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Abstract.  Binary recombination of atomic ions with electron, unlike fast dissociative 
recombination of majority of molecular ions, is rather slow with thermal rate constant  
≈ 10-11 cm3s-1. In plasma the recombination process can be enhanced by collision with a 
third particle carrying away an excess energy thus preventing autoionization. In case of 
Collisional Radiative Recombination (CRR) the third particle is an electron. Theory pre-
dicts very strong inverse temperature dependence of CRR rate coefficient (αCRR ~ Te

-4.5), 
making the process a dominant loss process of atomic ions in plasma at temperatures 
below 100 K. Up to now there were no experimental studies of CRR in afterglow plasma 
at temperatures below 300 K.  Presented is the flowing afterglow (Cryo-FALP) study of 
CRR in Ar+ dominated plasma at temperatures 77–300 K and electron densities up to 
ne ≈ 1010 cm-3. The obtained ternary recombination rate coefficient at 77 K is  
KCRR = (1.0 ± 0.4) × 10-17 cm6s-1. The measured temperature dependence  
of KCRR is in good agreement with theoretical prediction. 

Introduction 
Recombination of atomic ions A+ with an electron is in general rather slow process comparing to 

dissociative recombination (DR) of molecular ions like O2
+ etc. When A+ meets an electron a highly 

excited neutral atom is formed. The exceeding energy has to be either transferred into an emitted photon 
(radiative recombination) or carried away by a third particle (ternary recombination). If the third body is a 
neutral particle (M) we are talking about neutral assisted ternary recombination with ternary 
recombination rate coefficient KM. If the third particle is an electron we are talking about Collisional 
Radiative Recombination (CRR) with ternary recombination rate coefficient KCRR. Stevefelt et al. [1975] 
derived universal analytical formula for apparent binary rate coefficient for CRR based on earlier works 
by Bates et al. [1962] and Mansbach and Keck [1969]:  
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where Te is electron temperature given in K and ne is electron number density given in cm-3. At our 
experimental conditions (T = 77 K, ne ~ 5×109 cm-3) the first term (recombination through collision with 
electron) is dominant and the last two can be neglected. We can write αCRR = KCRRne, where KCRR is the 
ternary recombination rate coefficient of CRR. Note the strong inverse temperature dependence 
(αCRR ~ T -4.5) and the linear dependence on electron number density. In our experimental study of 
recombination process in Ar+ dominated afterglow plasma in helium buffer gas at temperatures ≈ 100 K 
the recombination through collisions with electrons (CRR) becomes the dominant deionization process.  

The loss of charged particles in plasma is governed by recombination and diffusion losses. For 
describing the recombination losses in helium buffer gas we introduce apparent binary (effective) 
recombination rate coefficient: 

 [ ].HeHeCRRbineff KnK e ++= αα  (2) 

Here we present the results of collisional radiative recombination study in Ar+ dominated plasma at 
77–170 K. Previous experimental works by Tsuji et al. [2002], Skrzypkowski et al. [2004] and Veatch and 
Oskam [1970] made at 300 K show agreement with theoretical predictions. Up to now, to our knowledge, 
there are no measurements of CRR at temperatures lower than 300 K. 

Experiment 
For determination of recombination rate coefficients we use modified FALP apparatus with basic 

concept originated from D. Smith and described elsewhere [Smith et al., 1975, Larsson et al., 2008].  
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Figure 1.  Scheme of the modified Flowing Afterglow with Langmuir Probe apparatus (Cryo-FALP). The 
Langmuir probe is movable from the port P2 up to the end of the flow tube. The decay time in the range 
0-60 ms is given by the position of the probe. Argon is added via port P1. Filling the reservoirs along the 
flow tube with liquid nitrogen allows the cooling of the flow tube down to 77K.  

For measurements at low temperatures (down to 77K) a new apparatus – Cryo-FALP, cooled by filling 
the reservoirs along the flow tube with liquid nitrogen, was designed and constructed. Scheme of the 
Cryo-FALP apparatus is shown in Figure 1 (for further details see ref. [Glosik et al. 2008, Glosik et al. 
2009a, Glosik et al. 2009b, Kotrik et al. 2010]).  

Helium gas of high purity is flowing through the glass discharge tube where microwave discharge is 
ignited and plasma consisting of He+, Hem and electrons is formed. Plasma is then driven by the buffer gas 
pumped by a large Roots pump through a stainless steel flow tube of inner diameter d = 5 cm. Entry ports 
along the flow tube allow sequential addition of reactant gasses into the plasma, thus enabling better 
control over the ion formation in present experiment. Downstream from the discharge region an argon gas 
is added via the P1 entry port and Ar+ dominated plasma is formed. A valve at the input of the Roots 
pump is used to adjust the working pressure and the flow velocity of the buffer gas to desired value.  

The experiments are based on the measurements of electron number density decay in afterglow 
plasma along the flow tube using the Langmuir probe. The probe is axially movable from the position of 
the P2 port up to the end of the flow tube (35 cm). The measured velocity of the helium gas flow is used 
for conversion of the probe position to the decay time. In figures we arbitrarily use t = 0 at port P2, 
upstream from this port t < 0 and downstream t > 0. To optimize the experimental conditions a chemical 
kinetics model was developed and numerically solved [Florescu-Mitchell et al., 2006; Novotny et al., 
2006]. Example of calculated plasma evolution in the flow tube is shown in Figure 2. 

Results   
Examples of electron density decays along the flow tube in Ar+ dominated plasma at different 

temperatures are plotted in Figure 3. The decays were obtained when measuring the temperature 
dependence of the ternary recombination rate constant while keeping the same buffer gas pressure and gas 
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Figure 2.  The calculated plasma formation and decay along the flow tube after the addition of Ar. The 
experimental conditions are indicated in the figure. 
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Figure 3.  Decays of the electron number density in Ar+ dominated plasma at several temperatures 
measured in Cryo-FALP apparatus. The decays where measured after the liquid nitrogen cooling was 
stopped and the flow tube temperature was slowly increasing. The difference between decay at 78 K and 
straight dashed “diffusion” line is evident. For better comparison the decays are normalized to initial 
electron number density. 

flow in the flow tube. The difference between “curved” decay at 78 K and straight dashed line 
corresponding to diffusion losses only is evident. From the decays, the αeff are evaluated using advanced 
integral analysis [Novotny et al., 2006; Korolov et al., 2008]. According to equation (2) we are able to 
evaluate KCRR knowing the terms KHe and αbin. However, as in case of CRR the losses of charged particles 
from plasma depend on ne

3, we modified the analysis to obtain KCRR from the decays directly.  
In Figure 4 the measured apparent binary (effective) recombination rate constant of Ar+ ions at 77 K 

and two buffer gas pressures is plotted. The number density of Ar varies in the range 1013 – 1014 cm-3. As 
expected from models the recombination rate coefficient in this region should not depend on argon 
density. The numerical solution of chemical kinetics model show that for [Ar]>1014 cm-3 an Ar2

+ 
dominated plasma is formed with higher recombination losses (with the dissociative recombination rate 
constant αDR ~ 8×10-7 cm3s-1) [Okada et al., 1993]. For lower number densities ([Ar]<1013 cm-3) the 
destruction of helium metastables Hem is slow and they penetrate downstream from the P2 port. The 
presence of Hem in “recombination region” contributes to heating of the electrons by production of fast 
electrons via Penning ionization of Ar atoms. Higher temperature of electrons inhibits the CRR 
recombination channel and the apparent binary (effective) recombination rate coefficient becomes lower. 
The values of αeff are spread in the range 1-2×10-8 cm3 s-1 though not real dependence on Ar number 
density is observed. The “spread” of the values at particular pressure will become more significant for 
CRR recombination rate coefficient KCRR and is dependent mainly on flow velocity of the buffer gas. 
Explanation can be an insufficient time of cooling of the buffer gas via collisions with the flow tube walls 
at higher velocities prior to region of probe measurement. Electrons and ions are cooled mainly via 
collisions with the buffer gas atoms thus if buffer gas is not cold electron temperature will be higher than 
the flow tube temperature. Temperature values listed in the figures and the text are readings of the 
thermocouples attached to the outer wall of the flow tube. In Figure 5 the dependence of KCRR on 
parameter pHe/FHe is plotted. PHe denotes pressure of the gas in the flow tube, FHe indicates flow of the 
helium buffer gas through the flow tube. Parameter pHe/FHe corresponds to reciprocal value of the flow 
velocity of the buffer gas – 1/v. It is clear that for lower buffer gas velocities plasma is cooled more 
efficiently and measured KCRR corresponds to temperature of the flow tube. In further analysis we are 
using only “cold” data points corresponding to parameter value pHe/FHe >0.16. 

Dependence of KCRR on argon number density is plotted in Figure 6. Measured value of KCRR at 77 K 
is lower then value expected by theory [Stevefelt et al., 1975]. This can be explained by insufficient 
cooling of the electrons via collisions with buffer gas atoms. The experimental value corresponds to 
theoretical value at temperature 81 K.  
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Figure 4.  Apparent binary (effective) 
recombination rate coefficient in Ar+ dominated 
plasma measured as a function of Ar number 
density at 77 K and two helium buffer gas 
pressures.  
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Figure 5.  Dependence of ternary recombination 
rate coefficient KCRR on parameter pHe/FHe. PHe 
denotes to overall pressure of the gas in the flow 
tube, FHe indicates the flow rate of the helium 
buffer gas through the flow tube. Parameter 
pHe/FHe corresponds to reciprocal value of flow 
velocity of the buffer gas – 1/v. Dashed line 
indicates the theoretical value given by Stevefelt et 
al. [1975]. 
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Figure 6.  Dependence of ternary recombination 
rate coefficient KCRR on argon number density at 
pressures 300 and 500 Pa. Dashed line corresponds 
to theoretical value at 77 K [Stevefelt et al., 1975]. 
Full line corresponds to the value estimated from 
the experimental data points.  
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Figure 7.  Dependence of αeff on electron number 
density measured at 77 K and pressure 300 Pa. Fit 
of the experimental points is indicated by dashed 
line. 

 
 

According to equation (2) αeff is in case of collisional radiative recombination a linear function of 
electron number density (ne) at constant temperature and buffer gas pressure. The dependence of αeff on 
electron number density corresponding to “cold” data points as discussed above is shown in Figure 7. 
Formula shown in the figure was obtained from the fit of the experimental data points. The factor (7.8 ± 
2.7) × 10-18 corresponding to KCRR according to the equation (1) is in agreement with KCRR obtained from 
direct analysis of electron number density decay along the flow tube.  

The dependence of KCRR on temperature is according to equation (2) very strong (T -4.5). To measure 
the temperature dependence we stopped cooling  of the flow tube and the flow tube temperature was slow- 
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Figure 8.  Temperature dependence of KCRR measured in Ar+ dominated plasma at different pressures. 
Formula in the plot corresponds to fit of the experimental data points indicated by solid line. Dashed line 
denotes to theoretical temperature dependence according to Stevefelt et al. [1975].  

ly increasing. During the increase of the temperature decay curves were measured. Direct analysis of the 
decays gives the value of KCRR at actual temperature. The obtained temperature dependence of KCRR is 
plotted in Figure 8. The agreement with theory is excellent [Stevefelt et al., 1975]. 

Discussion 
Experimental results of CRR rate measurement in Ar+ dominated plasma at 77 K (KCRR = 

1.0 ± 0.4×10-17 cm6s-1) are in very good agreement with theoretical predictions (1.2×10-17 cm6s-1) 
[Stevefelt et al., 1975; Flannery, 1994; Bates et al., 1962]. Lower value obtained in our measurement can 
be caused by insufficient cooling of the flow tube and/or cooling of the electrons and ions via collision 
with neutral buffer gas. We are not able to confront our results with experimental values measured by 
other groups [Skrzypkowski et al., 2004; Tsuji et al., 2002]. The other experiments were made at 300 K 
and due to very strong temperature dependence at electron number densities typical for our experiment we 
will need to measure very low effective binary recombination rate coefficient ~3×10-10 cm-3s-1.  

According to equation (2), study of the overall deionization process is influenced by helium assisted 
ternary recombination with corresponding rate coefficient KHe. We studied this recombination channel in 
argon and helium plasma [Dohnal et al., 2010] and it will contribute to αeff with ~1.5×10-9cm3s-1 for 100 
Pa of helium buffer gas pressure at 77 K.  

In our experimental conditions nonnegligible amount of He3
+ ion can be formed at 77 K via ternary 

association He2
+ + He + He ? He3

+ + He [Patterson, 1968]. According to Gerardo et al. [1971] He3
+ at 

77 K can have a high dissociative recombination rate coefficient (~3×10-6cm3s-1). Anyway, we are adding 
Ar gas via P1 port to plasma at higher temperature (~120 K) where the production of He3

+ is not so 
pronounced. Moreover, we assume He3

+ will be removed from plasma prior to measurement region at P2 
port by collisions with Ar likewise He2

+ [Florescu-Mitchell et al., 2006; Novotny et al., 2006], hence it 
will not influence our measurements. 

Conclusion 
We studied CRR in Ar+ dominated plasma at 77 K obtaining the rate coefficient in good agreement 

with theory (KCRR = 1.0 ± 0.4×10-17 cm6s-1). 
The predicted strong temperature dependence of CRR (T -4.5) was studied in Ar+ dominated plasma at 

temperature range 77 – 170 K and excellent agreement with theory was obtained (T -4.5 ±1.8). 
The measured linear dependence of αeff on electron number density obtained at experimental 

conditions sufficient to cool the electrons and ions to the lowest temperature support the direct KCRR 
evaluation form the electron number density decays along the flow tube. 
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Further study of contribution of helium assisted ternary recombination to the measured apparent 
binary (effective) recombination rate coefficient is needed to fully understand the overall deionization 
process in argon plasma.  

Proposal of a new apparatus based on FALP technique allowing extension of measurement 
temperature range to lower temperatures is in progress. 
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