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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 = (01)
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x 1078 cm3 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 HJ ions in specific nuclear spin states,
namely,

Pa in
PHY + ¢~ —5 Hy+ H.H+H +H, (1a)
°Hf + e —2% H, + H,H+ H + H, (1b)

[T 1]

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,
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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—H3 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.'??%2630-32 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*32 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 e, 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 coefficients 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))!®!3:1¢ and TSR
(Test Storage Ring (Heidelberg, Germany))®! 1> 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.®3® 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 coefficients Payi, 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—H3 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.IV. 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.?”23%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 Hej 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!:?2

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.*>46 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
°fs with Pf3 + °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 f5 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) : 3v(1,2) « 0v9(2,2); R(3,3)" :
3vi(4,3) « OV%(3,3);R(], 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 P 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 Tiip-jon = Twar, this implies also that Tyay = 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

J. Chem. Phys. 143, 044303 (2015)

ortho manifold. In some experiments, the discharge tube was
immersed in liquid nitrogen (Tway = 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 Tyip.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 T = 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 I

The electron temperature, T, 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@D 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, » = 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.?’~2° 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 (Tyai)-
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' = Ty,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
1.8x10'8 cm™3 s~!1. 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 T, Kge_crr © 5 2") 50
that measurements of their values provide a sensitive test of
the electron-temperature scale.'®>’-2%3* 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?V-!lg, adopted from Ref. 55. To show the sensi-
tivity to small deviations in temperature, we also calculated
alternate values of [He]/1p 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 T, = Ty is important.
One could reach the same conclusion by considering only
elastic energy transfer between electrons and helium atoms,

J. Chem. Phys. 143, 044303 (2015)

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,

dne ) He

o et - e 4

where 1p 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.,

et = P f3 Parer + ° f3 "o, (5)

where Paog and °a.q are the effective recombination rate coef-
ficients of pure PHY and pure °HJ, respectively. Both Pa.q and
e can then be obtained from measurements of a.q¢ (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.gs 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/ne). 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
at 60 K at the indicated pressures of helium. Panels (a) and (b) show data
measured in the experiments with °Hj and "Hy, respectively.
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[He] (10" cm™®)

FIG. 6. Cryo-FALP II data. Dependence of a.f at T =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

Maer = 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

60K
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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 L.
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TABLE 1. The fitting parameters &1, &>, and &3 for the data obtained at 7 =60 K in experiments with "H; and
°H; hydrogen (see Figure 7). Values &1, &2, and &3 are given in format &;0(m) indicating &; = &;0x 10". For
comparison, the values “"ay;, and contributions from &[He], &,[H,], and &3[H,][He] terms are given in units
10~7 cm? s~!. The values are deduced from Equation (6) using fitting parameters &1, &, &3 for typical densities
of Hy and He, [He] = 5x 107 cm™3, [Ha] = 5% 102 cm™3.

60 K Marpin
gas (107 cm3s7!)

&1[He]
(1077 cm3 s71)

&r[Hy]
(1077 cm3 s71)

&3[Ha][He] &1 & &3

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

"Hj 0.75 0.65
°H, 1.44 0.66

7.0(-12) 0.15
-1.5(-12) 0.45

1.29(-25) 1.4(-31) 5.8(-39)
1.32(=25) -3.0(-32) 1.8(-38)
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experiment. The binary values “ay;, 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,
[H;] = 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 ¥y, 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 IV 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'®2!>" 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 H} 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 coeflicients for pure para—HZ, pure
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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 II, 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 "y, 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 Payip, °@pin, and "y, obtained
in CRYRING, 3 respectively. The dashed lines indicated as para, ortho, and
thermodynamic equilibrium (TDE) are theoretical dependences for para—Hg’,
ortho-HJ, and for HJ 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) =3x10'0 cm=3 and
1ne(Cryo-FALP IT) = 5 x 108 cm™3,19:27-29
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TABLE II. Parameters aax, B, 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 "y, were fitted for 77-340 K. As it is discussed
above (see Fig. 2), in this temperature range, the afterglow plasma with "Hj is in thermal equilibrium including
the para to ortho H;’ ratio. The values of Papi, (300 K), °@pin (300 K), and TPEay;, (300 K) were measured in
SA-CRDS experiment. The values of Payi, (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°Eay, (60 K) for H in TDE is calculated from
the measured Papi, and °aypi, and from Pf3 calculated for H;r in TDE at T =60 K.

PO/TDE g (60 K)  PMPEq (300 K) aax Y
Ton (1077 cm? s~ (1077 cm? s~ (1077 cm? 571 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%5-0) (0.50 + 0.20) (0.97 + 0.40) (041 £091) (187 + 143)
HJ (TDE) (0.943-4 (0.68 + 0.10) (0.65 = 0.04) (=0.26 + 0.07) 0

ortho-H3, 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,>®

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

where @ sk, B, and y are free parameters. The values kiooij
and @k are in cm® s71, B is dimensionless, the temperature
and the parameter y are in K. The parameters of the fit of the
values of Py, 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 °apy, 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 Hj

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 I1?%?° 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 P, 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 O3 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 Pavpin 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 coefficient than ortho-HJ,
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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