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Collisional-radiative recombination of Ar* ions with electrons in ambient helium
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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.
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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, )
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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.
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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
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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

PHYSICAL REVIEW A 87, 052716 (2013)

N
~
~N
100F Yo

T T T T
4+ Cryo-FALP |
& Cryo-FALPI, LN, temp.

W Cryo-FALP I, high n,
@® Cryo-FALP II, low n, |
N — = Theory - Collisional term

18 6 _—1
K cre (107" cm’s ™)
>—<7
»—.4
|
+

10¢ *’ﬁcg 3
+ S
+ 3 B+
N+
SN
et
1 1 1 1 1 1 H
40 50 60 80 100 120

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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