electron temperature T, lower than 1200 K. The present data were obtained in the temperature
range of 140 — 250 K.

Reference v=0 wv=1 v=2 0v=3 a (1077 ecm3s™1)
(Peterson et al., 1998)¢ 46%  27%  10%  16%  (1.7540.09) x (T,/300)~0-30
(Sheehan & St.-Maurice, 2004)  65.1% 21.1% 8.4% 3.5%  (1.5+0.23) x (7,./300)7%-38
(Zipf, 1980) 87%  11% 2% 2.2 at 300 K
Present® 98.5%  1.5% (2.95 + 0.50) x (7/300)~%-28

“indicated rate coefficient was recalculated by Sheehan et al. (Sheehan & St.-Maurice, 2004)
to be a = (1.50 & 0.23) x (T,./300)793% x (10~7 cm3®s~1)
b vibrational populations were estimated based on the calculations in ref. (Noren et al., 1989).
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¢ fit of the data plotted in Figure 6.

coefficient for particular state with sufficient precision. Instead, we fitted the recombination
rate coefficients from Table 2 by following equation:

a(fo, f1, fo, 3, T) = av=0(T) fo + w0 (T)(f1 + f2 + f3), (13)

where a(fo, f1, f2, f3,T) are the recombination rate coefficients from Table 2, f; are the
fractional vibrational populations of NJ ions for given vibrational state with v = i, a,— is
the recombination rate coefficient for the ground vibrational state and «,~¢ is the effective
recombination rate coefficient for N3 ions with v > 0.

The value of recombination rate coefficient reported by Zipf et al. (Zipf, 1980) was
obtained at 300 K. We extrapolated this value to 250 K using temperature dependence
observed by Mehr et al. (Mehr & Biondi, 1969) which is exactly the same as in the one
measured in merged electron-ion beam experiment by Sheehan et al. (Sheehan & St.-
Maurice, 2004).

In the fitting procedure we used the present experimental data in place of a,—¢ as
majority of the ions were in v = 0 state. The resulting effective recombination rate coeflicient
was apso = (4 £4) x 1078 em®s71 at 250 K. As in all experiments listed in Table 2 the
majority of vibrationally excited ions were in v = 1 state, we assume that the obtained value
will be close to the recombination rate coefficient for that state. The theoretical calculations
by Abdoulanziz et al. (Abdoulanziz et al., 2021) predicted value of c,—; = 6.8 x1078 cm?®s~!
for the first excited vibrational state of N . This is in a good agreement with our results.

6 Summary

We have studied the recombination of N; ions, predominantly in their ground vibra-
tional state, with electrons in the temperature range of 140 — 250 K. The results are in good
agreement with the most recent quantum mechanical calculations (Abdoulanziz et al., 2021).
By comparing our data to the recombination rate coefficients obtained by other groups with
higher vibrational excitation of NJ ions, we inferred that N7 ions in the first excited vibra-
tional state recombine with electrons less efficiently than the ions in the vibrational ground
state. The recommended value of recombination rate coefficient for recombination of N
(v=1) ions with electrons is a,—1 = (4 £4) x 1078 ecm3s~! at 250 K.

We hope that our results will help to improve models of nitrogen containing planetary
ionospheres.
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Appendix A APPENDIX A: MODEL OF CHEMICAL KINETICS

A kinetic model was used in the experiment for prediction of the chemical evolution of
the afterglow plasma with conditions similar to the experiment. The model was based on
the set of reaction equations of binary or ternary interactions of ions, electrons and neu-
trals with corresponding rate coefficients. The model also included the ambipolar diffusion
with corresponding time of the charged particles losses. Differential equations of the kinetic
model were solved by using an equation solver implemented in lsoda routine (Hindmarsh,
1983). The chemical reactions used in the kinetic model are summarizing in Table 1. The
temperature for the reaction rate coefficients stated in Table 1 is 300 K if not stated other-
wise.

Based on experimental study by Glosik et al (Glosik et al., 1999), we have presumed,
that the number density of metastable helium atoms He™ for both 2'S and 23S states was
the same or lower than the electron number density at the beginning of the afterglow.

The actual ionic composition at the beginning of the afterglow was not known — with
the exception of N;r ions and of electrons that were probed in the experiment. Various
initial compositions of ions were tried for the kinetic model, until we came to an agreement
with the experiment.

10" g v T v T T v
3 =N model
«====n_ model
= =n, experiment
10" — —N; experiment
‘?E He™ model
o —-— N"model
2 N; model
§ 10° B —-— N; model
o° E
s
[
o [ \teeeo
s _
z 10°F gttt | 4
107 " " " n
0 500 1000 1500 2000
Time (us)
Figure Al. The time evolution of the measured number densities of N and electrons and of

the number densities obtained from the model of chemical kinetics at T = 230 K. Time is set to

zero at the beginning of the afterglow.

The comparison between the measured number densities of Nj and of electrons and
number densities obtained from kinetic model of the afterglow is shown in Figure 1. Both,
the kinetic model as well as the measured data were obtained at temperature T = 230 K.
The kinetic model shows that NoH™T is a dominant ionic species within 250 ps after switching
off the discharge in good agreement with the measures data.
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Table Al.

in the model of chemical kinetics. The ambipolar diffusion losses were calculated for T = 230 K.

The most important reactions for formation and destruction of NyH™ ions included

The characteristic reaction times were calculated using the formula: 7 = 1/k[R], where k is the rate
coefficient of the reaction, [R] is the neutral reactant number density for the two body reactions
and the product of the neutral reactant number densities for the three body reactions. The number

densities used in the model were [He] = 6.4 x 10'® cm™2 and [N2] = 6.7 x 10'* cm™3.

Characteristic
reaction time [s]

Rate coefficient

[em ™3], [emSs~1]

No. Reaction

Reference

Rl He™+ Ny = NJ +He+e™ 6.1 x 10711 2.45 x 107° (Lindinger et al., 1974)

R2  He" + He + He — Hej + He 1.0 x 10731 2.44 x 1073 (Glosik et al., 2015)

R3  Hej + N, — NJ + He + He 1.12 x 107 1.33 x 10~ (Lindinger et al., 1974)

R4  NT+4+N;+He— N7 + He 4.0 x 10729 5.83 x 107* Estimate

R5 N+ + Ny + Ny — N3 + Ny 8.6 x 10730 2.59 x 1071 (Hwang et al., 1996)

R6  Het + Ny - Nt +He+N 8.4 x 10710 1.77 x 1079 (Lane, 1986)

R7 Het + Ny — NJ + He 6.6 x 10710 2.26 x 1076 (Lane, 1986)

R8  Nj + Ny +He — N + He 1.9x 10729 1.23 x 1073 (Anicich et al., 2000)

RO Ny 4+N2+Ny =N +Ny 8.0 x 1072 2.78 x 1072 (Anicich et al., 2000)

R10 N;r +e~ - N+N 3.5 x 1077 1.90 x 104 Present data

R11 Ni+e” =Ny +N 6.5 x 1077 1.03 x 1074 (Zhaunerchyk et al., 2007)

R12 N +e” — Ny + Ny 2.6 x 1076 2.56 x 107° (Adams et al., 2009)
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