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Abstract. Stationary afterglow (SA) experiments with cavity ring down absorption spectrometer
(cw-CRDS) have been used to study recombination of H+
3 ions with electrons. To characterize the plasma
during the afterglow we monitored the time evolution of density of He2 excited dimers (a3 Σ+
u ) in plasmas
in pure helium and in helium with small admixture of Ar and H2 . By monitoring the plasma decay and its
dependence on [H2 ] and [Ar] in the afterglow in pure He and in He/Ar/H2 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 H2 were (0.9 ± 0.3) × 10−10 cm3 s−1 , (1.9 ± 0.2) × 10−10 cm3 s−1
and (2.7 ± 0.2) × 10−10 cm3 s−1 at 80 K, 140 K and 300 K, respectively. The eﬀective recombination rate
coeﬃcients for H+
3 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 H+
3 and D3 dominated plasma.

1 Introduction
H+
3

Recombination of
ions with electrons at low temperature is important for theoretical physics, physical chemistry, plasma physics, and it is of special interest for
astrophysics, because H+
3 is the most abundantly produced 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+
3 ions was studied in merged
electron-ion beam experiments [4,5] and in several afterglow experiments [3,6–9]. In afterglow experiments used
for studies of H+
3 recombination the helium buﬀer gas is
used to inhibit diﬀusive losses and to thermalize the electrons. Hydrogen is the precursor gas for H+
3 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 H2 [10–12]. Using stationary
afterglow (SA) and ﬂowing afterglow with Langmuir probe
(FALP) experiments we recently demonstrated that
recombination in H+
3 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
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due to binary and ternary recombination processes are
comparable. This is an unexpected result since the generally 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+
3 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
H+
3 recombination at low temperature and high pressures.
The plasma thermalization was monitored by measuring
the relative populations of molecular He2 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+
3 recombination in afterglow plasmas.

2 Experimental
The experiments were performed using a stationary
afterglow apparatus combined with continuous wave
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Fig. 1. Observed absorption spectrum of He2 in the nearinfrared spectral region: 6460.5–6467 cm−1 . The absorption
lines belong to the (1–0) and (2–1) vibrational bands of the
b3 Πg –a3 Σ+
u system. The measurement was performed during
the discharge at 80 K in a He/Ar/H2 mixture (8×1017 /1014 /2×
1014 cm−3 ). The lines are labelled with the corresponding
quantum numbers ΔJF  F  (N  ), where F = 1 for J = N + 1,
F = 2 for J = N , and F = 3 for J = N − 1 and the prime and
double prime denote the upper and lower state, respectively.

taken from reference [16], while those for the v = 2 vibrational state of b3 Πg 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 He2 we followed the procedure described by Tokaryk
et al. [21]. We used potential energy curves for a3 Σ+
u and
b3 Πg electronic states calculated by Yarkony [22] as an
input into the program Level by Le Roy [23] for calculation of energy levels. The bound-states wavefunctions
corresponding to the quantum numbers v and N were
obtained as solutions of the Schrödinger equation using
Numerov-Cooley methods [24,25] as implemented in reference [26]. The wavefunctions were then used together
with the transition dipole moment function μ⊥ [22] connecting the given electronic states to calculate appropriate
Einstein coeﬃcients Av N  J  →v N  J  . A set of rotational
line strength (Hönl-London) factors SN  J  ,N  J  [27] for
an allowed 3 Π − 3 Σ transition in Hund’s case (b) with


a given
 N = N (or N ) when normalized obey a sum
rule
SN  J  ,N  J  = 6(2N + 1), with the sum over all
ΔN = 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 nHe2 of a particular state of He2
was then determined using formula [28]:
nHe2

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/H2 (typical composition ∼ 1017 /1014 /1014 cm−3 ), in a mixture
of He/Ar (∼ 1017 /1013 cm−3 ), in pure He (∼ 1017 cm−3 ),
or in pure H2 (∼ 1016 cm−3 ). Only normal H2 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 µs).

3 Theoretical calculations

√
+1
2πσD
= 8πcν
ξ [cm−3 ],
2J  + 1 Av N  J  →v N  J 
2 2J



(1)

where c is speed of light (in units of cm s−1 ), ξ (cm−1 )
is the absorption coeﬃcient at the centre of the Doppler
broadened absorption line (described by standard
deviation σD (cm−1 )), Av N  J  →v N  J  (s−1 ) is the
Einstein coeﬃcient for spontaneous emission of a photon with wavenumber ν (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 a3 Σ+
u state of He2 during the discharge were on the order of 109 cm−3 in 900 Pa of pure He
and on the order of 107 cm−3 in a mixture of He/Ar/H2 .
For example at 8 × 1017 /1 × 1014 /2 × 1014 cm−3 and measured absorption coeﬃcient at the centre of the absorption
line ξ = 3.2 × 10−6 cm−1 (corresponding to R23 (1) transition in Fig. 1), the obtained number density of v = 0,
7
−3
N = 1, J = 0 a3 Σ+
.
u state of He2 is 1.1 × 10 cm

4 Results and discussion

The measured absorption lines were ﬁtted by a Voigt
proﬁle and the obtained line positions (νexp ) are listed in
Table 1 together with calculated theoretical values (νcalc ).
In the calculations we used an eﬀective Hamiltonian
for 3 Σ and 3 Π 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 3 Σ− state. The matrix elements
for the 3 Σ+ state are the same, except that f is replaced by
e and e is replaced by f. The spectroscopic constants for
3
v = 0 and v = 1 vibrational states of a3 Σ+
u and b Πg were

One necessary condition for measuring a recombination
rate coeﬃcient of H+
3 in SA-CRDS experiments is that
the afterglow plasma has to be free from excited particles 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 suppressed by a small admixture of a reactant gas which
removes He and He2 metastables by Penning ionization
[29,30]. The time evolutions of the relative populations of
He2 (transitions Q22 (1) and R22 (27) originating from the
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Table 1. Measured transitions (νexp ) belonging to the (1–0) and (2–1) vibrational bands of the He2 b3 Πg –a3 Σ+
u system compared
to the calculated values (νcalc ). The estimated error of the measurement is 5 × 10−3 cm−1 . The calculated Einstein coeﬃcients
of spontaneous emission A are also listed.
band
(2–1)
(2–1)
(2–1)
(2–1)
(2–1)
(2–1)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
a

transition
R22 (15)
R11 (15)
R33 (15)
R22 (11)
R11 (11)
R33 (11)
Q11 (3)
Q33 (3)
P32 (3)
R23 (3)a
P21 (3)b
Q22 (3)
R22 (27)
R11 (27)
R33 (27)

νexp (cm−1 )

νcalc (cm−1 )

A
(10 s−1 )

band

transition

νexp (cm−1 )

νcalc (cm−1 )

A
(104 s−1 )

6459.925
6460.028
6460.074
6460.788
6460.888
6460.943
6461.151
6461.190
6461.234
6461.446
6461.460
6461.488
6462.260
6462.369
6462.407

6459.918
6460.024
6460.072
6460.785
6460.886
6460.943
6461.154
6461.192
6461.236
6461.444
6461.456
6461.488
6462.251
6462.360
6462.411

13.8
13.9
13.9
13.5
13.6
13.6
11.3
10.7
1.9
1.0
1.0
10.1
8.2
8.2
8.2

(2–1)
(2–1)
(2–1)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)
(1–0)

R22 (13)
R11 (13)
R33 (13)
Q11 (1)c
R12 (1)d
P12 (1)
R23 (1)
P21 (1)
Q22 (1)
R22 (21)
R11 (21)
R33 (21)
R22 (5)
R11 (5)
R33 (5)

6462.464
6462.565
6462.615
6465.886
6465.917
6466.027
6466.216
6466.260
6466.289
6533.661
6533.765
6533.806
6536.518
6536.598
6536.694

6462.460
6462.564
6462.616
6465.890
6465.919
6466.026
6466.217
6466.261
6466.290
6533.666
6533.760
6533.811
6536.518
6536.599
6536.694

13.7
13.7
13.8
9.6
3.0
6.1
4.0
5.0
3.1
8.2
8.4
8.2
7.2
7.5
7.2

4

Blended with P21 (3); b blended with R23 (3); c blended with R12 (1); d blended with Q11 (1).

a3 Σ+
u (v = 0) electronic state) measured during the discharge 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 He2 are present
even 1 ms after switching oﬀ the discharge. This is consistent 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 He2 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 temperature [30]. In the present study we observed the
removal of He2 and excited Ar (3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ ,
J = 2) on a microsecond scale in the He/Ar/H2 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 H+
3 ions at similar
conditions (see Fig. 2b).
As there are several allowed transitions from the
3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ , J = 2 excited state of argon
to lower states with corresponding Einstein A coeﬃcients on the order of 106 s−1 [32] the lifetime of the
3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ , J = 2 state will be on the order
of hundreds of nanoseconds or lower. As can be seen from
Figure 3a, the 3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ , J = 2 excited state
of argon survives in the He/Ar mixture (4.1 × 1017 /2.1 ×
1013 cm−3 ) after switching oﬀ the discharge substantially
longer than what would have been expected from its lifetime. This indicates that another source of excitation
energy is present as the energy diﬀerence between the
3s2 3p5 (2 P◦1/2 )3d 2 [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 kPI = 7 × 10−11 cm3 s−1 [33] and
[Ar] = 2.1 × 1013 cm−3 the characteristic reaction time
for Penning ionization of Ar by helium metastable atoms
is ≈ 700 μs, i.e., similar to the time constant of the
decay of the 3s2 3p5 (2 P◦1/2 )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 H+
3 recombination
studies [31,34] the 3s2 3p5 (2 P◦1/2 )3d 2 [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 evolutions of the absorption signals proportional to the number densities of the 3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ , J = 2 state of
argon and the a3 Σ+
u (v = 0), N = 1 state of He2 in the
discharge and in the afterglow plasma at diﬀerent [Ar]
and [H2 ]. 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 [H2 ]. 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/τ of the measured time constants τ of the exponential decays on [H2 ] are plotted in the insert of
Figure 4. The measured time constants for given states of
Ar and He2 are the same within the experimental errors in
the probed range of [Ar] and [H2 ] (for details see the insert
of Fig. 4) indicating that metastable helium atoms probably serve as precursors for the creation of both He2 and
the 3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ , J = 2 state of Ar in the afterglow. The corresponding rate coeﬃcient for destruction of
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Fig. 2. (a) Time evolution of the absorption in the afterglow plasma measured at 170 K in 900 Pa of pure He using
the transitions originating from the ground vibrational state
(transitions Q22 (1) and R22 (27)) of the a3 Σ+
u electronic state
of the He2 molecule. The upper state belongs to the ﬁrst vibrational state of the b3 Πg electronic state of He2 . Unlike the
R22 (27) transition, we were not able to measure at the centre
of the Q22 (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−1 instead of 6466.289 cm−1 ).
The zero time is set at the beginning of the afterglow. (b) Time
+
evolution of number densities of ortho-H+
3 and para-H3 ions
measured in the afterglow plasma at 80 K in a He/Ar/H2 mixture (1.4×1018 /2.3×1014 /2.3×1014 cm−3 ). The electron number density (ne ) is calculated under the assumption of plasma
quasineutrality and thermal population of states [31].

Fig. 3. (a) Time evolution of the absorption at the centre of
an Ar absorption line (transition 3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ , J =
2 → 3s2 3p5 (2 P◦1/2 )4f 2 [5/2], J = 3; 6849.099 cm−1 [32, 35]).
The full and dashed lines denote the data measured at 80 K in
a He/Ar/H2 mixture (8.3×1017 /3.4×1014 /2.7×1014 cm−3 ) and
in a He/Ar mixture (4.1 × 1017 /2.1 × 1013 cm−3 ), respectively.
Note that in He/Ar the characteristic reaction time for Penning
ionization of Ar by helium metastable atoms is ≈ 700 µs (with
kPI = 7×10−11 cm3 s−1 [33]). The insert shows the corresponding absorption line proﬁle. (b) Time evolution of the absorption at the centre of a He2 absorption line (transition R23 (1)
in the (1–0) vibrational band of the b3 Πg − a3 Σ+
u system). The
full and dashed lines denote the data obtained at 80 K in a
He/Ar/H2 mixture (7.6 × 1017 /2.9 × 1014 /2.5 × 1014 cm−3 )
and in pure He (8.1 × 1017 cm−3 ) (scaled by a factor of 0.01
to ﬁt into the ﬁgure), respectively. The insert shows the corresponding absorption line proﬁles.

helium metastable atoms (states 2 1 S and 2 3 S) in
collisions with H2 at 140 K evaluated from the slope of the
linear ﬁt to the data in the insert of Figure 4 is
kM (140 K) = (1.9 ± 0.2) × 10−10 cm3 s−1 . Similar analysis was also done for values obtained at 80 K and 300 K
with resulting rate coeﬃcients of kM (80 K) = (0.9 ± 0.3) ×
10−10 cm3 s−1 and kM (300 K) = (2.7±0.2)×10−10 cm3 s−1 .
These values are close to the values reported in the literature [36–38]. Based on the measurements shown in
Figure 4 we can estimate the densities of Ar and H2 that
are needed to remove the excited particles from the
afterglow within 100 µs after switching oﬀ the discharge
as required for our studies of recombination of H+
3 ions
(see Fig. 3).

In the present experiments using He/Ar/H2 gas mixtures we measured the decay of H+
3 ion density (decay
curve) by monitoring absorption of three states ((1,1) of
+
para-H+
3 and (1,0) and (3,3) of ortho-H3 , for details on
notation see Ref. [39]). The kinetic temperature of H+
3 ions
(Tkin-ion ) was measured from the Doppler broadening of
the absorption line proﬁles [31]. The rotational temperature (Trot ) and the ratio of densities of para-H+
3 to orthoH+
3 were determined from measured partial populations
of ions in the lowest rotational states of the vibrational
ground state of H+
3 [31]. On the basis of our measurements
we conclude that for the afterglow plasmas in He/Ar/H2 in
the SA-CRDS experiments the Tkin-ion and Trot of ions are
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Fig. 4. (a) Time evolutions of the absorption coeﬃcient measured at the centre of an argon absorption line (transition
3s2 3p5 (2 P◦1/2 )3d 2 [3/2]◦ , J = 2 → 3s2 3p5 (2 P◦1/2 )4f 2 [5/2], J =
3; 6849.099 cm−1 [32, 35]) in the discharge and the afterglow
plasma, at [He] = 3.1 × 1017 cm−3 , [Ar] ≈ 6.7 × 1012 cm−3 ,
and diﬀerent densities of H2 , capital letters A, B, C, D, and E
indicate [H2 ] = 0, 3.8, 7.6, 15, and 29 × 1012 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 He2 absorption line (transition R23 (1), measured at 6466.196 cm−1 instead of 6466.216 cm−1 , 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 [H2 ] dependences of the measured
pseudo-ﬁrst-order rate coeﬃcients (reciprocal time constants
1/τ ) of the exponential decays displayed in panels (a) (full triangles) and (b) (full circles). Capital letters A–E indicate corresponding [H2 ]. For comparison the values of the same rate
coeﬃcients measured at 300 K and [He] = 2.2 × 1017 cm−3 and
[Ar] = 7 × 1012 cm−3 for Ar (open triangles) and He2 (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 (THe )
and the wall temperature (Twall ) of the discharge tube,
i.e., we can write: T = Twall = THe = Trot = Tkin-ion
(for details see Ref. [31]). The electron temperature Te
was not measured in the present study (see discussion in
Ref. [31]). At He densities typical for the present experiments the estimated characteristic time of the electron
cooling in collisions with He atoms is below 10 µs.

Fig. 5. Dependences of αeff on [H2 ] 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 accounting for H+
5 formation. The double dot dashed line (αeff in H2 )
denotes the eﬀective recombination rate coeﬃcient αeff that
would have been measured in pure H2 . The dot-dashed straight
line (LTEH5 ) is the calculated upper limit of the contribution from H+
5 formation (see Refs. [11, 12]). The open triangles indicate the data measured in this experiment at ﬁxed
[H2 ] ≈ 2 × 1014 cm−3 and diﬀerent values of [He], the arrow
indicates the increase of αeff with increasing [He]. Insert: Measured dependence of αeff on [He] (full squares) at 240 K compared 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 × 1017 − 8 × 1017 cm−3 .

An example of ion density decay curves of para-H+
3 and
measured
at
80
K
in
a
mixture
of
He/Ar/H
ortho-H+
2 is
3
plotted in Figure 2b. Because of the fast removal of He
and He2 metastables and Ar excited states in the used
He/Ar/H2 mixture (see Fig. 3) we can expect that the
afterglow plasma dominated by H+
3 recombination is in
thermal equilibrium. From the measured decrease of ion
densities during the afterglow the eﬀective binary recombination rate coeﬃcient αeff can be calculated [31]. In systematic studies of dependence of αeff on [He] and [H2 ] we
obtained dependences αeff (T, [He], [H2 ]). Examples of typical data are plotted in Figure 5.
To understand the measured dependences αeff (T, [He],
[H2 ]), we propose a model where we consider binary
recombination process:
α

−
H+
−bin
−→ neutral,
3 +e −

(2)

where αbin is the rate coeﬃcient of binary dissociative recombination. We also consider ternary neutral
assisted recombination, where we postulate formation of
highly excited H#
3 “complexes” that can either decay by
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Fig. 6. Binary rate coeﬃcient αbin and the sum of (αbin + αF )
characterizing the recombination of H+
3 in low temperature
plasmas. The lowest boundary estimates of (αbin + αF ) (ﬁlled
up-triangles) were obtained from the maxima of measured linear dependences of αeff of H+
3 ions on [He]. The ﬁlled downtriangles denote the lowest boundary estimates of (αbin + αF )
obtained for D+
3 (compilation of data from Ref. [40]). The
open triangles indicate values of αeff measured by Amano [10]
in pure H2 gas. The dotted line is a ﬁt to Amano’s values:
αAmano = 1.7 × 10−7 (T /300 K)−0.94 cm3 s−1 . The stars show
the values of αeff obtained by Leu et al. [9] in high pressure stationary afterglow experiments. The diamonds and squares denote the values of αeff measured by Glosı́k et al. [12] in pure H2
gas and in a mixture of He/Ar/H2 with [H2 ] > 2 × 1016 cm−3 ,
respectively, these values are ﬁtted by the dashed line [12]. The
full and dot dashed lines are the ﬁts to the values of αbin of H+
3
(full circles) and D+
3 ions (only the ﬁt is indicated, the data
were taken from Ref. [41]), respectively.

autoionization or can be stabilized in collisions with
He or H2 :
αF

kSHe

τa

kSH2

#
−
H+
3 + e  H3 ⇒ neutral,

KHe [He] + KH2 [H2 ]
.
αF + KHe [He] + KH2 [H2 ]

5 Conclusion
We have studied plasma thermalization during the afterglow 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/H2 gas
mixtures. We conﬁrmed our previous conclusions that at
conditions used in our studies of H+
3 recombination the
afterglow plasma is thermalized. The present values of αbin
and (αbin +αF ) are consistent with our previous data. Further experiments in pure H2 at higher electron densities
are required to obtain (αbin + αF ) and KH2 at temperatures 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.

(3)

where αF is the binary rate coeﬃcient for formation of
H#
3 , τa is the autoionization time constant, and kSHe and
kSH2 are the binary rate coeﬃcients for stabilization of H#
3
in collisions with He and H2 , respectively. By writing the
balance equations and by introducing KHe = αF kSHe τa
and KH2 = αF kSH2 τa we can obtain for αeff (for details
see Ref. [12]):
αeff = αbin + αF

by the term accounting for formation of H+
5 ions and
their consequent recombination [12]. From the ﬁts of data
measured over a suﬃciently broad range of He and H2
densities the values of αbin , αF , KHe , and KH2 can be
determined. The obtained values of the binary recombination rate coeﬃcient αbin and the values of (αbin + αF )
are shown in Figure 6.
Under our present experimental conditions at temperatures below 240 K the losses of H+
3 ions due to the
dominate
at
high
[He]
and [H2 ] over
formation of H+
5
losses due to the ternary recombination, and from the
measured dependence of αeff on [He] (see insert in Fig. 5)
only a lower limit for the value of (αbin + αF ) can be
estimated. In Figure 6 we included these lower limits
obtained in our experiments with H+
3 at low temperatures.
For comparison we also plotted lower limits obtained for
D+
3 from the compilation of data measured in our previous experiments [40]. The ternary recombination rate
coeﬃcients KHe and KH2 and their temperature dependence (in the range of 240–340 K) are discussed in our
previous publication (see Ref. [12]).

(4)

At high [He] and/or [H2 ] densities the measured αeff saturates at a value of αeff = (αbin + αF ). In the low density
limit ([He] and [H2 ] → 0) equation (4) reduces to linear
dependence αeff = αbin + KHe [He] + KH2 [H2 ]. The measured αeff (T, [He], [H2 ]) are ﬁtted by formula (4) extended
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Š. Roučka, R. Johnsen, Plasma Source. Sci. Technol. 24,
065017 (2015)
13. D.R. Bates, S.P. Khare, Proc. Phys. Soc. 85, 231 (1965)
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