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Abstrakt: Prezentováno je studium rekombinace iontů s elektrony při nízkých 
teplotách prováděno pomocí techniky Proudícího dohasínajícího plazmatu 
s Langmuirovou sondou. Studována byla disociativní rekombinace iontů H�

� a D�

� při 
teplotách 77 – 300 K. Mimo dvoučásticového byl identifikován a poprvé studován i 
tříčásticový rekombinační kanál probíhající za účasti neutrálních atomů He. 
Pozorována teplotní závislost dvoučásticové rychlostní konstanty rekombinace je 
v dobré shodě s výsledky dalších experimentálních a teoretických prací. Disociativní 
rekombinace iontů HCO� a DCO� s elektrony byla studována v teplotním rozsahu 
150 – 300 K. Změřena teplotní závislost rychlostní konstanty rekombinace pro HCO� 
a DCO� ionty (~T -1.3, resp. ~T -1.1) se shoduje s většinou předešlých 
experimentálních prací a poukazuje na nepřímý mechanizmus rekombinace. 
Srážkově-radiativní rekombinace iontů Ar� byla poprvé studována při teplotách 50 – 
300 K. Pozorována teplotní závislost rychlostního koeficientu rekombinace ~T -4.5 
odpovídá hodnotě získané z teoretických studií. Pro měření při kryogenních teplotách 
pod 77 K byla vyvinutá a zkonstruovaná nová aparatura typu FALP – Cryo-FALP II.  
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Abstract: Presented is the study of recombination of ions with electrons performed 
at low temperatures using the Flowing afterglow with Langmuir probe experimental 
technique. Studied was the dissociative recombination of H�

� and D�

� ions at 
temperatures 77 – 300 K. Apart from a two-body also a three-body recombination 
channel assisted by neutral He atoms was identified and studied. The obtained 
temperature dependence of the two-body recombination rate coefficient is in a good 
agreement with findings of other experimental and theoretical works. The 
dissociative recombination of HCO� and DCO� ions with electrons was studied in the 
temperature range 150 – 300 K. The observed temperature dependence of measured 
recombination rate coefficient for HCO� and DCO� ions (~T -1.3 and ~T -1.1, 
respectively) is in agreement with the majority of previous experimental works and 
evokes that indirect mechanism governs the recombination process. The electron-
assisted collisional-radiative recombination of Ar� ions was for the first time studied 
at temperatures 50 – 300 K. The measured temperature dependence of the 
recombination rate coefficient ~T -4.5 corresponds with the value given by the 
theoretical works. For the measurements at cryogenic temperatures below 77 K a 
novel FALP-type apparatus was developed and constructed – Cryo-FALP II. 
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INTRODUCTION 

 

 

The presented thesis summarizes most of the work performed during the 

author’s PhD. study at the Charles University in Prague.  

The goal of this work is the study of the recombination processes of simple 

polyatomic ions with electrons at temperatures below 300 K. Though being simple in 

a sense of amount of contained nuclei, the process of dissociative recombination of 

the H�

�, D�

� and HCO�, DCO� ions with electrons, at cryogenic temperatures relevant 

for astrophysical environments, still puzzles both experimentalists and theoreticians. 

The presence of the ambient neutral agents as well as the distribution of the internal 

states of the ions can provide the amount of energy crucial for opening a different 

deionization channel, thus substantially influence the recombination mechanism and, 

eventually, the measured recombination rate coefficient.  

Of an entirely different mechanism is the studied process of electron-assisted 

three-body recombination of Ar� ions with electrons, where, to our knowledge, no 

study of the process at temperature below 300 K was performed up to now.  

In order to perform the recombination studies at cryogenic temperatures down 

to 60 K a novel apparatus – Cryogenic Flowing Afterglow with Langmuir Probe II 

was developed and constructed; details of the apparatus are presented in the thesis. 

The thesis is organized as follows: 

Chapter 1 provides a short introduction into the theory of the electron-ion 

recombination processes. Presented are different types – two-body as well as three-

body recombination processes. Further emphasis is put on the dissociative and the 

electron assisted collisional-radiative recombination, where the historical background 

and the different mechanisms of the processes are explained into a deeper detail.  

Chapter 2 is dedicated to the description of the experimental technique. 

Presented is the experimental apparatus, measuring procedure, data analysis and the 

preparatory measurements providing the support for the experiment. The details of 
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the novel apparatus – vacuum system, temperature control system, data acquisition 

system as well as the theoretical considerations preceding the development are 

thoroughly discussed. In the chapter is further discussed the data analysis procedure 

for both dissociative as well as the electron-assisted three-body recombination. The 

chapter is concluded with the introduction of the plasma velocity measurement, 

Langmuir probe calibrating procedure and with the discussion on gas purity and 

plasma thermalization. 

Chapter 3 summarizes the results obtained in the recombination study of the 

H�

� and D�

� ions with electrons at temperatures 77 – 300 K. At the beginning of the 

chapter a short introduction and historical background for the study of the 

dissociative recombination of H�

� and D�

� ions is presented. Introduced is the process 

of the research environment preparation, i.e. formation of the plasma dominated by 

the H�

� or D�

� ion, and presented is the computer model of the chemical kinetics. 

Within the results is discussed the influence of the amount of used buffer gas on the 

recombination process, hereby introducing beside the two-body also a three-body 

recombination channel into the overall deionization scheme. The temperature 

dependence of the two recombination channels is confronted with the findings of 

other experimental studies, performed with different experimental techniques, and 

with the results of the theoretical works. The chapter is complemented with the 

attached articles [I, II, III] concluding many years of research of the process. 

Chapter 4 presents the study of the dissociative recombination of HCO� and 

DCO� ions with electrons at temperatures 150 – 300 K. Within the results is 

presented the study of possible influence of neutral He atoms on the overall 

deionization process. The temperature dependence of the dissociative recombination 

is studied into a more detail; the comparison with the previous experimental and 

theoretical studies is provided at the end of the chapter. The study is further 

supported by the attached article [IV]. 

Chapter 5 shows the results of the study of electron-assisted collisional-

radiative recombination of Ar� ions at temperatures below 300 K. The overview of 

the previous experimental and theoretical studies performed since 1960s is given at 

the beginning of the chapter. Further is introduced the ordinary preparation of the 

Ar� dominated plasma at cryogenic temperatures and thoroughly discussed the 

solution of the computer model of the chemical kinetics. The obtained recombination 

rate coefficients at various experimental conditions are carefully examined with 
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respect to level of plasma thermalization. The observed temperature dependence of 

the process is confronted with theoretical model and with the experimental studies 

performed at higher temperatures. The findings of the study are further extended in 

the attached article [V]. 

 

Goals of the Thesis 

In order to study the recombination of ions with electrons at temperatures 

below 300 K, the first goal of the thesis was the development and construction of an 

apparatus capable of cooling the plasma down to and below the temperature of the 

boiling point of liquid nitrogen at standard conditions – 77 K.  

The main experimental goal was to study the recombination of H�

� and D�

� 

ions with electrons at temperatures down to 77 K and to reconcile the results of 

plasma experiments with other experimental and theoretical works.  

The goal of the study of the recombination of HCO+ and DCO+ ions with 

electrons was to explain the questionable temperature dependence of the measured 

recombination rate coefficient in the temperature range 150 – 300 K observed in the 

recent experimental work of Poterya et al. [2005].  

Last but not least task of the thesis was to study the process of the collisional-

radiative recombination of Ar+ ions with electrons for the first time at temperatures 

below 300 K. The goal was to confront the experimental results with the theory at 

temperatures below 77 K.  
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Chapter	1 

THEORETICAL	BACKGROUND 

1  

 

1.1 Introduction 

 Elementary processes in plasmatic environment play a crucial role in many 

fields of experimental and theoretical physics and chemistry. Understanding of the 

fundamental mechanisms is vital for instance for the astrophysical models, fusion 

research devices, sample preparation for the surface physics and paves the road for 

industrial, medical and environmental applications.  

Among the decent number of elementary processes in plasmatic environment, 

the electron-ion interactions and especially the processes which lead to the removal 

of charged particles from the plasma are of a particular interest for this thesis. Apart 

from the trivial way of charged particles destruction at the walls of the experimental 

apparatus, the recombination of ions with electrons which leads to the charge 

neutralization is of a major concern. 

 Depending on the mechanism and/or the agent removing the exceeding 

energy from the intermediate neutral electron-ion collisional complex, thus 

stabilizing the neutral products, the following types of electron-ion recombination 

will be discussed throughout the thesis: 

• Radiative Recombination (RR), where the agent, removing the 

exceeding kinetic energy carried by the incident electron and ion, is 

emitted photon hν; for atomic ion-electron recombination the RR is 

often the only plausible mechanism for neutral atom stabilization. The 

reaction scheme is following: 

A� � e
�RR

	
 A � ��, (1.1) 
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where A�stands for positive ion in general, e represents an electron 

and αRR denotes the radiative recombination rate coefficient.  

• Dissociative Recombination (DR), where part of the exceeding energy 

is utilized for breaking the chemical bonds and the intermediate 

neutral complex is dissociated into several neutral fragments; for 

polyatomic ions DR is usually the dominant recombination 

mechanism. The interaction proceeds according to following scheme: 

AB� � e
�

→ A � B, (1.2) 

where α is the dissociative recombination rate coefficient. 

• Three-Body Recombination (TBR), also collisional-stabilized 

recombination; the exceeding energy is converted into the kinetic 

and/or internal energy of the “third body” (M) – usually neutral 

particle colliding with the intermediate neutral complex; efficiency of 

TBR is enhanced in high-density plasmas, where the collision 

frequency with the third body is high enough to compete with the 

lifetime of the intermediate neutral complex. The reaction scheme: 

A� � e �M
�M

	
 A �M,  (1.3) 

where αM corresponds to the effective binary rate coefficient of 

recombination stabilized by the collision with particle M. 

Corresponding ternary rate coefficient KM is coupled with αM  through 

the formula �M � �M�M�, where �M� is number density of particle M.  

• Collisional-Radiative Recombination (CRR) – special case of TBR, 

where the third particle playing role in the interaction is another 

electron; due to the pronounced temperature dependence (see 

section 1.3) CRR becomes a dominant recombination mechanism in 

dense plasma at low temperatures (below 100 K). The simplified 

reaction scheme of the CRR process can be described by a formula: 

A� � e � e
�CRR

	�
 A � e � ��,  (1.4) 

where αCRR stands for the effective binary recombination rate 

coefficient of CRR process and hν marks the eventual emitted photon. 

Ternary rate coefficient of collisional radiative recombination KCRR 

follows �CRR � �CRR�e, where ne
 denotes electron number density 



1.2 Dissociative recombination 
 

 7 
 

As the DR and the CRR are the major types of recombination discussed 

throughout the thesis they will be described in a more detail. 

 

1.2 Dissociative recombination 

The dissociative recombination is the major destruction mechanism of 

molecular ions in the interstellar media, planet ionospheres and laboratory plasmas. 

The process composes of two basic steps – electron capture by the molecular ion 

leading to the charge neutralization following by the dissociation of the intermediate 

neutral complex into smaller fragments. Though simple in concept, the DR has been 

recognized, throughout the plentiful theoretical and experimental studies over the 

past 60 years, as a complex process with handful yet open questions.  

 

1.2.1 Historical overview 

The first relevant description of the dissociative recombination process was 

proposed by Bates [1950] in the late 40’s, who introduced the later called direct 

mechanism of DR with the rate coefficient of 10-7 cm3s-1. In the proposed model, the 

electron is captured into the repulsive state of the excited neutral molecule and the 

exceeding energy is transferred into the kinetic energy of the neutral fragments. The 

process was soon recognized as an important cause of the electron removal from the 

ionosphere [Bates and Massey, 1947] and the model was further developed by Bates 

and Dalgarno [1962]. The detailed theoretical description came with the work of 

Bardsley [1968a] who also realized that in order to explain the observed temperature 

variation of DR an alternative mechanism should be searched for. As a result, the so 

called indirect mechanism of DR was introduced [Bardsley, 1968b], where the main 

difference lies in the crucial role of a Rydberg state acting as an intermediate step 

between the bound ionic state and the repulsive neutral state. 

The two aforementioned mechanisms are the main pathways of the DR. 

However the complexity of the process has opened a handful of questions and 

revealed a number of cases where, at one side, the molecular ion was dissociative 

recombining at a decent rate (>10-8 cm3s-1), but, on the other side, the Potential 

Energy Surface (PES) arrangement did favour neither direct nor indirect DR 

mechanism. In order to explain the observed DR rates in such cases (e. g. HeH�, 

NeH�, LiH�and H�

� ions) a more complicated mechanisms were proposed such as 
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tunneling mechanism [Guberman, 1994; Sarpal et al., 1994], multistep mechanism 

[Bates, 1992] and resonant mechanism [Orel et al., 1995; Larsson and Orel, 1999; 

Čurík and Greene, 2007], which interpreted the experimental data with more or less 

success. The exception was the “enigma of H�

� DR” (entitled by Bates et al. [1993]), 

which has been solved only recently by the full 3D calculation of the nuclear 

dynamics made by Kokoouline and Greene [2001, 2003] (further details are given in 

Chapter 3 of the thesis and in attached article [I]). 

Thorough reviews on the DR can be found in works of Bardsley and Biondi 

[1970], Mitchell [1990], Florescu-Mitchell and Mitchell [2006] and Larsson and 

Orel [2008]. 

 

1.2.2 Mechanism 

The crucial step in order to describe the DR process was desertion of the 

Born-Oppenheimer approximation, as motion of the ion nuclei plays an important 

role in the whole mechanism. The principle of the direct and the indirect DR 

mechanism is illustrated in Figure 1.1.  

 

AB
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A+B*

E
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te

n
ti
a
l 
e
n
e
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y

Internuclear distance

E
2

A+B
+

r
x  

Figure 1.1 The principle of the DR process. Red color corresponds to the direct 

mechanism and blue color represents the indirect mechanism. 
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In the direct mechanism of DR the incident electron with the kinetic energy 

E1 (see Figure 1.1) excites an electron of the AB+ ion and is captured, governing by 

the Franck-Condon principle, into a doubly-excited neutral repulsive state AB**. The 

intermediate neutral complex predissociates by converting its potential energy into 

the kinetic energy of the neutral fragments A, B. Up to the internuclear distance rx 

(crossing of the ion ground state and the repulsive neutral state) the system can 

autoionize back; further motion apart stabilizes the recombination process and the 

system is dissociated.  

In the indirect mechanism the electron loses its kinetic energy (E2 in     

Figure 1.1) in favor of the ion nuclear motion and is captured into a vibrationally 

excited Rydberg state ABR. If a suitable PES crossing is available, the Rydberg state 

can be predissociated by the doubly excited repulsive state AB**. In principle, the 

AB** state can be the same as in case of the direct mechanism, hence the process 

continues in the same manner as before. 

The process of the dissociative recombination of a number of ions (e.g. H�

�, 

D�

�, HCO+, DCO+, KrH+, KrD+, XeH+, XeD+) has been studied in our group for more 

than a decade [Plašil et al., 2002; Poterya et al., 2002; Novotný et al., 2006;   

Korolov et al., 2006; Plašil et al., 2008; Korolov et al., 2009; Glosík et al., 2010]. 

The results on thorough DR study of H�

� and HCO+ ions and the deuterated 

analogues D�

� and DCO+ ions over a broad range of temperatures (77 – 300 K) are 

presented in Chapter 3 and Chapter 4 of the thesis.  

 

1.3 Collisional-Radiative Recombination 

The collisional-radiative recombination can be considered, in a very 

simplified way, as a special case of three-body recombination where an electron acts 

as a third body colliding with the intermediate neutral complex composed of a 

primary electron and ion. The exceeding energy is transformed into the kinetic 

energy of the second electron and a bound excited hydrogen-like Rydberg state of 

high principal quantum number is formed. Further collisions with electrons and/or 

photon emissions lead to deexcitation of the Rydberg state and yield to the ground 

state population.  

The CRR process is established as a dominant recombination mechanism of 

atomic ions in low temperature plasma. As only high-order Rydberg states play a 
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role in the process, it is expected that the CRR mechanism for molecular ions is of a 

similar principle and importance. However, relevant theoretical and experimental 

studies are not available.  

 

1.3.1 Historical overview 

The complex mechanism of CRR process was firstly described independently 

by Bates and Kingston [1961], D’Angelo [1961a] and McWhirter [1961]; the 

nomenclature originates from the work of Bates and Kingston. Based on the theory 

of Bates et al. [1962] the model was further developed by Mansbach and Keck 

[1969] and confronted with the early experimental results measured in stellarator 

and cold plasmas [D’Angelo and Rynn, 1961b; Hinnov and Hirschberg, 1962; 

Johnson and Hinnov, 1969]. Stevefelt et al. [1975] enhanced the model by a semi-

empirical term describing the coupling of the pure collisional and pure radiative 

recombination mechanism yielding into a remarkable consensus between theoretical 

and experimental [Hinnov and Hirschberg, 1962; Robben et al., 1963; Collins et al., 

1972; Stevefelt and Robben, 1972; Johnson and Hinnov, 1973] results. The most 

valuable result of Stevefelt’s work, in the light of the consequent years, was the 

introduction of a practical formula for the CRR rate coefficient determination, which 

was widely used in following works (see equation (1.5)). As the theoretical models 

further developed numerous discussions concerning the validity of the proposed 

model in the low temperature region (the electron temperature Te < 0.1 eV) arose 

[Hahn, 1997b; Killian et al., 2001]. Hahn [1997a; 2000] proposed a so called cutoff 1 

– exclusion of the high Rydberg states from the calculation in order to avoid the 

theoretical recombination rate divergence at the low temperatures. The more 

thorough calculations [Robicheaux and Hanson, 2002; Gupta et al., 2007;       

Killian, 2007] revealed the effect of the free electron heating in the ultracold plasmas 

caused by the CRR process, hence acting as a negative feedback for the CRR 

recombination. The latest precise Monte Carlo trajectory calculations [Pohl et al., 

2008] and quantum mechanical calculations [Hu, 2007] revised the theory for the 

low temperature region, abandoned the ad hoc cutoff and achieved the consensus 

with the results obtained in the ultracold plasma experiments [Fletcher et al., 2007;        

Gupta et al., 2007].  

                                                                                                               
1
 Dependent on electron number density ne and temperature Te. 
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Apart from the importance of the CRR process in the plasma physics it also 

plays a key role in the research on antimatter. As the mechanism of CRR for the 

recombining antimatter particles remain the same, utilizing the strong inverse 

temperature dependence (see equation (1.5)) enabled to enhance the production of 

antihydrogen atoms in ATRAP and ATHENA experiments via the recombination of 

positrons and antiprotons at low temperatures (the positron temperature Tp ~ 10 K) 

[Amoretti et al., 2002; Gabrielse et al., 2002].  

The up to date set of the available experimental data on CRR consists of the  

• ensemble of the high temperature data (Te ~ 1000 K) obtained mainly 

from the experiments in stellarator and afterglow plasmas (see refs. 

[Hinnov and Hirschberg, 1962; Collins et al., 1962; Robben et al., 

1963; Born, 1968] and the reviews in refs. [Mansbach and Keck, 

1969; Stevefelt et al., 1975; Biondi, 1976; McDaniel et al., 1993]). 

• set of the low temperature data (Te < 10 K) obtained mainly in the 

ultracold plasma experiments [Roberts et al., 2004, Fletcher et al., 

2007; Gupta et al., 2007] and experiments concerning the 

antihydrogen production [Amoretti et al., 2004], however these results 

can be influenced by the presence of a strong magnetic confining the 

recombining particles [Amoretti et al., 2004; Zygelman, 2005;          

Hu et al., 2005; Fletcher et al., 2007]. 

• data obtained from afterglow experiments at the electron temperatures 

Te ~ 300 K [Veatch and Oskam, 1969; Berlande et al., 1970;         

Tsuji et al., 2002; Skrzypkowski et al., 2004].  

With respect to the subject of the thesis the most beneficial experimental data are the 

results obtained at 300 K. Prior to the measurements presented in the thesis (see 

section 5.3) there were no relevant data on the CRR process at the electron 

temperatures below 300 K. 

The experimental and theoretical studies of the CRR process have been 

reviewed many times since the early 60’s; thorough surveys can be found in refs. 

[Stevefelt and Robben, 1972; Massey and Gilbody, 1974; Pert, 1990; Flannery, 1994; 

Hahn, 1997a; Castro et al., 2009].  
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1.3.2 Theoretical description 

Stevefelt et al. [1975] introduced a practical analytical formula for the 

determination of the effective binary CRR rate coefficient αCRR: 

�CRR � 3.8 � 10	
 e
	�.�e � 1.55 � 10	�� e

	�.�� � 

6 � 10	
 e
	�.���e

�.��	cm�s	�, 
(1.5) 

where Te is the electron temperature given in K and ne is the electron number density 

given in cm-3. The first term2 in equation (1.5) denotes pure recombination via 

collisions with electrons, the second term represents pure radiative recombination 

and the third term corrects for the competition between collisional and radiative 

recombination.  
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Figure 1.2 The theoretical and experimental temperature dependence of KCRR. The 

theoretical dependence depicted for various electron number densities is calculated 

using only the first term or all the terms of equation (1.5). The experimental results 

on CRR of H+, He+, Cs+, Ar+ and He�
� ions are obtained from the studies referenced 

in the text. 

 

The Stevefelt’s formula (1.5) remained applicable and more or less 

unchanged throughout the following years of the extensive discussions and 

                                                                                                               
2
 Note the strong inverse temperature dependence. 
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improving theoretical calculations3. At the experimental conditions used in the study 

of CRR process presented in the thesis (ne ~ 109cm-3, T < 200 K) the first term of 

equation (1.5) becomes dominant and the other two can be neglected. Then, 

according to the section 1.1, the recombination process can be described by a three 

body rate coefficient KCRR: 

�CRR � �CRR �e⁄ � 3.8 � 10	
 e
	�.cm�s	�, (1.6) 

which is dependent on temperature but independent on ne.  

The theoretical temperature dependence of KCRR together with the subset of 

the experimental data on CRR available prior to the results presented in the thesis are 

plotted in Figure 1.2. The theoretical curves according to the definition of KCRR from 

equation (1.6) are calculated using the first term or all the terms of equation (1.5). 

The experimental data on CRR for various ions are obtained from refs. [Mansbach 

and Keck, 1969; Berlande et al., 1970; Stevefelt et al. 1975; Skrzypkowski et al., 

2004]. 

The CRR of Ar+ ions in the temperature range 50 – 200 K has been 

extensively studied in our group since the year 2008 up to now; the results and 

discussion are presented in section 5.3 of this work.  

                                                                                                               
3
 Recently, the numerical multiplicative factor of the first term in equation (1.5) was reduced 

from 3.8×10
-9
 to 1.43×10

-9
 by Zygelman [2005] or to 2.77×10

-9
 by Pohl et al. [2008], however 

throughout the thesis the original reading of the Stevefelt’s formula will be used. 
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Chapter	2 

EXPERIMENTAL	TECHNIQUE 

2  

 

2.1 Flowing Afterglow technique 

 The Flowing Afterglow (FA) technique was originally developed in late 60`s 

by Fergusson and co-workers [Fehsenfeld et al., 1966; Ferguson et al., 1969]. The 

idea is to create plasma in the carrier gas (buffer gas) flowing through the plasma 

generator (typically a microwave cavity) into the flow tube. In the flow tube the 

plasma decay and thermalization with the chamber walls takes place. The basic 

principle of FA can be seen in Figure 2.1. The main advantage of FA over the other 

swarm techniques (mainly Stationary Afterglow – SA) is the possibility to introduce 

reactant gases into the plasma separately, thus gain better control over the ion 

formation and plasma composition. Equally important is the spatial separation of the 

ion formation zone and the measurement region. Plasma parameters were monitored 

by mass spectrometer, Langmuir probe, microwave interferometer or optical 

methods. The original design of FA was used to study ion-molecule reactions.  

 

 

Figure 2.1 The principle of FA and FALP technique. 
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Substantial improvement came in early 70`s [Mahdavi et al., 1971], when the 

apparatus was equipped with axially movable Langmuir probe, thus allowing to 

monitor the plasma parameters evolution along the flow tube. While knowing the 

velocity of plasma on the axis of the flow tube, the plasma evolution in space (given 

by position of Langmuir probe along the flow tube) can be transformed into the 

evolution in time4. From the Langmuir probe measurements, absolute values of 

number densities of charged particles can be obtained, thus rate coefficient for 

elementary processes can be obtained. The upgraded version of FA – Flowing 

Afterglow with Langmuir Probe (FALP) was extensively used and further developed 

by Smith and Adams [1975]. Since then new versions of FALP have been developed 

(e.g. Flowing Afterglow with Langmuir Probe and movable Mass Spectrometer – 

FALP-MS [Rowe et al., 1992], Flowing Afterglow with Photo Ions – FlAPI  

[Novotný et al., 2005; Novotný, 2006] and the technique was widely exploited for 

study of elementary processes in plasma such as ion-ion recombination (see e.g. 

[Španěl et al., 1996]), ion-molecule reactions, electron attachment (see e.g.       

[Rowe et al., 1995]) and electron-ion recombination. 

 

2.1.1 FALP apparatus in Prague 

Over the last couple of years several modifications of FALP apparatus have 

been developed and used in the Group of Elementary Processes in Plasma at Charles 

University in Prague. The standard FALP apparatus was operated at relatively low 

buffer gas pressure (20 – 200 Pa). One of the earliest modification built in our 

laboratory – High Pressure Flowing Afterglow (HPFA, see ref. [Glosík et al., 1995]) 

was working at higher buffer gas pressures (up to 2000 Pa) in order to study the 

effect of three body processes and cluster formation on electron-ion recombination 

(e.g. formation and recombination of H

� clusters, see ref. [Glosík et al., 2003]). The 

lowest recombination rate coefficients measurable by this apparatus were of the order 

of ~10-7 cm3s-1. In order to reach lower rate coefficients (~10-8cm3s-1) and to better 

control and stabilize the working temperature down to 130 K a new modification – 

FALP-Variable Temperature (FALP-VT) was developed and constructed (see ref. 

                                                                                                               
4
 If the velocity of plasma on the axis of the flow tube v is constant along the flow tube, the 

distance z from the plasma source can be transformed into the time t from the plasma creation by the 

formula t = z/v. 
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[Novotný et al., 2006]). For measurements at lower temperatures reservoir 

surrounding the flow tube was filled with liquid ethanol and cooled by the flow of 

liquid nitrogen. The temperature distribution along the flow tube could be stabilized 

in the range of ±5 K over a long period of time (see section 1.3.5 of ref.        

[Korolov, 2008]). Among other experiments, this apparatus modification was used to 

study electron-ion recombination of HCO+ and DCO+ ions presented in Chapter 4 of 

the thesis. In order to study elementary processes in plasma at even lower 

temperatures (down to liquid nitrogen temperature) a Cryogenic FALP (Cryo-FALP) 

apparatus was built (see ref. [Glosík et al., 2009a]). In the first version the reservoirs 

attached to the walls of flow tube were filled with liquid nitrogen, thus enabling the 

cooling down to 77 K. The disadvantage of first version was the inability to stabilize 

the temperature at a different level than boiling point of liquid nitrogen (77 K); the 

temperature evolutions were measured while the cooling was stopped and the 

temperature of the flow tube was slowly increasing. This was overcome by the 

second version, where the flow tube is anchored by copper braids to the coldhead of 

helium closed cycle refrigerator. The use of heating elements and the sophisticated 

design allows setting and stabilizing the temperature in the range 40 – 300 K within 

the accuracy of ±1 K. The design and construction details of the new Cryo-FALP II 

apparatus are discussed in section 2.2. The first version of Cryo-FALP was used for 

research on elementary processes in H�

� and D�

� dominated plasma presented in 

Chapter 3 of the thesis and the temperature evolution of CRR of Ar+ ion in the 

temperature range 77 – 170 K discussed in Chapter 5. The second version of Cryo-

FALP was used to study collisional radiative recombination of Ar+ ions at 

temperatures below 77 K (see Chapter 5). The recent evolution of the FALP 

apparatus in our laboratory from the FALP-VT to the latest Cryo-FALP II is shown 

in the Figure 2.2. 
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Figure 2.2 Evolution of the FALP apparatus in the laboratory of elementary 

processes in Prague. Chambers are open and the construction details are artificially 

colored to improve lucidity. Blue faces mark the chamber sections; yellow faces 

signify the flow tube. The entire construction proposal was done directly in 3D to 

avoid the geometry errors and simplify the assembly. Top: The original FALP-VT 

apparatus operating in the years 2005 – 2008. The construction improvements 

allowed measurements of low recombination rate coefficients (~10-8 cm3s-1) at 

relatively high buffer gas pressures (up to 2000 Pa) in the temperature range          

130 – 300 K. Middle: First version of the Cryo-FALP apparatus operating in 

between 2008 – 2010. The liquid nitrogen cooling extended the measuring 

temperature range to 77 – 300 K. Bottom: The new Cryo-FALP II apparatus with the 

temperature control system based on the helium closed cycle refrigerator allowing to 

control the temperature in the range 40 – 300 K within the error of ±1 K. 
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2.2 Cryo-FALP 

2.2.1 Description of apparatus 

The design of the latest Cryo-FALP apparatus is based on the version FALP-

VT designed and constructed in our group (for details on construction see [Novotný 

et al., 2006]). The scheme of new Cryo-FALP II apparatus is shown in Figure 2.3. 

 

 

Figure 2.3 The scheme of the novel Cryo-FALP II apparatus. 

 

Helium buffer gas is introduced into the glass discharge tube placed inside a 

microwave resonator where microwave discharge (2.54 GHz, 10 – 20 W) is ignited 

and plasma is created. Plasma consisting of helium ions (He+, He2
+) metastables 

(Hem) and electrons is then driven by flow of neutral helium buffer gas through the 

stainless steel flow tube with inner diameter d = 5 cm. The flow of the neutral gas is 

maintained by a large Roots pump (pumping speed ~ 1000 m3/h). Buffer gas pressure 

and flow can be adjusted by valves placed at the both ends of the flow tube. 

Downstream from the discharge region plasma is thermalizing via collisions with the 

buffer gas as the number density of neutral particles is considerably high  

(~ 1017 cm-3). Into the already relaxed plasma reactant gasses are added through the 

inlet ports at different distances further downstream. Via sequence of ion-molecule 

reactions the plasma with specific dominant ion is created. Separate introduction of 

reactant gasses allows distribution of ion formation zones, thus enables better control 

over reaction kinetics.  
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The flow tube is divided into three sections: section A is kept at 300 K, 

section B is precooled by liquid nitrogen to the temperature ~ 100 K and section C is 

anchored by cooper braids to the coldhead of helium closed cycle refrigerator. 

Specific construction and heating elements allow setting and maintaining of the 

temperature over the section C in the range 40 – 300 K. Further details on 

temperature control system will be given in section 2.2.3.  

The measurement is based on monitoring the plasma decay along the axis of 

the flow tube by Langmuir probe. The probe is represented by 18 µm thick, 7 mm 

long tungsten wire and is axially movable from port P2 up to the 35 cm along the 

section C of the flow tube. The probe movement is provided by means of a threaded 

rod; turning of the rod is ensured via a rotary feedthrough driven by a Microcon 

stepper motor. The spatial evolution of plasma is transformed into time evolution and 

from the time decay the parameters of elementary processes such as recombination 

rate coefficient and diffusion time are obtained. The details on the analysis of the 

data obtained by the Langmuir probe will be given in section 2.3 of the thesis. 

A Quadrupole Mass Spectrometer (QMS) as a traditional diagnostic 

technique of FALP-type apparatuses is not present in the current version of Cryo-

FALP. The reason is that, beside the notorious knowledge of reaction kinetics of 

studied ions, the primary goal of Cryo-FALP II apparatus was to develop and 

implement the cooling system that enables the measurements at temperatures below 

boiling point of liquid nitrogen (77 K). As the obtained results are promising, the 

QMS will be implemented in one of the future upgrades of Cryo-FALP II in order to 

verify and control ion formation in experiments with more complicated ion reaction 

kinetics (e.g. KrH+, XeH+, HCO+ etc.) 

  

2.2.2 Vacuum and gas handling system 

In order to maintain the level of impurities as low as possible the Cryo-

FALP II apparatus was built using Ultra High Vacuum (UHV) technology. By 

impurities we understand molecular particles present in ambient air and in small 

amounts also in the gas cylinders (typically H2O, N2, CO2, etc.). The impurities react 

with studied ions via ion-molecule reactions producing fast recombining molecular 

ions. Hence, the plasma composition is altered and the overall losses of charged 

particles from plasma are enhanced.   
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Figure 2.4 Vacuum scheme of the Cryo-FALP II apparatus. 
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The overall vacuum scheme of the latest Cryo-FALP II apparatus is shown in  

Figure 2.4. The vacuum system composes of three main sections: inner 

vacuum with flow tube, outer vacuum and gas handling system.  

Inner vacuum is usually maintained by a turbomolecular pump with 

permanent magnet bearing (Pfeiffer HiPACE 80) backed by a diaphragm pump. 

During the experiment the flow of neutral gas along the flow tube is maintained by a 

large Roots pump. Between the measurements the Roots pump is stopped and the 

flow tube is heated to ~ 325 K while the turomolecular pump is on. During the time 

periods between baking the pressure is maintained by a sputter-ion pump. The 

ordinary background pressure in the flow tube between the measurements achievable 

by following the standard cleaning procedures is of the order of 10-6 Pa.  

The main function of the outer vacuum, represented by a large vacuum 

chamber surrounding the flow tube and the coldhead, is to maintain the insulating 

vacuum around the cold parts of the apparatus in order to lower the heat losses by 

convection. The vacuum inside the insulating chamber is maintained by a 

turbomolecular pump backed by a rotary pump and is usually of the order of 10-5 Pa.  

Gas handling system is used for cleaning and injecting the gasses into the 

flow tube. Before entering the flow tube gasses flow through a purification cold trap 

– reservoir filled with liquid nitrogen or precooled ethanol (~ 170 K) depending on 

the boiling point of the gas used. Helium gas, as a main donor of impurities due to 

large flows used, is in addition purified also in two zeolite molecular traps cooled by 

liquid nitrogen. Flows of the gasses are measured by flow meters and controlled by 

flow controllers or needle valves. If the desired flow is lower than the regulating 

limit accessible by a needle valve a mixture of the gas with helium is prepared in the 

reservoir, thus enabling to reach the reactant number density as low as 1×1011 cm-3. 

The gas handling section of the apparatus can be pumped separately by 

turbomolecular pump. For the purpose of cleaning, in between the measurements the 

lines are heated to ~ 340 K and zeolite traps are baked to ~ 400 K while continuously 

pumped by the turbomolecular pump. By adhering to the cleaning procedure the 

background pressure can be kept as low as 1×10-5 Pa. 

The values of pressure are read by the means of Pfeiffer Pirani/Cold Cathode 

gauges (Pn1, Pn2 and Pn3) with working range 5×10-7 – 105 Pa and absolute MKS 

Baratron® capacitance manometers (B1, B2 with working range 100 – 104 Pa and 

100 – 105 Pa respectively). The pressures between primary and secondary pumps are 



2.2 Cryo-FALP 
 

 

 23 
 

controlled by Pirani gauges (Pr1 – Pr7) working in the range 5×10-2 – 105 Pa. To 

measure and control the gas flows, MKS flow meters (10 000 sccm for He line,        

10 sccm for Ar line) and MKS flow controller (10 sccm for reactant line) are used. 

 

2.2.3 Temperature control system 

For measurement of recombination rate coefficients at sub-thermal 

temperature (40 – 300 K) it is crucial to set and control the temperature of plasma. 

Under the assumption of thermodynamic equilibrium in the multicollisional 

environment of plasma it is legitim to refer to only one temperature T representing 

the common temperature of ions, electrons, neutral buffer gas and temperature of the 

flow tube walls. Extended discussion supporting the assumption and further details 

on the plasma thermalization is given in section 2.4.4 of the thesis.  

In order to cool the flow tube down to 40 K a substantial modification of the 

first version of the Cryo-FALP apparatus, cooled by the flow of liquid nitrogen, has 

been proposed and executed. The alteration is based on equipping the apparatus with 

a Sumitomo CH 110 coldhead system – a cooling system working on a principle of a 

refrigerator.  Helium as a cooling medium is compressed in a compressor and cooled 

by an adiabatic expansion. Cold helium flows through the copper block – coldhead 

placed inside the vacuum vessel, where the beneficial cooling takes place. Hot 

helium returns back to compressor, thus closing the duty cycle. The lowest 

achievable temperature of the coldhead is at about 20 K (zero cooling power); the 

cooling power drops from 200 W at 300K to around 100 W at 100 K. 

 Heat flow model 

To gain insight on the heat flow and temperature distribution along the parts 

of proposed apparatus and to understand the geometrical and material restraints of 

distinct elements a computer model of heat transport along the proposed setup has 

been developed and solved using FEMM freeware [Meeker, 2011]. The software 

allows assigning different materials to distinct elements of the setup, thus calculating 

with proper thermal conductivity. According to requirements, the materials picked 

for the particular elements are stainless steel as a material with weak heat 

conductance and Electrolytic Tough Pitch copper for elements that are required to 

conduct heat well. Boundary conditions such as constant temperature (e.g. 77 K for 

elements cooled by liquid nitrogen, 300 K for elements exposed to the ambient air), 
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constant heat flux, radiation and convection properties (e.g. heating through radiation 

and helium flux), periodicity across the boundary etc. are set independently. Due to 

the computational hardware requirements a simplifying assumption of axial 

symmetry over the flow tube axis and plane symmetry5 over the vertical cut through 

the middle of the flow tube has been made (dashed-dot lines in Figure 2.5). As the 

assumption of the axial symmetry over the flow tube axis is not valid for the 

coldhead and parts of the cooling system itself, the physical dimensions of these 

elements in the model were artificially adjusted (see the representation of the 

coldhead and adjacent copper blocks in Figure 2.5). Hereby, the size of the contact 

surfaces of the adjacent elements was maintained, thus keeping the correct heat flux 

across the boundaries. The result of calculated temperature distribution along the 

horizontal cut of proposed geometrical arrangement is illustrated in Figure 2.5. 

Sufficient insulating vacuum, additional liquid nitrogen cooling and decent thermal 

insulation of the parts providing the contact with an ambient air (flanges) are crucial 

features in order to reach the temperature level of 40 – 45 K in the flow tube section. 

 

 
 

Figure 2.5 Calculated temperature distribution along the horizontal cut of the flow 

tube. For the calculation the assumption of axial and plane symmetry was made. 

                                                                                                               
5
 Plane symmetry was defined by setting the periodic boundary conditions across the vertical 

cut through the middle of the flow tube. 
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Figure 2.6 The detail of a 3D model of the Cryo-FALP II cooling system. The main 

copper parts are coldhead, platform and two half-cylinders pressing the copper braids 

(not shown in the figure) wound on the flow tube against the flow tube wall. The 

interconnecting removable copper blocks are colored magenta, the temperature 

sensors are black and the heating elements are dark grey cylinders embedded in the 

platform block. Other construction elements are colored green and cyan. 

 

 Cooling/heating system realization 

The computer model has given a support for detailed construction design 

where the proper geometry of each segment has been proposed. A detail of a 3D 

model of the Cryo-FALP II cooling system is shown in Figure 2.6. Section C of the 

flow tube is covered with copper braids (not shown in the figure) fixed by two 

copper half-cylinders. The copper braids are anchored6 to an intermediate copper 

stage called platform connected to the coldhead through a set of copper blocks 

(colored magenta in Figure 2.6). In order to improve the heat contacts the crucial 

joins between the coldhead, platform and the blocks are treated by a cryogenic grease 

Apiezon type N.  Through the copper braids and copper blocks the cooling power of 

coldhead is distributed to the flow tube, hereby allows reaching the temperature of  
                                                                                                               

6
 Copper braids are fastened to the platform by the stainless steel blocks (colored light grey in 

Figure 2.6) at five different spots of the platform. 
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40 K along the outside wall of the flow tube. The platform is equipped with four 

heating elements capable of providing heating power of 50 W. As the cooling power 

of the coldhead cannot be adjusted, for measurements at higher temperatures several 

of the copper blocks are removed, thus lowering the heat conductance between the 

coldhead and platform. By applying a proper heating power and/or removing the 

copper blocks, the temperature of the flow tube can be adjusted in the range 40 – 

300 K within the error of ±1 K. Temperature is monitored at several spots along the 

flow tube, platform and coldhead. Temperature sensors are represented by silicon 

diodes (black cylinders in Figure 2.6) working down to 1 K with the accuracy of    

±1 K, thermocouples type T and common transistors (black blocks in Figure 2.6), 

where the temperature dependence of current-voltage characteristics of diode 

junction is utilized.  
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Figure 2.7 Typical time evolution of temperature for different stages of Cryo-

FALP II cooling system after the activation of helium compressor. The flow tube 

temperature is stabilized at ~ 40 K after approximately 5 hours of cooling. 

 

In order to introduce further cooling power into the cooling system, thus 

decrease the cooling time of the flow tube and improve the plasma thermalization 

(see section 2.4.4), section B is precooled by liquid nitrogen7 to ~ 100 K. The cooling 
                                                                                                               

7
 Liquid nitrogen flows through a copper tube spooled on a flow tube. 
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and temperature stabilization of the flow tube at ~ 40 K proceeds in the time scale of 

approximately 5 hours as can be seen in Figure 2.7. The difference in temperature 

adopted by each major stage is attributed to a heat resistance present at joins of 

particular cooling system sections. 

The baking of the flow tube and gas handling system during the cleaning 

period between the measurements is enabled by utilizing the heating wires and 

heating bands wound around the flow tube and gas lines. As the measurement part of 

the flow tube (section C) is placed inside a large outer vacuum chamber, backing of 

this section is possible only by means of heating elements attached to the platform 

(dark grey cylinders embedded in platform block shown in Figure 2.6). The heating 

power of heating elements, wires and bands can be adjusted by manually setting the 

voltage (current) applied across a particular segment. As the flow tube has a thermal 

contact with the coldhead and the maximal permissible temperature of the coldhead 

listed by a manufacturer is 350 K, the baking temperature is reduced to a maximum 

value of 325 K. Exceeding this value triggers an alarm set on a Lakeshore gauge, 

thus warning the operator to adjust the heating power and reduce the temperature. 

It should be emphasized that the heating power applied for adjusting the flow 

tube temperature is regulated manually at the moment. Hence, an operator of the 

experiment and his ability to regulate the heating power following the temperature 

evolution is a key factor for determining the temperature stabilization time. For 

example if the temperature needs to be changed within 20 K during the measurement 

it takes from 30 min. up to one hour for the flow tube temperature to stabilize 

depending on the experience of the operator. For bigger temperature jumps longer 

stabilization time is required. The autonomous temperature control system could lead 

to a time saving and a more accurate temperature control.  

 

2.2.4 Safety system 

 In order to avoid personnel harm and/or equipment damage during the 

apparatus operating period, the autonomous safety system has been developed and 

built. The devices are coupled into logical loops, where the action of one part 

provokes the reaction of the other. The sensing part of the safety system consists of 

water flow sensor, set of temperature sensors, device built-in sensors and relays, the 

executive part of the system is represented by the central power control box and 
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device built-in relays and alarms. In general, the system reacts at three different types 

of incentives:  

• vacuum malfunction (primary pumps not running, turbomolecular pumps 

overload, valves separating primary and secondary pumps closed) 

• water cooling malfunction (cooling water not running, cooling water low 

throughput, cooling water high temperature) 

• temperature issues (exceeding of the permissible temperature at the coldhead, 

compressor etc.) 

In case of vacuum malfunction, the separating electromagnetic valve is automatically 

closed and the turbomolecular pump is turned off. If the error appears in the water 

cooling system used to cool the devices, the heating system and the helium 

compressor are turned off. If the temperature threshold set on the Lakeshore gauge is 

overcome at some point, the audible alarm turns on, thus warning the operator to 

adjust the heating power (reduce the temperature). 

 

2.2.5 Data acquisition and control system 

The data acquisition and control system is used to gather all necessary and 

supporting readings gained from various sensors spread all over the apparatus and to 

provide a feedback for the devices via the control loop. The whole system can be 

divided into subsystem concerning vacuum relevant data, subsystem managing 

temperature readings and subsystem handling the Langmuir probe measurement. All 

the readings are gathered by specific devices (explained below) and collected by PC 

through a serial bus (USB or RS232). For bidirectional communication and devices 

control and for data visualization and storing tailor-made software modules written in 

LabView environment are exploited. For a schematic view on the data acquisition 

and control system see Figure 2.8. The data are collected in time intervals (ms – s) 

and the quantity history is displayed in a chart and stored in a hard disk file. On the 

basis of the values further action is provoked – triggering an alarm to indicate 

undesirable evolution of experimental conditions and urge the operator to interfere 

and/or finishing the measurement of experimental point, proceeding with further data 

analysis and eventually starting the next step of autonomous measurement.   
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Figure 2.8 The scheme of the data acquisition and control system. Dark grey 

rounded rectangular boxes denote to measuring and command executing devices, 

light grey rounded boxes denote to controlling devices. 

 

 Vacuum subsystem 

Vacuum relevant data include readings from pressure gauges (full range 

Pirani/Cold cathode sensors and capacitance manometers) and flow meters. The 

readings from Pfeiffer Pirani/Cold cathode gauges (Pn1, Pn2, Pn3) and some of the 

Pirani pressure gauges (Pr4, Pr7) are read by 6-channel Pfeiffer MaxiGaugeTM device 

connected to a PC by a RS232 bus. The data from capacitance manometers, flow 

meters and flow controller are collected and displayed by 8-channel tailor made 

Display/Set box (see ref. [Korolov, 2008]). The Display/Set box is also used for 

converting the analog data into digital format and to send them via USB bus to the 

USB hub. The USB hub is connected to PC, where the pressure and gas flow 

readings are visualized and stored in a hard disk file. At the moment, desired gas 

flow controlled by the flow controller is not handled by PC and has to be manually 

set on the Display/Set box. 

 Temperature subsystem 

Temperature sensors are divided into two groups: sensors placed inside the 

vacuum chamber monitoring the temperature of the platform, coldhead and section C 
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of the flow tube and sensors mounted outside the vacuum and indicating the 

temperature of section B of the flow tube. The first group is read by an 8-channel 

LakeShore 218 Temperature monitor connected to PC via RS232 to USB converter 

and USB hub. As the number of sensors mounted inside the vacuum chamber is 

higher than eight, a simple interconnecting box was built, where one can set which 

sensors will be read by Lakeshore monitor. The second group of temperature sensors 

is read by a 6-channel temperature gauge and is again connected to PC by RS232 to 

USB converter and USB hub.  

 

Figure 2.9 Operating scheme of the Langmuir probe in the Cryo-FALP II apparatus. 

 

 Probe subsystem 

The probe subsystem manages the Langmuir probe measurement and the 

probe movement along the axis. Langmuir probe measurement is based on applying a 

specific voltage on the probe and measuring the current flowing through the probe. 

The voltage applied is in the range of (0 – 5 V), the measured current can be as low 

as 10-10 A. As a voltage source and ampermeter a Keithley 6487 Picoampermeter/ 

voltage source is used, operated via USB serial bus. In addition, the probe is 

“cleaned” by electron/positive ion bombardment in between the point measurement 

in order to get rid of the impurities adsorbed onto the probe surface. The cleaning is 

provided by applying relatively high voltage (±80 V, depending on cleaning regime) 

on the probe for short period of time (~100 ms). External voltage source for cleaning 

is operated directly by digital output of Keithley picoampermeter via a cleaning box 

– custom built device for switching between the cleaning and measurement regime of 

the probe. Operation scheme of the probe is illustrated in Figure 2.9.  
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Stepper motor, providing the probe movement, is supplied by an external 

power source and controlled by a Microcon controller M1486 connected to PC via 

serial bus. The LabView module synchronizes probe measurement, probe cleaning 

and probe movement – once the point of the current-voltage characteristic is 

measured, probe cleaning is triggered; as the measurement at specific position is 

finished the probe can be moved to a different position. The data are partially 

analyzed and stored for further processing. Among a single measurement, the 

software module allows autonomous measurement of whole plasma decay along a 

defined spatial range with specific parameters (cleaning time, voltage range, number 

of points, etc.). 

 

2.2.6 Experimental procedure 

During the experimental campaign the measurements usually proceed with 

period of two – three days. The time in between is utilized for data analysis, 

measurement preparation and apparatus cleaning.   

Preparation of the measurement includes eventual minor physical alteration of 

the apparatus (switching of gas cylinders, improving the thermal insulation, etc.) and 

proposal of suitable experimental conditions (reactants number densities, plasma 

velocity etc.). The suggested conditions are based on the previous measurements and 

the solution of a computer model of a chemical kinetics developed in our group. In 

the model all the relevant parameters of the apparatus (diameter, positions of the inlet 

ports, length of the flow tube, etc.) and relevant chemical reactions are taken into 

account (see discussion on plasma formation in sections 3.2, 4.2 and 5.2).  

The cleaning procedure is based on heating of the flow tube and gas lines 

with heating wires and heating bands while all the valves are opened and the vacuum 

pumps are on. In addition, the gas lines and zeolite molecular traps are flushed two to 

three times by the flow of gas. Usually the cleaning procedure runs for one to two 

days between the measurements. In case of previous opening of the apparatus and 

exposition of the inner vacuum to the ambient atmosphere a longer cleaning period 

(usually one week) is needed. 
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Just before the measurement, the zeolite molecular traps are filled with liquid 

nitrogen and all the cold traps are filled with appropriate cooling medium8. Then the 

turbomolecular pumps are closed and the Roots pump is started. Afterwards, helium 

buffer gas is introduced to the flow tube and the valve separating the Roots pump 

from the flow tube is opened. Helium pressure and flow is adjusted and the discharge 

is ignited. Once the plasma is created, current-voltage characteristics are sampled by 

the Langmuir probe in order to clean the probe by electron/ion bombardment. After 

then, the argon gas is introduced and experimental conditions are adjusted. Following 

a period of time necessary for stabilization of the conditions the measurement in 

helium/argon plasma is started. From the measured plasma decay diffusion losses are 

evaluated, thence the purity is estimated (see section 2.4.3). Later on, the reactant 

gasses are introduced into the flow tube and the study of recombination process of 

particular ion begins. It takes around one hour since the cold traps are filled to the 

first measurement. In case of measurement at lower temperatures (below 100 K), 

coldhead is started in the morning of the day of experiment. After around three 

hours, the liquid nitrogen precooling of section B of the flow tube is started in order 

to improve and accelerate the flow tube cooling. It takes approximately five hours to 

stabilize the flow tube temperature at the 50 K level. Only when the temperature is 

close to the desired level the procedure of starting the measurement is initiated. 

 

2.3 Data analysis 

By the data analysis we understand the process leading from the measurement 

of the current-voltage characteristics of Langmuir probe immersed in the plasma into 

the determination of the recombination rate coefficient of particular ion. The process 

is divided into two major steps. Firstly, according to the theory of Langmuir probe 

[Swift and Schwar, 1970] an electron number density9 is obtained from the measured 

current-voltage characteristics. This process is automated and the electron number 

density evaluation is implemented in the LabView subroutines controlling the 

Langmuir probe measurement. Second step is to obtain the recombination rate 
                                                                                                               

8
 Selection of cooling medium depends on the boiling point of a specific gas, typically liquid 

nitrogen is used for gasses such as helium, hydrogen, deuterium etc. and precooled ethanol is used for 

argon, krypton, xenon etc. 

9
 In quasineutral plasma with one dominant ion the time evolution of electron number density 

gives also the electron-ion recombination rate. 
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coefficient from the electron number density decay along the flow tube. This process 

is semi-automated, with the help of routines embedded into the OriginTM software 

environment; anyway a certain interaction of an experienced experimenter is still 

required.  

The time evolution of studied ion number density [A+] is in general described 

by a balance equation: 

��A��
�� � ��eff	e�A�� � 
�A���B� � ��∆�A��, (2.1) 

where ne denotes electron number density. 

The three terms on the right left side refer to:  

1. Apparent (effective) two-body recombination of ions with electrons with 

rate coefficient αeff; 

2. Ion-molecule reaction of ion with molecule B; 

3. Ambipolar diffusion to the walls with diffusion coefficient Da. 

The term “effective two-body recombination” reflects the fact that the overall 

recombination of ions with electrons typically proceeds as a collateral action of 

various two-body (binary) and three-body (ternary) recombination channels. 

Effective tw-body recombination then represents the overall two-body effect of the 

processes. For example, in case of parallel action of two-body, neutral assisted three-

body and collisional-radiative recombination (see sections 1.2 and 1.3) the 

coefficient αeff would consist of following terms:  

�eff � �bin � �CRR � �M � �bin � �CRR	e � �M�M�, (2.2) 

where �bin denotes pure two-body recombination rate coefficient. 

Under the assumption of quasineutral plasma (�A�� � 	e) with the dominance 

of A� ion and using the relation for fundamental diffusion mode evolution10 [Chen, 

1974], the equation (2.1) can be rewritten as: 

                                                                                                               
10
 Ambipolar diffusion in an infinitely long cylinder (approximation of the flow tube) 

establishes in radial direction a Bessel like distribution of plasma concentration. The fundamental 

mode of the distribution, with maximum on the axis of the cylinder (where the electron number 

density is measured), becomes dominant after short period of time [Chen, 1974]. The diffusion losses 

are then described by the relation		
��

��
� �

��

��
�. The characteristic diffusion length Λ for infinitely long 

cylinder is given by � �
�

��
, where R is the radius of the cylinder and J0= 2.4 is a zero Bessel 

coefficient. 
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�	e�� � ��eff	e
� � 
	e�B� � ����

	e. (2.3) 

By denoting the constants on the right hand side as 1/�loss � �
�B� � ��/���,	the 

equation (2.4)  will change to: 

�	e�� � ��eff	e
� � 	e�loss	. (2.4) 

General solution of equation (2.4) is expressed by following relation: 

	e��� � 	0�eff�loss	���� �loss⁄ � 1� � �� �loss⁄
	, (2.5) 

where n0 denominates an initial electron number density at t = 0. 

 By fitting the measured electron number density decays with the analytical 

solution expressed by an equation (2.5), the recombination rate coefficient αeff 

together with the parameter indicating “exponential” losses τloss can be obtained. As 

the losses due to ambipolar diffusion can be derived from tabulated values, the 

formula defining τloss can be utilized to deduce the amount of impurities [B] (see 

section 2.4.3). For more details see for example references [Glosík et al., 2003; 

Novotný et al., 2006; Novotný, 2006; Korolov et al., 2008; Korolov, 2008]. 

 

2.3.1 Dissociative Recombination 

 The analytical solution of balance equation given by equation (2.5) can be 

typically used to obtain recombination rate coefficient of DR, however fitting the 

measured ne decays by formula (2.5) may appear impractical/not applicable in some 

cases:  

1. The difference between two nonlinear fits of distinct experimental data 

subsets given by formula (2.5) is not evident. 

2. The decays are not “long” enough for the recombination losses to become 

negligible in comparison with the exponential losses yielding to erroneous 

determination of the diffusion.  

3. The most important, the formation of ions (see sections: 3.2, 4.2 and 5.2) 

proceeds long enough to penetrate into the fitting region, thus affect the 

evaluation of the recombination rate coefficients. 

In order to overcome problems stated above, we developed an advanced integral 

analysis method (see ref. [Korolov et al., 2008]). 
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The advanced integral data analysis surpasses the main problem, rising with 

the fact, that the ion formation can occur also in the part of the flow tube (especially 

at low concentration of reactant) where the data are fitted, by a mathematical trick. 

As the studied ion represents a time-varying fraction ���� of all positive ions present 

in the plasma11, the studied ion concentration can be coupled with the electron 

concentration by a term �A�� � ����	e. For the fraction obviously holds ���� � 1 

and it typically increases with time t as the studied ion becomes more abundant in the 

plasma. By substituting for �A�� in equation (2.1) and following the deduction above, 

the equation (2.4) can be rewritten as: 

�	e�� � ��eff����	e
� � 	e�loss	. (2.6) 

Simple integration gives: 

ln �	e����	e���� � ��� � ��� �loss⁄ � ��eff " ����	e���
��

��

��	, (2.7) 

where ta and tb are integration limits.  

If the studied ion is dominant (���� � 1) within the chosen time integration 

limits, the plot of the left hand side of the equation (2.7) against the integral term on 

the right hand side yields into a straight line12 with a slope ��eff. In other words, the 

goal of the experimenter, when analyzing experimental data, is to scan the time 

integration limits so that the linear dependence of the terms in equation (2.7) is 

achieved. In this way, the spatial region in the flow tube where the studied ion is 

dominant is chosen and the ion formation zone is evaded. An example of the plots 

used for the data analysis together with the electron number density decays fitted 

with the curves obtained using the data analysis is shown in Figure 2.10. Depicted 

are results measured within the study of recombination of D�
� ions with electrons at 

temperature T = 250 K, pressure p = 1600 Pa and various number densities of D�.  

The data analysis procedure is automated using Origin software, the 

experimenter needs only to explore the distinct time integration limits in order to 

widen the fitting region to the broadest possible extent. 

                                                                                                               
11
 The quasineutrality in plasma is valid in a sense �e � ∑ �A�

�	� , where A�
� represents all ions 

present in the plasma. 

12
 This holds only when proper τloss is used, hence the τloss is regarded as a variable parameter 

obtained by minimizing the χ
2
 of the linear fit. 
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Figure 2.10 Top: Example of data plots used in the advanced integral data analysis. 

X denotes the integral term in equation (2.7): � � � �e�����

��
��. From the slopes of 

the linear fits (solid lines) recombination rate coefficient 	eff is obtained. Bottom: 

Example of electron number density decays measured in the study of recombination 

of D�
� ions. The fitting curves are obtained using the data analysis illustrated above.  

 

2.3.2 Collisional radiative recombination 

The data analysis for CRR is based on the same balance equation (2.1) with 

the complement that the recombination rate coefficient αeff is defined by equation 

(2.2), i.e. αeff is a function of ne. Under the assumption of CRR being the dominant 

recombination process in plasma, by utilizing the equations ((1.6), (2.2)) the balance 

equation becomes: 

��A�
�� � ��CRR��	�A� � ��A��B � �
∆�A�. (2.8) 
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The same deducing steps as above are followed. Using the relation �A� � ������ , 
���� � 1 to express the possible ion formation effect, the equation (2.8) can be 

rewritten as: 

��e�� � ��CRR�����e� � �e�loss	. (2.9) 

By integration, one gets the resulting equation: 

ln ��e�����e��
�� � ��� � �
� �loss⁄ � ��CRR ! �����e	���
��

��

��	. (2.10) 

The same fitting procedure as above is ensued, the only difference being the factor of 

�e	 on the right hand side. 

 

2.4 Subsidiary measurements 

The experiment is supported by set of preparatory measurements, performed 

typically after major rebuilding of the apparatus and/or due to starting an 

experimental campaign in region of substantially different experimental conditions.  

 

2.4.1 Velocity measurement 

For the transformation of Langmuir probe spatial position into the time 

passed since the plasma creation (see footnote 4) the determination of plasma 

velocity in the flow tube is needed. As the direct calculation from the buffer gas flow 

rate, pressure and temperature can be hindered by dubious assumptions (velocity 

profile, gradients in plasma concentration etc.) the velocity of plasma on the axis of 

the flow tube is measured directly. For this purpose, simple Time of Flight method is 

utilized – the discharge power, thus the plasma concentration, is modulated and the 

time delay ∆t of the distortion at different spatial positions z along the flow tube is 

recorded. From the linear fit of the plot ∆t against z the plasma velocity v is obtained. 

The procedure is repeated for different experimental conditions (buffer gas flow rate, 

pressure and temperature) and so the velocity calibrating curve is obtained. An 

example of data measured in He+ dominated plasma in the Cryo-FALP II apparatus 

at three different temperatures and variable experimental conditions is plotted in the 

left panel of Figure 2.11. From the linear fits of the data (solid lines in the figure) in 

the farther part of the flow tube (see discussion on plasma thermalization in     

section 2.4.4) the plasma velocity on the axis of the flow tube is obtained. 
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Figure 2.11 Left: Example of plasma velocity measurement at distinct experimental 

conditions. The discharge is modulated and the time delay ∆t of the distortion at 

different spatial position z of the flow tube is monitored. From the linear fits of the 

data (solid lines) the velocity of plasma on the axis v is determined. Right: The 

measured plasma velocity measured in helium and argon plasma13 ([Ar] ~ 7×1012 – 

3×1013 cm-3) plotted as a function of “similarity” parameter FT/p. Calibrating curve 

(dashed line) is used to settle v at different experimental conditions. 

 

The results of velocity of plasma measured on the axis of the flow tube in 

helium and argon plasma at different experimental conditions are plotted as a 

function of semiempirical “similarity” factor FT/p (F denotes buffer gas flow rate, T 

is temperature and p stands for the buffer gas pressure) in the right panel of      

Figure 2.11. The plasma velocity does not depend on the plasma composition, as 

expected. The linear fit (dashed line in the figure) represents the calibrating curve 

used for the determination of the velocity at different experimental conditions. As 

can be seen, the calibration line does not intersect the axis origin; this can be 

attributed to the plasma thermalization issue at very low temperatures as is discussed 

in section 2.4.4.  

Based on the velocity calibrating line the plasma velocity v at various 

experimental conditions (F, T, p) can be calculated using formula: 

� � �� � � ���� 	 ������ 
, (2.11) 

                                                                                                               
13

 The term “helium/argon plasma” indicates which types of ions are dominant in the plasma. 

In case of helium plasma it can be He�, He�
� and at low temperatures possibly He�

�  ions, in argon 

plasma it is Ar�, and supposedly Ar�
� ions. 



2.4 Subsidiary measurements 
 

 

 39 
 

where v0 is the velocity measured at buffer gas flow rate F0, pressure p0 and 

temperature T0 and S denotes the slope of the calibrating line. 
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Figure 2.12 The measurement of dissociative recombination rate coefficient of O�
� 

ion used for the Langmuir probe calibration. The experimental conditions are noted 

indicated in the plot. The measured coefficient (dash-dot line) differ from the 

theoretical value (dashed line) 
O�
��250	K� � 2.25 � 10��cm3s-1 by factor C = 1.6. 

 

2.4.2 Langmuir probe calibration 

The Langmuir probe calibration is required in order to support the theoretical 

assumptions of Langmuir probe [Swift and Schwar, 1970] yielding to electron 

number density determination. It helps to overcome the uncertainities in 

determination of the diameter and length of the probe and to establish the absolute 

measurement of ne. As emerges from equation (2.4) or (2.6), the multiplication of ne 

by eventual correction factor is equivalent with multiplication of eff with the same 

factor. Hence, for the purpose of calibration it is enough to measure the eff of 

renowned ion with well-established recombination rate coefficient and compare it 

with the measured value. This is true for example for dissociative recombination of 

O�
� ions with electrons which was studied and is constant over a broad range of 
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helium buffer gas pressures and has a well-known temperature dependence     

[Španěl et al. 1993; Glosík et al. 1999; Peverall et al. 2011]: 

O�
��� � 2.0 � 10���300 �⁄ ��.�cm�s��. (2.12) 

The measurement was performed in He-Ar-O2 plasma at temperature             

T = 250 K, two buffer gas pressures and several O2 concentrations in order to 

investigate the possible pressure dependence and exclude the influence of O�
� ions. 

The result of the measurement of O�
� recombination rate coefficient is shown in the 

Figure 2.12. As can be seen, the measured coefficient is by a factor of 1.6 higher 

than the value given by equation (2.12). Hence, in order to provide absolute 

measurements of recombination rate coefficients and to confront the results with 

previous studies the measured electron number densities or the obtained 

recombination rate coefficients need to be multiplied by correction factor C = 1.6. 

The legitimacy of the calibration parameter C = 1.6 for given probe is 

supported also with an agreement of eff coefficients measured using Langmuir 

probe and CRDS spectroscopic technique in independent recombination studies.  

 

2.4.3 Estimation of gas impurities 

The purity of gasses used in the experiment is of a significant importance as 

the impurities (mainly H�O, N�, hydrocarbons etc.) can react with the studied ion, 

thus influence the ion composition and enhance the overall loss of charged particles 

from the plasma through the pronounced recombination. In order to keep the level of 

impurities as low as possible, the continuous baking and pumping of the gas injection 

lines and vacuum chambers is performed together with the purification of gases prior 

to injection into the apparatus by cold traps and zeolite molecular traps filled with 

liquid nitrogen (see section 2.2.2). To estimate the remaining level of impurities in 

the He buffer gas, the determination of the time constant of exponential losses τloss 

resulting from the data analysis is utilized (see section 2.3). Based on the definition 

of τloss given in section 2.3, one can write: 

1
�loss �

1
�D �

1
�IM, (2.13) 

where 1 �D⁄ �  � !�⁄  corresponds to the time constant of diffusion losses and 

1 �IM � "#B%⁄  represents the time constant of ion-molecule reaction of studied ions 

with the impurity molecules B (see section 2.2.3). The coefficient of ambipolar 
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diffusion Da in isothermal plasma (Tion = Telectron = Tbuffer gas, see below) can be 

obtained utilizing Einstein relation from the formula: 

 � & 2'�"B�|)| , (2.14) 

where kB is the Boltzmann constant, q represents the elementary charge and µi stands 

for the mobility of studied ion in particular buffer gas. The mobility of ion in buffer 

gas with pressure p and temperature T at zero reduced electric field �* + → 0⁄ � can 

be obtained from the relation (see ref. [Viehland and Mason, 1995]): 

'� � '��0� 10
	Pa
�

�
273.15	K	, (2.15) 

where µ0(0) is the reduced zero field mobility dependent on temperature14 T. The 

values of µ0(0) for different temperatures can be found e.g. in refs. [Lindinger and 

Albritton, 1975; Viehland and Mason, 1995]. 
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Figure 2.13 Time evolution of the electron number density in He-Ar plasma at the 

temperature T = 252 K. From the linear fit of the decay, the time constant of ion-

molecule reaction with the molecules of impurities τIM is obtained. Resulting number 

density of impurities reaches [B] ≈ 5×109 cm-3 which corresponds, at listed 

experimental conditions, to the purity level of 0.01 ppm. 

 
Monitoring of Ar+ ions decay in the plasma at about 250 K is a favorable way 

how to estimate the impurities in the plasma as the radiative recombination of Ar+ 

ions with electrons proceeds very slowly (< 2×10-9 cm3s-1) at temperatures above 

                                                                                                               
14

 The equation (2.15) compensates only for the known dependence of µi on buffer gas 

density; µ0 in general is still a function of parameter Teff which couples the unknown dependence on 

temperature T and reduced electric field E/N into one parameter. µ0(0) then denotes the value of µ0 for 

the limit � � → 0⁄  (see ref. [Viehland and Mason, 1995]) 
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200 K and the remaining ion losses will be due to diffusion and ion-molecule 

reactions with the impurities. The rate coefficient k of ion-molecule reaction of 

studied ions with molecules B attains typically 2×10-9 cm-3s-1. Utilizing the equations 

((2.13), (2.14), (2.15)) one can easily estimate the amount of impurities [B]. 

An example of the measured charged particles decay in Ar+ dominated 

plasma at 252 K is plotted in Figure 2.13. The overall exponential losses, obtained 

from the data analysis, are τloss = 16 ms, from which the time constant of ion-

molecule reaction is estimated τIM = 73 ms. According to the definition of τIM the 

resulting number density of impurity molecules is [B] ≈ 5×109 cm-3. The aforesaid 

amount of impurity molecules in the He buffer gas represents the approximate purity 

of 0.01 ppm which justifies the introduction and application of the gas purification 

system as the inceptive cylinder gas purity is about 10 ppm. 

 

2.4.4 Thermalization region estimation 

As the CRR process, studied in the novel Cryo-FALP II apparatus, is strongly 

dependent on the temperature (see section 1.3), one needs to thoroughly investigate 

the real temperature of the plasma in which the process is studied. The temperature 

of the flow tube wall is monitored along the whole length by set of temperature 

sensors with the accuracy of ±1 K (see section 2.2.3). The plasma is a 

multicollisional environment15, thus the ensemble of charged particles adopt the 

temperature of the neutral buffer gas within the time period of less than milisecond at 

buffer gas number densities ~ 1017cm-3 [Cravath, 1930; Dougal and Goldstein, 1958; 

Smith and Dean, 1974]. However, the question remains, how efficient the buffer gas 

species adapt to the flow tube wall, i.e. at what time scale (spatial scale) the 

thermalization occurs. As far as the assumption of the viscous flow regime in the 

flow tube holds (p > 1 Pa), the buffer gas particles undergo many collisions with the 

walls of the flow tube within the length given by the characteristic dimension of the 

apparatus (diameter of the flow tube in this case). Hence, as a good estimation of the 

temperature “relaxation” length16 can serve the size of the flow tube diameter 

d = 5 cm. In the light of the simple arguments presented, it is justified then to refer to 
                                                                                                               

15
 Typically more than 10

7 
– 10

9
 collisions per second between charged and neutral particles 

at p = 100 Pa, Eelectron = Eion = 1eV, Eneutral = 0.026 eV. 

16
 The “relaxation” length is the distance whereon the temperature of the neutral particles 

ensemble relaxes to a level within a reasonable deviation (e.g. 20%) from the temperature of the wall. 
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only one temperature T = Tneutral = Tion = Telectron, where T corresponds to the 

temperature measured at the wall of the flow tube. The validity of these conclussions 

was experimentally confirmed and thoroughly discussed in CRDS studies 

[Plašil et al., 2011; Dohnal et al., 2012a; Dohnal et al., 2012b; Dohnal et al., 2012c; 

Hejduk et al., 2012].  

In order to gain insight into the buffer gas thermalization, we developed a 

simple model of a heat transport inside the flow tube with the addition of buffer gas 

convection. Basically, the model solves the heat transport equations once a problem 

is defined and boundary conditions are set. The boundary conditions are given by the 

calculation of the temperature distribution along the flow tube wall discussed in 

section 2.2.3 and shown in Figure 2.5. The flow of helium gas with defined number 

density, temperature and plasma velocity is introduced into the model and the 

temperature evolution of the neutral particle ensemble is calculated17. The result of 

the model showing helium buffer gas temperature evolution along the flow tube for 

different gas flow velocities is plotted in Figure 2.14. The independent X-axis 

coordinate conforms with the Langmuir probe spatial coordinate, i.e. the zero-point 

being the beginning of the measurement region. The solid line corresponds to the 

temperature given by the flow tube wall temperature distribution discussed in section 

2.2.3. The “bump” (rise in the temperature from 90 K to ~110 K) of the wall 

temperature at L ~ 5 cm corresponds to the mounting flange of the flow tube having 

certain contact with the ambient air, thus being heated by the convection (see   

Figure 2.5). The dotted line in Figure 2.14 indicates the level of 20% deviation from 

the lowest attainable temperature level. It is evident, that the relaxation length is 

shorter when the gas flow velocity is lower. The explanation comes with the fact 

that, at otherwise identical conditions, the gas species undergo the same amount of 

kinetic energy quenching collisions with the walls at shorter distance when the flow 

velocity is lower and at longer distance when the gas flows faster. Hence, the gas 

flow velocity18 is a key factor for the thermal equilibration when studying a process 

with strong inverse dependence on temperature. 

                                                                                                               
17

 The heat transport model in section 2.2.3 is static, helpful to estimate the temperature 

distribution in the apparatus without the ability to follow the temperature evolution of a flowing gas. 

18
 Charged particles are driven mainly by the buffer gas flow, thus plasma velocity and buffer 

gas flow velocity are basically the same. 
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Figure 2.14 Evolution of the buffer gas temperature on the axis of the flow tube in 

section C for different gas flow velocities. Solid line denotes the calculated 

temperature distribution along the wall discussed in section 2.2.3. The dotted line 

denotes the level of 20% deviation from the lowest attainable temperature level. For 

lower flow velocities, the temperature relaxation length is shorter. 

 

The estimation of the buffer gas temperature relaxation length at different 

experimental conditions provides some explanation for the phenomena observed at 

plasma velocity measurement and calibration (see section 2.4.1). The deviation of 

data from the straight line at lower temperatures shown in left panel of Figure 2.11 

can be explained by the fact, that in the upstream part of the flow tube the buffer gas 

is not yet thermalized to the temperature given by the wall, thus according to the 

plasma velocity dependence on similarity factor FT/p (see right panel of           

Figure 2.11) the velocity in this region will be higher (the slope of the eventual fitted 

line is smaller). At 300 K the buffer gas is thermalized with the flow tube wall 

already from the very beginning, thus the data can be fitted in the whole region with 

only one straight line. In the right panel of Figure 2.11 the fitted calibrating curve 

does not intersect the axes origin what can be again explained by the fact that the fits 

of the data illustrated in the left panel of Figure 2.11 are made in the region where 

buffer gas is not yet thermalized with the flow tube wall, thus the gas temperature 

and obtained flow velocities are higher than the values expected. The effect of 

plasma thermalization in the Cryo-FALP II is discussed in following sections. 
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Chapter	3 

DISSOCIATIVE	RECOMBINATION	OF	

H�

�	AND	D�

�	IONS 

3  

 

3.1 Historical overview  

The H�
� ion, hence being the simplest triatomic ion, has proven over the last 

decades to be a challenging agent playing a key role in a number of physical puzzles. 

Since its observation in laboratory in the early mass spectrometric studies   

[Thomson, 1911] and the demonstration of its dominance in the hydrogen plasmas 

[Dempster, 1916] it was just a question of time before the presence of H�
� ions will be 

manifested also in hydrogen-rich cosmic plasmas. As 92% of all nuclei in the 

universe belong to hydrogen which is bombarded by the abundant cosmic rays, the 

ionization of the molecular hydrogen ((3.1) followed by the fast (k = 2×10-9 cm3s-1 

[Glosík, 1994]) ion-neutral reaction (3.2) [Hognes and Lunn, 1925] should lead to the 

production of H�
� [Martin et al., 1961]: 

H�

�
→H�

� � e	  

H�
� � H�

�
→H�

� � H	  

(3.1) 

(3.2) 

Following the observation of the H�
� infrared spectrum in laboratory plasma 

[Oka, 1980], the presence of H�
� ions was later successfully proved on Jupiter 

[Trafton et al., 1989], Uranus and Saturn [Geballe et al., 1993; Trafton et al., 1993; 

Miller, 2000] and subsequently also in dense [Geballe and Oka, 1996] and diffuse 

interstellar clouds [McCall et al., 1998]. As H� has lower proton affinity (4.4 eV) 

than almost all other atoms and molecules, H�
� ion was soon recognized as an 

universal proton donor in the astrochemistry [Herbst and Klemper, 1973;        
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Watson, 1973; Miller et al., 2006], hereby initiating a fruitful chain of ion-neutral 

reactions yielding into the production of an extensive amount of ionic species 

observed in the interstellar medium [McCall, 2006].  

At that time, the contemporary knowledge of the H�
� ion chemistry in the 

interstellar medium raised one of the astrochemical headaches, also known as 

“Enigma of H	�
�	DR” [Bates et al., 1993]. The problem was that in the diffuse 

interstellar clouds the observed column density of H�
� ions did not correspond to the 

predictions based on the idea of the production and destruction mechanism of the H�
� 

ions [McCall et al., 2002]. It had to be either the rate of production (ionization rate) 

[Indriolo et al., 2007] or the rate of destruction (rate of recombination with electrons) 

[Tanabe et al., 1999; Schneider et al., 1999] which had to be brought into question.  

The study of the dissociative recombination of H�
� ion in laboratory plasma at 

that time raised even more questions than provided answers, as the discrepancy 

between the results of plasma experiments [Adams et al., 1984; Smith and Španěl, 

1993], beam experiments19 [Yousif et al., 1995; Sundström et al., 1994; Larsson, 

1995] and theoretical works [Michels and Hobs, 1984] could not be explained only 

by the means of the experimental errors. It took some time before the theory, by 

including the non-Born-Oppenheimer Yahn-Teller coupling [Kokoouline et al., 2001; 

Kokoouline and Greene, 2003], came to an agreement with the beam experiments 

[Tanabe et al., 1999; Schneider et al., 1999]. At this point, the thermal (at 300 K) 

recombination rate coefficient of H�
� ions with electrons was fixed at the level of 

0.7×10-7 cm3s-1 [McCall et al., 2003; Kreckel et al., 2005] and the discrepancy 

problem between experimental and theoretical works was considered to be solved 

[Larsson and Orel, 2008]. This hasty finding, however, did not include the plasma 

experiments into the overall picture. In plasma experiments, in addition to the pure 

ion-electron collision, also an action of an additional agent – abundant atoms of the 

buffer gas has to be considered. Hence, it took some more time before the 

                                                                                                               
19

 In beam experiments the beams of reactant particles overlap in the interacting region and 

by monitoring the emergent products the appropriate cross section of the interaction is deduced. 

According to the configuration of the incident beams the crossed beam and merged beam experiments 

are distinguished. Storage ring experiments are the extension of the basic beam experiments, where 

one beam of the incident particles is circulating in the toroidal storage device for a decent amount of 

time (tens of seconds), thus enabling the relaxation of the internal excitation of the particles by 

emitting the radiation. 
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understanding of the plasma experiments came to a point where the proper binary 

recombination rate coefficient could be deduced and the value given by the beam 

experiments proven [Glosík et al., 2008]. However, the plasma experiments operate 

with a substantial advantage over the beam experiments. In the storage rings, 

although the long storage times allow for sufficient quenching of the vibrational 

energy of the ions and various techniques were used to prepare also rotationally cold 

ions [McCall et al., 2003; Kreckel et al., 2005], it appeared that the rotational 

excitation can still be up to several hundreds of K [Kreckel et al., 2010; Petrignani et 

al., 2011]. In this light also the agreement of the storage ring experiments with the 

spin selected ions – para-H�
� [Petrignani et al., 2009; Tom et al., 2009] and the recent 

theoretical calculations [Santos et al., 2007; Jungen and Pratt, 2009] can only be 

proven for thermal conditions (300 K). The multicollisional environment of plasma 

experiments, however, provides the quenching of all the energy stored in the excited 

states and brings the ions into the thermodynamic equilibrium with the neutral buffer 

gas. Though, in low temperature plasma environment the study of the recombination 

of the ions in particular internal states becomes feasible. Moreover, the plasma 

experiments offer not only the information about the binary recombination of the ions 

with electrons, but also provide an insight into the three-body recombination with the 

help of the collision with neutral particle (see section 1.1), which is vital for further 

plasma applications [Saykally et al., 2010]. 

It should be noted, that the story of DR of D�
� ions was no less turbulent, for 

details see [Poterya et al., 2002; Korolov, 2008]. 

The complex process of dissociative recombination of H�
� and D�

� ions (see 

section 1.2) has been studied since the 1950s and since then numerous reviews 

summarizing the contemporary knowledge of the topic have been written (see section 

1.2.1 and references [Bardsley and Biondi, 1970; Mitchell, 1990; Plašil et al., 2002; 

Florescu-Mitchell and Mitchell, 2006; Larson and Orel 2008; Johnsen and 

Guberman, 2010; Glosík et al., 2010]). For already more than a decade the DR of H�
� 

and D�
� ions in the low temperature plasma has also been studied in the Group of 

Elementary Processes in Plasma at the Charles University in Prague. Over the years, 

the intensive work of the group provided one of a few chances to confront the 

findings of the plasma and beam experiments. The most recent thorough reviews of 

the fruitful effort can be found in the PhD. theses of the former students in the group 

– Korolov [2008] and Varju [2010]. 
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The study of DR of H�
� and D�

� in Prague was performed in three different 

types of experiments – Advanced Integrated Stationary afterglow (AISA)      

[Poterya et al., 2002; Plašil, 2003] utilizing Langmuir probe and mass spectrometer 

as a detection technique, Flowing Afterglow with Langmuir Probe (FALP) 

[Pysanenko et al., 2002; Glosík et al., 2003; Glosík et al., 2005] with better control of 

the ion formation process (see section 2.1) and Test Discharge Tube with Cavity 

Ring Down Spectroscopy (TDT-CRDS) [Macko et al., 2004; Hlavenka, 2007; 

Hejduk et al., 2012], where optical spectroscopy is used to identify the internal state 

of the recombining ions. The DR of H�
� and D�

� ions was studied over a broad range 

of experimental conditions (pressure, temperature and number density of reactants) 

revealing a nonlinear dependence of effective recombination rate coefficient on �H�� 

(�D��) (see Figure 3.1 and references [Plašil et al., 2002; Poterya et al., 2002;  

Glosík et al., 2003; Novotný et al., 2006]). After excluding the low density region 

(�H��  or �D�� < 1012 cm-3), because of unclear occupation of the internal states of the 

nascent H�
�		D�

�
 ion [Glosík et al., 2009a; Glosík et al., 2009b], and high density 

region (�H�� or �D�� > 3×1013 cm-3), due to the formation of fast recombining 

H�
�		D�

�
 ions [Pysanenko et al., 2002; Novotný et al., 2006], in the region of plateau 

(1012 cm-3 < �H�� or �D�� < 3×1014 cm-3) was observed dependence of αeff on pressure 

and temperature. While dependence of αeff on buffer gas pressure was identified as an 

effect of neutral assisted three-body process [Glosík et al., 2008; Glosík et al., 2009b; 

Glosík et al., 2009c] the temperature dependence appeared to be of a more complex 

origin [Glosík et al., 2009a; Kotrík et al., 2010; Glosík et al., 2010]. In order to honor 

the debt to the very first motivation for the study of DR of H�
�		D�

�
 ions, which is of 

astrophysical origin, in the latest years, the research is driven by the effort to extend 

the range of experimental conditions towards the lower temperatures (< 100 K).

 In the last years, the mastery and understanding of the complex process of 

DR of H�
� and D�

� ions in low temperature plasma came to the point, where many of 

the former questions could be answered and the results of the beam [Petrignani et al., 

2009; Tom et al., 2009; Kreckel et al., 2010] and plasma experiments were finally 

brought to a consensus (see attached articles [I], [II] and [III] concluding many years 

of the research). However, the open question remains in the recombination of ion in 

particular states, as the theoretical calculations [Santos et al., 2007; Pagani et al., 

2009; Jungen and Pratt, 2009] and experimental works [Varju et al., 2011;      
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Dohnal et al., 2012a; Dohnal et al., 2012b; Dohnal et al., 2012c; Hejduk et al., 2012] 

show, that the nuclear spin plays a significant role in the recombination. 

In the following sections the study of dissociative recombination of H�
� and 

D�
� ions with electrons in low temperature plasma performed in the recent years in 

the Group of Elementary Processes in Plasma at the Charles University in Prague 

utilizing the FALP and first version of the Cryo-FALP apparatus is presented. It is 

not intended at this place to repeat the work presented in the attached articles, only 

the most important details and overlooking ideas are presented. 
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Figure 3.1 Effective recombination rate coefficient �eff of the H�
� ion recombination 

with electrons plotted as a function of �H�� obtained before the year 2006 in three 

different types of experiment – AISA, FALP and TDT-CRDS at various experimental 

conditions. The nonlinear dependence of �eff on �H�� is evident.    

 

3.2 ��

�and ��

�dominated plasma formation 

In order to study the process of dissociative recombination of H�
� 	D�

�
 ions 

with electrons, the suitable environment – plasma with prevailing H�
� or D�

� ion, has 

to be provided. As the formation of both H�
� and D�

� dominated plasma is similar, 

proceeding via the same crucial steps, for the simplification only the formation of H�
� 

dominated plasma will be further discussed. 
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Nr Reaction 
Rate coef.  

[cm
3
s

-1
, cm

6
s

-1
] 

Reference 

1 He� � He � He	→	He�
� � He 1.1×10-31 [Beaty et al., 1965] 

2 
Hem � Hem → He� � He � e


												→ He�
� � e


5×10-9 
5×10-9 

[Deloche et al., 1976] 
[Urbain, 1999] 

3 He�
� � e
	→	2He <3×10-10 [Ferguson et al., 1965] 

Ar 

4 He� � Ar	→	Ar� � He 1×10-13 [Ikezoe et al., 1987] 

5 Hem � Ar	→	Ar� � He � e
 7×10-11 [Glosík et al., 1999] 

6 He�
� � Ar	→	Ar� � 2He 2×10-10 [Ikezoe et al., 1987] 

7 Ar� � Ar � He	→	Ar�
� � He 1.3×10-31 [Bohme et al., 1969] 

8 Ar�
� � e
	→	2Ar 8×10-7 [Okada et al., 1993] 

H3

+
 formation and destruction 

9a 
Ar� � H� 	→ ArH� � H

																→ Ar � H�
�  

8×10-10 

1×10-10 
[Dotan and Lindinger, 

1982]  

10a H�
� � Ar	→	ArH� �H 2.3×10-9 [Glosík, 1994] 

11a H�
� � H�	→	H�

� � H 2.1×10-9 [Glosík, 1994] 

12a ArH� � H�	→	H�
� � Ar 1.5×10-9 [Villinger et al., 1982] 

13a H�
� � H�	�	He	→	H�

� � He <1×10-29 [Smirnov, 1984] 

14a H�
� � He	→	H�

� � H�	�	He <1×10-13 [Glosík et al., 2003] 

15a H�
� � H�	�	H�	→	H�

� �H� 4.6×10-30 [Johnsen et al., 1976] 

16a H�
� � e
	→	products f([H2], [He], T) This work 

17a H�
� � e
	→	products 2.5×10-6 [Glosík et al., 2003] 

D3

+ 
formation and destruction  

9b 
Ar� � D� 	→ ArD� � D

																	→ Ar � D�
�  7.5×10-10 [Anicich, 2003] 

10b D�
� � Ar	→	ArD� � D 1.5×10-9 [Anicich, 2003] 

11b D�
� � D�	→	D�

� � D 1.6×10-9 [Anicich, 2003] 

12b ArD� � D�	→	D�
� � Ar 6×10-10 [Anicich, 2003] 

13b D�
� � D�	�	He	→	D�

� � He <1×10-29 [Novotný et al., 2006] 

14b D�
� � He	→	D�

� � D�	�	He <1×10-13 [Novotný et al., 2006] 

15b D�
� � D�	�	D�	→	D�

� � D� 6×10-30 Estimation 

16b D�
� � e
	→	products f([D2], [He], T) This work 

17b D�
� � e
	→	products 3.0×10-6 [Novotný et al., 2006] 

 

Table 3.1 The list of main reactions taking place in the flow tube in the study of the 

DR process of H�
� and D�

� ions with electrons. The unit for rate coefficient is cm3s-1 

and cm6s-1 for two-body and three-body reaction respectively. The values of the rate 

coefficients are indicated for 300 K. 

 



3.2 H�
� and D�

� dominated plasma formation 
 

 51 
 

As already described in the section 2.2.1, microwave discharge is ignited in 

pure helium in glass discharge tube at the upstream part of the flow tube leading to 

the creation of He�, He�
� ions and Hem metastable atoms. Further downstream, pure 

Ar gas is introduced into the flow tube via the P1 entry port (see Figure 2.3). By the 

series of ion-molecule reactions and Penning ionization (see Table 3.1) the helium 

ions and metastables are transformed into the Ar� ions. Plasma, dominated with Ar� 

ions, is entering the section B cooled by the flow of liquid nitrogen. In this section, 

via collisions with the inner wall of the flow tube, He buffer gas and subsequently 

Ar� ions are relaxed and adopt the temperature of the flow tube walls. Into the 

already cooled and relaxed plasma pure hydrogen gas is added through the entry port 

P2 at the beginning of the section C (see Figure 2.3). By the following chain of ion-

molecule reactions (see Table 3.1) the Ar� ions are finally converted into the H�
� ion. 

After a short distance from the P2 entry port (corresponding to a few ms, see 

discussion below) the plasma formation is already finished and the plasma with 

dominating H�
� ion is in thermodynamic equilibrium with the abundant neutral buffer 

gas. 

The experimental conditions – buffer gas pressure, plasma velocity, reactants 

number density and temperature of the section C, corresponding to the measurement 

region, can be adjusted within a given range. In the first version of Cryo-FALP 

apparatus the temperature can be varied in between 77 – 300 K and pressure inside 

the flow tube is typically set in the range 200 – 2000 Pa. In order to find appropriate 

experimental conditions20 and to support the measurements with theoretical 

predictions the computer model of chemical kinetics was numerically solved. The 

model reflects the evolution of the afterglow plasma against the background of real 

physical properties of the apparatus (flow tube length and diameter, positions of the 

inlet ports). Inputs of the model are defined experimental conditions (buffer gas 

pressure, temperature distribution along the flow tube, plasma velocity on the axis of 

the flow tube and flow rates of reactants) and the rate coefficients of the 

corresponding reactions at 300 K (see Table 3.1). The ambipolar diffusion of 

charged particles is also taken into account. An example of the calculated evolution 

                                                                                                               

20
 For example to specify the upper limit for the �H2

� at which the formation of fast 

recombining clusters (e.g. H5

�
 or higher) starts to play a role, or to specify the lower limit for the [Ar] 

at which the He ions and metastables can penetrate into the measurement region. 
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of the ion composition in the flow tube at typical experimental conditions – 

temperature T = 250 K, pressure p = 1600 Pa, buffer gas flow �He = 9.7 Pa m3s-1 and 

particular number density of reactants ([Ar] = 7.7×1012 cm3s-1, �H�� = 5×1012 cm3s-1) 

is depicted in Figure 3.2. The zero time position corresponds to the position of the P2 

entry port (H� entry port). The time axis is coupled with the direction of the gas flow, 

i.e. “positive time” reflects the evolution downstream from the P2 port, while 

“negative time” represents the part upstream from the P2 entry port. The entry port 

P1 is located approximately 33 ms upstream from the P2 port. Based on the previous 

work of our group, the initial number density of Hem is assumed to be of the order of 

He� ions, however, the exact number is beyond the scope of our measurements.  
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Figure 3.2 Result of the chemical kinetics model in He/Ar/H2 afterglow plasma 

showing the evolution of specific particle number densities along the flow tube at 

typical experimental conditions. Vertical arrows mark the entry port for Ar and H� 

gas. In the right panel is depicted the detail of the transition from Ar� to H�
� 

dominated plasma. Reprinted from [Glosík et al., 2009a]. 

 

As can be clearly seen in Figure 3.2, at used experimental conditions the 

formation of Ar� dominating plasma is completed well before the P2 entry port. 

From the detail in Figure 3.2 is obvious, that after adding H� into the flow tube, the 

Ar� ions are rapidly converted into H�
� and ArH� and subsequently H�

� ions and the 

formation of H�
� dominated plasma (H�

� representing more than 99% of all ions in 
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plasma) is completed already after less than 2 ms after adding H� into the flow tube. 

In the real experiment, the first couple of ms are deliberately omitted from the 

analysis in order to provide enough time for the ion formation and for the ion 

temperature equilibration with the buffer gas and flow tube walls (see discussion in 

section 2.3.1). 

An improved model has been developed for the study of CRR of Ar� ions 

performed in the second version of the Cryo-FALP apparatus. This model faces the 

challenges emerging at temperatures below 77 K and from the high sensitivity of the 

CRR process on temperature (for details see section 5.2). 

The formation of H�
� and D�

� dominated plasma in the FALP type of 

experiment has been mastered over the years of experiences with this technique and 

is already performed routinely. For further details on chemical kinetics of the 

formation of H�
� and D�

� ions see refs. [Smith and Španěl, 1993; Glosík et al., 2001; 

Glosík et al., 2001; Plašil et al., 2002] and [Giles et al., 1992; Plašil et al., 2002; 

Poterya et al., 2002] respectively. 

 

3.3 Results and discussion 

As was already illustrated in Figure 3.1, decent amount of data on the DR of 

the H�
� and D�

� ions with electrons has been collected within the studies performed in 

the Group of Elementary Processes in Plasma at the Charles University in Prague 

before the year 2006. The results of the different experiments at that time more or 

less agreed within each other and followed the contemporary picture of the DR of H�
� 

and D�
� ions in plasma environment. However, when looked into more detail, there 

still remained not reconciled discrepancies between the experiments and the 

explanation for the measured dependencies of the recombination rate coefficient on 

the experimental parameters was unclear21. In fact, it was the unifying outlook on the 

process that would comprehend all the varying parameters, that was missing. The 

breakthrough came with further development of the experimental apparatuses – with 

introducing the FALP-VT and both versions of Cryo-FALP apparatuses (see    

section 2.1.1). With this means, the thorough study of the correlation between the 

                                                                                                               
21
 For example the explanation of the shift between FALP and AISA data on the measured 

dependence of �eff on �H�
� and the character of this dependence itself (see Figure 3.1).  
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measured rate coefficients and both buffer gas pressure and temperature was started 

and the overall mosaic of the DR of H�
� and D�

� ions with electrons began to fill.  

The decisive “mind steps” of the study leading from the initial unresolved 

“bunch of data” to the present understanding and concept of the DR process of H�
� 

and D�
� ions with electrons is presented in following sections. For further details and 

discussion on results, reader is advised to look inside the attached article [I], [II] and 

[III]. 

 

3.3.1 H�

� and D�

� number density dependence 

Though AISA and FALP experiment differ in the working regimes (stationary 

and flowing afterglow), typical experimental conditions and the duration of the 

studied plasma decays, in both was observed a nonlinear dependence of measured 

effective two-body recombination rate coefficient �eff on �H��. The character of the 

dependence, though understood to some extent, still leaves open questions.  

The typical measured dependencies of �eff on �H�� obtained in H�
� and D�

� 

recombination study performed in FALP apparatus are plotted in Figure 3.3. The 

raise of measured �eff in the region of high parent gas number densities (�H�� or   

�D�� > ~1013 cm-3) can be clearly explained by the formation of fast recombining H�
� 

and D�
� ions (see refs. [Pysanenko et al., 2002; Novotný et al., 2006]), which is also 

supported by the numerical model (see section 3.2)22. The explanation of the drop of 

the measured �eff at �H�� or �D�� < ~1012 cm-3, however, remains unclear. There is no 

doubt about the formation of H�
� and D�

� dominated plasma at used experimental 

conditions (see section 3.2) and also about the equilibration of the vibrational and 

rotational states of the ions via numerous (~106) collisions with He prior to their 

recombination. However, in this region, when taking a typical value of electron 

number density at used experimental conditions ne = 2×109 cm-3, the H�
� or D�

� ions 

undergo less than one collision with neutral H� or D� parent gas molecules prior to 

recombination. As the collisions with neutral H� (D�) are crucial for the change of 

the nuclear spin (transition between ortho- and para-H�
� or between ortho-, para- and 

meta-state for D�
� ion), at H� or D� < ~1012 cm-3 the internal states distribution is not 

in equilibrium and varies during the plasma decay. The recombination of H�
� or D�

� 
                                                                                                               

22
 The process of H2- or D2-assisted three-body process may also play role at high �H�

� and 

�D�
�, however, detailed study of this process is not in the scope of this work. 
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ions with electrons is substantially different for diverse internal states (see refs. 

[Santos et al., 2007; Pagani et al., 2009]), thus the overall measured �eff is 

influenced. For detailed explanation see attached article [I], [II] and [III].  

In the region ~1012 cm-3 < H� or D� < ~1013 cm-3, the ions undergo several 

collisions with neutral parent molecule H� or D� prior to recombination, hence, also 

the equilibrium of internal states distribution is achieved. In this region, the measured 

�eff is constant, not dependent on �H�� or �D��, and this region of plateau is called 

“region of saturation”. For further study of �eff dependence on �He� and T, only the 

region of saturation is discussed and the average �eff value over the region is taken. 
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Figure 3.3 Measured dependence of effective two-body rate coefficient �eff	on �H�� 

resp. �D�� obtained in H�
� and D�

� recombination study performed in FALP apparatus 

at temperature T = 250 K and pressure p = 1600 Pa. Dashed lines represent the values 

of �eff averaged over the saturated region (see text), which are taken for further 

analysis. N denotes the approximate number of collisions of ions with molecules of 

parent gas, which is decisive for the relaxation of the nuclear spin states distribution. 
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3.3.2 He number density dependence 
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Figure 3.4 The recombination rate coefficient of H�
� and D�

� ions with electrons 

obtained in FALP and AISA experiment [Plašil et al., 2002; Poterya et al., 2002; 

Glosík et al., 2008; Glosík et al., 2009b] at T ~ 230 – 250 K plotted as a function of 

parent gas density. Dashed lines denote the values of �eff averaged over the saturated 

region. One of the major differences between the experiments is the overall pressure 

in the experimental chamber. 

 

Though the data obtained in FALP and AISA experiment showed 

qualitatively the same dependence of �eff on �H�� or �D��, the shift between the 

results (see Figure 3.4) could not been answered by a simple arguments based on a 

different ion formation. The only other substantial difference between the techniques 

is the typical buffer gas pressure range – at 250 K the studies in FALP apparatus are 
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performed typically at 1000 – 2000 Pa ([He] ~ 3 – 5 × 1017 cm-3), while working 

conditions in AISA apparatus are 200 – 400 Pa ([He] ~ 0.5 – 1 × 1017 cm-3).  

An evident lead between the change in helium number density and the change 

in measured recombination rate coefficient was unclear, however, it acted as a hint to 

plot the results of different research groups ([Glosík et al., 2008; Glosík et al., 2009b; 

Leu et al., 1973; Laubé et al., 1998; Smith and Španěl, 1993a; Adams et al., 1984])23 

obtained at particular temperature (T ~ 250 K) as a function of [He] into one plot (see 

Figure 3.5). For both ions H�
� and D�

� a very good linear dependence was obtained, 

providing the clue, that He plays a decisive role in the overall deionization process 

and the studied recombination is a three-body process with the help of neutral He 

atom. The extrapolation of the linear dependence to the value [He] = 0 gives a 

nonzero value of �eff, which represents the recombination rate coefficient of a pure 

two-body process without the influence of He particles. In other words, the 

recombination of H�
� and D�

� ions with electrons consists of two-body and three-body 

channel, schematically written as: 

�eff	�, �He�
 � �He	�
. �He� � �bin	�
, (3.3) 

where �He represents the three-body and �bin the pure two-body recombination rate 

coefficient at particular temperature T.  

The identification of two recombination channels appeared to be a key finding 

of the many-years effort on the study of DR of H�
� and D�

� ions with electrons in 

plasma environment. With this result came the question: Is the obtained two-body 

recombination rate coefficient finally the answer for the Enigma? Is it the desired rate 

coefficient, which the beam experiments and theoreticians already agreed on? Further 

work had to be done in order to fully answer the question, however, the essential hint 

can be seen in the Figure 3.5. In Figure 3.5 are plotted also the theoretical value of 

pure two-body recombination rate coefficient of DR process of H�
� (red dotted arrow) 

and D�
� (blue dotted arrow) ions with electrons at T = 250 K [Pagani et al., 2009], 

together with the experimental results obtained in storage ring experiments (for H�
� 

ion see [McCall et al., 2003; Kreckel et al., 2005], for D�
� ion see [Larsson et al., 

1997; Le Padelec et al., 1998]). The resulting two-body recombination rate 

coefficient of storage ring experiments, theoretical works and plasma experiments 

                                                                                                               
23

 For further details and discussion on the data obtained in other groups see attached article 

[I] and references therein. 
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obtained at particular temperature finally converged to one value. The remaining 

challenge was to reconcile also the temperature dependence of the obtained two- and 

three-body recombination rate coefficient and to question the internal states 

composition of the studied ions. 
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Figure 3.5 Effective two-body rate coefficients �eff of the DR process of H�
� and D�

� 

ions with electrons obtained in a number of experiments plotted as a function of He 

number density. The references for the experimental works are given in the text. 

Depicted are values of �eff obtained at number densities of parent gasses which 

belong to the saturation region (see Figure 3.3) and at temperature T ~ 250 K. For the 

experiments performed at temperatures differing from 250 K the value was 

recalculated using the �
�.� dependence. Full arrow indicates the value of pure two-

body recombination rate coefficient of H�
� ion with electrons obtained in storage ring 

experiments [McCall et al., 2003; Kreckel et al., 2005]. Dotted arrows show the 

predictions for �bin based on the theory [Pagani et al., 2009]. The linear dependence 

of �eff on �He� is evident. The agreement of the pure two-body recombination rate 

coefficient, obtained as limiting value of �eff for �He� → 0, with the values of storage 

ring experiments and with the results of theoretical works is very good. 
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Figure 3.6 Effective recombination rate coefficient �eff of studied DR of H�
� ions 

with electrons obtained at different temperatures plotted as a function of �He�. The 

results were obtained at hydrogen number density �H�� corresponding to the region of 

saturation. Plotted are results obtained in AISA [Glosík et al., 2005], FALP      

[Glosík et al., 2009a] and CRDS [Plašil et al., 2005] experiments as well as the 

experimental values of Leu et al. [1973], Laubé et al. [1998] and Smith and Španěl 

[1993a]. The linear dependence of �eff on �He�  at particular temperature is obvious. 

The arrows indicate the theoretical values of two-body recombination rate coefficient 

at 77 K and 300 K [Pagani et al., 2009]. 

 

The process of three-body recombination was studied already by Thomson 

[1924], Bates and Khare [1965] and Cao and Johnsen [1991], however, it should be 

noted that the observed process is two orders of magnitudes faster than the one 
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predicted by Bates. The measured three-body recombination rate coefficient is of the 

order of 10-25 cm6s-1, while the one predicted by Bates is of the order of 10-27 cm6s-1.  

 

3.3.3 Temperature dependence 

Once a decent agreement at temperature T ~ 250 K between the plasma 

experiments on one side and beam experiments and the theoretical works on the other 

side was found, further effort was focused on the confrontation of the data measured 

over a broader temperature range. The potential of the former FALP apparatus 

upgrades (FALP-VT and first version of  the Cryo-FALP) allowed the recombination 

studies in the temperature range 77 – 300 K, yielding into measuring further linear 

dependencies of �eff on �He� at different temperatures (see Figure 3.6 for H�
� and 

Figure 3.7 for D�
� ion).  

In Figure 3.6 are plotted the results of DR study of H�
� ions with electrons 

obtained in FALP, AISA and CRDS experiment (for details see ref. [Glosík et al., 

2009a]), together with the experimental values of the works of Leu et al. [1973], 

Laubé et al. [1998] and Smith and Španěl [1993a]. Full arrows indicate the 

theoretical values of pure two-body recombination rate coefficient at temperatures  

77 K and 300 K calculated by Pagani et al. [2009]. In Figure 3.7 is depicted 

obtained effective recombination rate coefficient of DR of D�
� ions with electrons 

measured in FALP and AISA experiment (for details see ref. [Kotrík et al., 2010]) 

together with the results of Smith and Španěl [1993a]. Theoretical value of rate 

coefficient for pure two-body recombination process at 77 K and 300 K is indicated 

by full arrow [Pagani et al. 2009].  

It was immediately recognized that for both ions the three-body 

recombination channel represented by the slope of the obtained lines and two-body 

recombination channel prescribed by the absolute term of the dependence vary with 

the temperature. The coefficient of the three-body recombination is rising with the 

temperature change from 300 K down to 170 K and than decreasing with lowering 

the temperature further down to 77 K. The temperature dependence of two-body 

recombination rate coefficient is more or less monotonous, with �bin increasing with 

decreasing temperature.  
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Figure 3.7 Dependence of effective recombination rate coefficient �eff of studied DR 

of D�
� ions with electrons on helium number density measured at different 

temperatures. The data was obtained at deuterium number density corresponding to 

the saturated region     1012 cm-3 < �D�� < 1013 cm-3. Apart from results of FALP and 

AISA experiment [Poterya et al., 2002; Glosík et al., 2009a] also the value obtained 

by Smith and Španěl [1993a] is plotted. The dashed lines fitting the data express the 

apparent linear dependence of �eff on �He� at particular temperature. The lines for 

130 K and 170 K were plotted through the measured value of �eff and the value of the 

“expected” two-body rate coefficient obtained from the fitted line marked as �bin	exp 

in Figure 3.8. Arrows indicate the theoretical values of two-body recombination rate 

coefficients at 300 K and 77 K according to Pagani et al. [2009]. The figure is 

reprinted from Kotrík et al. [2010]. 
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When plotted as a function of temperature, the confrontation of the pure two-

body recombination rate coefficient obtained in plasma and beam experiments at 

different temperatures was finally enabled. Moreover, the obtained temperature 

dependence of the two-body and three-body recombination channel further helped to 

develop the theoretical models of the DR process of H�
� and D�

� ions with electrons 

(see section 3.3.5). 

 

3.3.4 Two-body and three-body recombination – Comparison with 

other experiments 

Pure two-body recombination rate coefficients of DR process of H�
� and D�

� 

ions with electrons obtained from the linear fits depicted in Figure 3.6 and       

Figure 3.7 are plotted as a function of temperature in Figure 3.8. In the figure are 

depicted also the data obtained in the storage ring experiments ([McCall et al., 2003; 

Kreckel et al., 2005; Tom et al., 2009] for H�
� and [Larsson et al., 1997; Le Padellec 

et al., 1998] for D�
�) and the theoretical dependence on temperature assuming the 

thermal population of the nuclear spin states of the ions [Santos et al., 2007; Pagani 

et al., 2009; Jungen and Pratt, 2009]. The agreement of the plasma type experiment 

with the beam experiments and with the theory is excellent. It should be noted once 

again, that in the storage ring experiments, the internal state of the ion at the moment 

of collision with electrons is unknown, with little control over this crucial parameter.  

The temperature dependence of the three-body recombination rate coefficient 

for DR process of H�
� and D�

� ions with electrons with the help of neutral He acting 

as a third body is plotted in Figure 3.9. Apart from the results marked as “FALP 

pressure dependence” measured at fixed temperature of the flow tube obtained from 

the slopes of the linear fits shown in Figure 3.6 and Figure 3.7, in the figure are also 

depicted the values measured in the first version of Cryo-FALP apparatus while the 

liquid N2 cooling of the flow tube was stopped and the temperature of the flow tube 

wall was slowly raising. These values are marked as “Cryo-FALP continuous” and 

the three-body rate coefficients were obtained from the slope of the lines plotted 

through the measured �eff and the expected two-body rate coefficient given by the 

dashed line �bin	exp indicated in Figure 3.8. Further results were obtained in AISA 

[Plašil et al., 2002], FALP [Pysanenko et al., 2002; Novotný et al., 2006; Glosík et 

al., 2009a; Kotrík et al., 2010] and CRDS [Macko et al., 2004; Varju et al., 2011] 
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experiment and in the group of Leu et al. [1973]. The resulting non-monotonic 

dependence of measured �He on temperature with the maximum at T ~ 170 K is 

surprising, the theoretical evaluation of �He will be discussed in section 3.3.5. For 

more detailed explanation of the obtained experimental results and further discussion, 

see attached articles [I], [II] and [III]. 
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Figure 3.8 Pure two-body recombination rate coefficient of H�
� (upper panel) and D�

� 

(lower panel) ions with electrons measured in FALP and first version of Cryo-FALP 

apparatus in the temperature range 77 – 300 K. Results of the recombination 

measurements performed in storage ring experiments for H�
� and D�

� are also plotted 

(for references see text). Theoretical curve for two-body DR of H�
� and D�

� ion for 

thermal population of nuclear spin states of the ions, as predicted by Pagani et al. 

[2009], is indicated by a full line. Dashed line marked as �bin	exp is the line fitting the 

experimental data of �bin. The figure is reprinted from Glosík et al. [2010]. 
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Figure 3.9 Three-body recombination rate coefficient �He of H�
� and D�

� ions with 

electrons measured over the temperature range 77 – 300 K. In upper panel are plotted 

the results of H�
� recombination study obtained in AISA, CRDS and FALP 

experiment together with the result of Leu et al. [1973]; in lower panel are depicted 

the results obtained in D�
� recombination study (for references see text). The data 

marked as “FALP pressure dependence” were obtained directly from the slopes of the 

curves of pressure dependence at particular temperature shown in Figure 3.6 and 

Figure 3.7. The values of �He marked as “CryoFALP continuous” were obtained in 

Cryo-FALP apparatus while cooling was stopped and the temperature of the flow 

tube wall was slowly increasing. The results designated as “FALP extrapolation” 

were obtained in older versions of FALP apparatus, at higher �H�� and �D��, and the 

values had to be extrapolated in order to eliminate the influence of H�
� and D�

� 

formation. The calculation of theoretical curves is discussed in section 3.3.5. 
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To conclude, following values of the two-body and three-body recombination 

rate coefficient of DR process of H�
� and D�

� ions with electrons at T = 300 K were 

obtained: �bin	H�
 = (4.7 ± 1.5) × 10-8 cm3s-1,  �He	H�

 = (2.5 ± 1.2) × 10-25 cm6s-1 and 

�bin	D�
 = (2.7 ± 0.9) × 10-8 cm3s-1, �He	D�

 = (1.8 ± 0.6) × 10-25 cm6s-1. 

It should be noted at this place, that the results of Amano [1990], measured in 

pure hydrogen at relatively high pressure (p = 40 Pa, �H�� ~ 1016 cm-3) give higher 

values of two-body recombination rate coefficient of DR of H�
� ions with electrons 

than the values measured in He-Ar-H2 plasma, indicating that the three-body 

recombination process proceeding with the help of H2 is more effective than the one 

proceeding with the assistance of helium. This could be attributed to the internal 

degrees of freedom of molecular H2, however a separate study of this process is 

needed in order to gain insight into this process. 

 

3.3.5 Proposed mechanism of H�

� and D�

� dissociative recombination 

As was already presented, the mechanism of pure two-body recombination 

process of H�
� and D�

� ions with electrons was theoretically more or less successfully 

explained by including the non-Born-Oppenheimer Jahn-Teller coupling (see upper 

and lower panel of Figure 3.8 for H�
� and D�

� ions, respectively, and references 

[Kokoouline et al., 2001; Kokoouline and Greene, 2003; Santos et al., 2007;    

Jungen and Pratt, 2009]). It was shown [Santos et al., 2007; Pagani et al., 2009], 

that the internal states, especially the distribution of the nuclear spin states of the 

ions, play a substantial role in the two body recombination process. To explain also 

the mechanism of experimentally manifested three-body recombination channel and 

to bring more insight into the overall picture of the DR of H�
� and D�

� ions with 

electrons a prolific cooperation between the experimental group of Elementary 

Processes in Plasma at Charles University in Prague and the theoreticians                 

V. Kokoouline and C. H. Greene was established.  

The basic mechanism of two-body dissociative recombination was already 

described in section 1.2.2. After collision of H�
� and D�

� ion in ground vibrational 

state with electron an intermediate neutral complex is formed. This can autoionize 

back or, in case of H�
� and D�

� ions, be stabilized against autoionization by the change 

of the vibrational state of the ion and further lead to dissociation. In case of collisions 

of H�
� and D�

� ions with electrons at low energies (T ~ 300 K), however, the electron 
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can be captured into the Rydberg state of the rotationally excited neutral molecule H�
∗  

and D�
∗  with the lifetimes up to several hundreds of picoseconds (see refs. 

[Glosík et al., 2008; Glosík et al., 2009b]). Depending on the temperature and buffer 

gas pressure, these lifetimes can provide enough time for the molecule in the 

Rydberg state to collide with the neutral helium atom and possibly lead to the change 

of the rotational state of the H�
∗  and D�

∗  (the so called l-changing collisions    

[Hickman, 1978]) concluded with the dissociation. As the probability of the 

stabilizing l-changing collision depends linearly on the frequency of the collisions of 

molecules in the Rydberg states with the neutral helium atoms, the deionization 

process, in this case, is in principle a three-body process with the rate coefficient 

dependent on [He]. Hence, the overall deionization process composes of pure two-

body and the He-assisted three-body channel. The schema of the overall deionization 

process is proposed in Figure 3.10 with the three-body rate coefficient �He (see 

formula (3.3)).  

 

 

Figure 3.10 Proposed mechanism of the recombination of H�
� and D�

� ions with 

electrons. H�
∗  and D�

∗  denote the Rydberg states of the rotationally excited neutral 

molecule. H�
# and D�

# indicate the states with a different electronic angular 

momentum resulting from the collision of H�
∗  and D�

∗  with neutral He (l-changing 

collision). The red and green arrows indicate the two-body and three-body 

recombination channel, respectively. 

 

The incident idea of the recombination process has to be transformed into the 

factual numbers. Without going into details, the �He composes of the multiplication 

of three terms: the rate coefficient of the formation of the rotationally excited 
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Rydberg states �∗, the lifetime of the Rydberg states24 �� and the rate coefficient �� 

for the l-changing collision between He and the Rydberg state. The schematically 

written formula is:  

�He � �∗�
��� (3.4) 

The rate coefficient �� of the l-changing collision is taken from the data for a 

similar process between helium and Na* (2.3×10-8 cm3s-1, [Hickman, 1978]), the �∗ is 

derived from the cross section of the electron-ion collision process and the lifetimes 

of the rotationally excited H�
∗  and D�

∗  Rydberg states is calculated from the scattering 

matrix for electron-ion collisions. One has to emphasize that the coefficients on the 

right hand side in formula (3.4) are dependent on collisional energy, thus the energy 

dependent �He has to be calculated and finally, the obtained �He is averaged over the 

Maxwell-Boltzmann velocity distribution for a given temperature T. The details of 

the theoretical calculation and more thorough discussion can be found in references 

[Glosík et al., 2008; Glosík et al., 2009b] and attached articles [I], [II] and [III]. 
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Figure 3.11 Theoretical rate coefficient of three-body dissociative recombination of 

H�
� and D�

� ions with electrons calculated for the ions in particular nuclear spin states 

and for the ions with internal state distribution in thermal equilibrium.    

                                                                                                               
24
 The lifetimes correspond to the delay time in the electron-ion collision as defined by   

Smith [1960]. 
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The resulting theoretical prediction for three-body recombination rate 

coefficient of H�
� and D�

� ions at thermal equilibrium is plotted in upper and lower 

panel of Figure 3.9, respectively. The qualitative agreement of the experimental and 

theoretical results is encouraging, even though a substantial discrepancy emerges at 

the temperatures below 150 K. In this region, the measured three-body coefficient 

decreases, while the theoretical rate coefficient increases with decreasing 

temperature. One has to note that there still remains space for the improvement of the 

theory, as within the presented semiempirical approach e.g. the coefficient �� was 

considered constant, not dependent on collisional energy, and the value was taken 

from the data of a similar process for different species. Whithin the used 

approximation, the coefficient �� was neither calculated nor measured directly (see 

discussion in [Johnsen et al., 2013]).  

To fill the overall mosaic of the DR process of H�
� and D�

� ions with electrons, 

some “fragments” are still missing. As was already written, the theoretical works 

suggest a substantial influence of the ionic internal states composition on the two-

body recombination process. As the calculated lifetimes of the neutral Rydberg states 

emerging from the electron-ion collision vary substantially for the ions in diverse 

nuclear spin states [Santos et al., 2007; Pagani et al., 2009], the resulting rate 

coefficient of the three-body recombination process will be also different. In    

Figure 3.11 is depicted the comparison of the three-body recombination rate 

coefficient calculated for H�
� and D�

� ions in different nuclear spin states as well as 

the coefficient for the ions in thermal equilibrium. In order to address this topic also 

experimentally, the state selective study of dissociative recombination of H�
� and D�

� 

was initiated in the TDT-CRDS experiment. The results of the study are promising 

[Varju et al., 2011; Dohnal et al., 2012a; Dohnal et al., 2012b; Dohnal et al., 2012c; 

Hejduk et al., 2012] and it is intended in the future work to follow the state selective 

study also in the FALP experiment.  
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Chapter	4 

DISSOCIATIVE	RECOMBINATION	OF	

HCO�	AND	DCO�	IONS 

4  

 

4.1 Introduction 

The HCO+ and DCO+ ions were among the first ions detected in the 

interstellar space. HCO+ ion was firstly observed in 1970 by Buhl and Snyder [1970] 

and DCO+ ion in 1976 by Hollis et al. [1976]. The presence of HCO+ and DCO+ ions 

in extraterrestrial space is of no surprise – the molecule of CO is after H� the second 

most abundant molecule in the universe and as H�
� ion is in astrophysically relevant 

plasmas also well abundant the HCO+ ions can be produced e.g. via the ion-molecule 

reaction25 of H�
� and CO. After the initial observation, the HCO+ and DCO+ ions 

were further detected e.g. in the interstellar medium [Wotten et al., 1982; Zyuris and 

Apponi, 1995] circumstellar disk [Dishoeck et al., 2003] and also in the tail of the 

Hale-Bopp comet [Lovell et al., 1999].  

In astrophysically relevant plasmas, the HCO+ and DCO+ ions act as 

important observable tracers giving an insight into the physical conditions (cosmic 

ray flux, interstellar ionization rate etc.) at such places. Hence, thorough 

understanding of the production and destruction mechanisms of HCO+ and DCO+ 

ions is of a great importance. 

                                                                                                               
25
 In fact, for H�

� ions in dense interstellar clouds the destruction mechanism via the suggested 

proton transfer reaction dominates over the dissociative recombination. 
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One of the possibilities how to produce HCO+ and DCO+ ions in interstellar 

medium is the suggested proton transfer from H�
� ion and deuterated analogues such 

as D�
�, H�D

� to the molecule of carbon monoxide, respectively: 

H�
� � CO → HCO� � H� 

H�D
� � CO → DCO� � H� 

 (4.1) 

(4.2) 

The main destruction mechanism of the HCO+ and DCO+ ions in plasma 

environment is the multistep indirect dissociative recombination, where, according to 

the theory, the rate-determining step is the production of the Rydberg states    

[Larson et al., 2005; Mikhailov et al., 2006]. The state of art of the theoretical 

calculation of the dissociative recombination of triatomic ions and HCO+ (DCO+) ion 

in particular, however, is not sufficient to follow the experimental data. The 

experimental study of dissociative recombination of HCO+ and DCO+ ions was 

performed with the help of various techniques – merged beam [Le Padellec et al., 

1997], storage ring [Geppert et al., 2005] and stationary [Leu et al., 1973a;     

Ganguli et al., 1988; Amano, 1990] and flowing afterglow [Adams et al., 1984;  

Rowe et al., 1992; Smith and Španěl, 1993a; Poterya et al., 2005]. The theoretical 

rate coefficient at 300 K [Larson et al., 2005; Douguet et al., 2008] is up to one order 

of magnitude lower than the one obtained in experiments – 2×10-7 cm-3s-1        

[Florescu-Mitchell and Mitchell, 2006]. On the other hand, below 300 K there is a 

substantial discrepancy between the experimental data itself; here the unknown 

internal state of the recombining ions, presence of the fast-recombining high-energy 

isomers HOC+ and DOC+ as well as the influence of the ambient buffer gas on the 

recombination of the studied ions26 can play a role. The most vivid puzzle is then the 

contradictory temperature dependence of the measured recombination rate coefficient 

observed in the experimental work of Poterya et al. [2005], where the obtained 

recombination rate coefficient decreases with the decrease of temperature27.  

In order to resolve the discrepancies between the experiments, a thorough 

study of the process of dissociative recombination of HCO+ and DCO+ ions with 

electrons at well-defined experimental conditions was performed using the FALP 

technique. Based on the experience with the recombination study of H�
� and D�

� ion, 

                                                                                                               
26
 See recombination mechanism of the H�

� ion in Chapter 3. 

27
 Other experimental works show negative temperature dependence of the measured 

recombination rate coefficient α described by the formula α ~	���, β > 0.  
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special attention was paid to study of the influence of buffer gas on the overall 

recombination process. 

In the following sections a short insight into the study is presented. In case of 

interest in further details, these can be found in attached article [IV] and in the thesis 

of I. Korolov, the former student in the Group of Elementary Process in Plasma at the 

Charles University in Prague [Korolov, 2008].  

 

4.2 ���
�and ���

�dominated plasma formation 

Nr Reaction 
Rate coef.  

[cm
3
s
-1

] 
Reference 

1 ArH� � CO	→	HCO� � Ar

																						→ HOC� � Ar
 1.25×10-9 [Villinger et al., 1982] 

2 Ar� � CO	→	CO� � Ar 4×10-11 [Laubé et al., 1998a] 

3 CO� � H�	→	HCO� � H								52%

					→ HOC� � Ar
 1.5×10-9 [Freeman et al., 1987]  

4 H�
� � CO	→	HCO� � H >1×10-9 [Leu et al., 1973a] 

5 
H�

� � CO	→	HCO� � H�							94%

		→ HOC� � H�

 1.4×10-9 [Leu et al., 1973a] 

6 HOC� � H�	→	HCO� � H� 4.7×10-10 [Freeman et al., 1987] 

7 HOC� � CO	→	HCO� � CO 6×10-10 [Freeman et al., 1987] 

8 HCO� � e
	→	products 2.5×10-7 This work  

9 CO� � e
	→	C � O 2×10-7 [Mitchell et al., 1985] 

10 HOC� � e
	→	H � CO 1.3×10-7 [Liszt et al., 2004] 
 

Table 4.1 The list of main reactions taking place after adding the mixture of H2 and 

CO gases into the Ar+ dominated plasma leading to the formation of plasma 

dominated with HCO+ ion. Omitted reactions preceding the formation of H�
� and H�

� 

ion can be found in Table 3.1 in section 3.2. The list of reactions leading to DCO+ 

dominated plasma is analogous. 

 

The preparation of the HCO+ and DCO+ dominated plasma proceeds, up to 

the converting of all helium ions and metastables into the Ar+ ions, through the same 

initial steps as the formation of the H�
� dominated plasma. In the next step, a specific 

mixture of H2 or D2 and CO gases28 is added into the reactant port P2 (see Figure 2.3 

in section 2.2) further downstream along the flow tube. Detailed consideration of the 

                                                                                                               
28
 The reactant number densities can be adjusted independently. 
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permissible chemical reactions (see Table 4.1) shows29, that when an appropriate 

amount of reactant gasses is used, all the ions are eventually converted into the 

desired HCO+ or DCO+ ion30.  
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Figure 4.1 Calculation of evolution of the plasma ion composition along the flow 

tube in the study of the dissociative recombination of HCO+ ion. The right panel 

depicts the detail of the transformation of the Ar+ dominated plasma into the HCO+ 

dominated plasma short after adding the mixture of H2 and CO gases into the P2 

entry port. As can be clearly seen, at given experimental conditions the ion-formation 

is finished already after a few milliseconds and the HCO+ becomes the dominant ion 

in the plasma. 

 

To find an optimal amount of used reactant gasses and to shorten the ion-

forming region at given experimental conditions (temperature, pressure, plasma 

velocity), the computer model of chemical kinetics was numerically solved (see 

discussion in sections 3.2 and 5.2). The range of permissible reactant number 

densities at given experimental conditions are: 2×1012 cm-3 ≤  [H2] ≤ 1×1014 cm-3, 

                                                                                                               
29
 The list of reactions leading to formation of DCO

+
 ion is analogous to the one presented in 

Table 4.1. 

30
 Decent amount of high-energy isomers HOC

+
 or DOC

+
 could be also formed, however, at 

sufficient amount of CO and H2 (D2) molecules this ions are immediately converted into the low-

energy ones via the reactions (6) and (7) in Table 4.1. 
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[CO] ≤ 5×1012 cm-3 at buffer gas pressure 1100 – 1800 Pa. For [H2] < 1×1012 cm-3, 

the amount of hydrogen molecules is not sufficient to convert all the CO+ ions into 

the HOC+/HCO+ mixture, thus the studied recombination will be influenced by 

relatively fast-recombining CO+ ions. On the other hand, at [H2] higher than     

1×1014 cm-3, the formation of fast-recombining hydrogen cluster ions can influence 

the measurement. 

The result of the chemical kinetics model solved for the conditions typical for 

the study of the dissociative recombination of HCO+ ion is plotted in Figure 4.1. In 

the detail can be seen that the HOC+ isomers are readily converted into the HCO+ 

ions and after a few milliseconds their contribution to the overall charged particle 

number density becomes negligible. 

 

4.3 Results and discussion 

In this section it is presented a short overview of the results obtained in the 

study of dissociative recombination of HCO+ and DCO+ ions with electrons 

performed in the He/Ar/H2/CO and He/Ar/D2/CO plasma at pressures 1200 Pa and 

1600 Pa in the temperature range 150 – 270 K. Further details and discussions on the 

results can be found in attached article [IV].  

The measurement and data analysis procedure are analogous to the processes 

in the study of dissociative recombination of H�
� and D�

� ions (see section 2.3 and 

section 3.3). The electron number density decay along the flow tube is monitored by 

the means of Langmuir probe and from the decay parameters the rate coefficients of 

the studied deionization processes are obtained (see section 2.3).  

The rate coefficient of the dissociative recombination of the HCO+ and DCO+ 

ions with electrons measured at pressures 1200 Pa and 1600 Pa and temperatures 

170 K and 250 K plotted as a function of H2 or D2 number density is depicted in 

Figure 4.2. For comparison, also the rate coefficient of the DR of H�
� and D�

� ions 

with electrons is plotted (open stars in Figure 4.2). The results clearly show the 

profitable application of the chemical kinetics model leading to wise choice of 

measuring ranges of the reactant number densities – the recombination rate 

coefficient obtained at specific temperature and pressure is within the studied range 

of reactant densities constant, neither dependent on [H2] nor on [CO]. 
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As can be further seen from the results obtained at 250 K, no dependence of 

the rate coefficient on the overall pressure was observed within the accuracy of the 

experiment (± 30%). This finding is not trivial, since in case of H�
� and D�

� ion a 

strong three body recombination channel with neutral He acting as a third body was 

observed (see section 3.3.2).  
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Figure 4.2 Dissociative recombination rate coefficient of DCO+ and HCO+ ions 

measured at two different pressures and temperatures plotted as a function of [H2] or 

[D2]. Within the accuracy of the experiment, no pressure dependence of α was 

observed (see open squares and diamonds). However, an evident influence of 

temperature on measured recombination rate coefficient was found (see the 

difference between open and closed symbols). For comparison, the obtained DR rate 

coefficient of H�
� and D�

� ions is also depicted (open stars). Reprinted from    

[Korolov et al., 2009]. 
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And last but not least, the recombination rate coefficient of both HCO+ and 

DCO+ ions obtained at 250 K is smaller than the one measured at 170 K, what is in a 

clear contradiction with findings of other FALP study made by Poterya et al. [2005] 

In following section, the temperature dependence of the dissociative recombination 

of HCO+ and DCO+ ions with electrons is presented into a more detail. 
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Figure 4.3 Temperature dependence of the recombination rate coefficient of DCO+ 

ions with electrons measured at two different buffer gas pressures. The power law 

temperature dependence �~��� is evident. Reprinted from [Korolov et al., 2009]. 

 

4.3.1 Temperature dependence 

The temperature dependence of the dissociative recombination of the DCO+ 

ion with electrons was studied in the temperature range 150 – 270 K at pressures 

1200 Pa and 1600 Pa. The measured recombination rate coefficients are plotted in 

Figure 4.3. The linear relation in the depicted log-log scale implies that the 

recombination rate coefficient of the DCO+ ion obeys the power law �~��� within 

the studied temperature range. In order to find the parameter β and to relate the 

results to a distinct temperature 300 K, the experimental data for HCO+ and DCO+ 

ions measured at various temperatures were fitted and following result was obtained: 
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�HCO���� � �2 
 0.3� � 10���� 300⁄ ��	.���.	cm�s�	 

�DCO���� � �1.7 
 0.3� � 10���� 300⁄ ��	.	��.	cm�s�	 

 The obtained strong temperature dependences for dissociative recombination 

rate coefficient of HCO+ and DCO+ ions with electrons (β = –1.3 and –1.1, 

respectively) provides a hint that the recombination is governed by an indirect 

process, as the temperature dependence of direct process is driven by a weaker power 

law �~���.�� [Bardsley and Biondi, 1970]. 
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Figure 4.4 Measured temperature dependence of the recombination rate coefficient 

of HCO+ and DCO+ ions with electrons compared with findings of other experimental 

and theoretical works. For references see text. Reprinted from [Korolov et al., 2009]. 

 

4.3.2 Comparison with other experiments 

The measured rate coefficients of the dissociative recombination study of 

HCO+ and DCO+ ions with electrons are plotted together with findings of other 

experimental [Leu et al., 1973a; Adams et al., 1984; Ganguli et al., 1988;        

Amano, 1990; Rowe et al., 1992; Smith and Španěl, 1993a; Le Padellec et al., 1997; 

Laubé et al., 1998; Poterya et al., 2005] and theoretical [Douget et al., 2008] works 

in the Figure 4.4. The measured values of the recombination rate coefficient are in a 

decent agreement with the findings of other groups; the observed negative 

temperature dependence over the temperature range 170 – 270 K qualitatively agrees 
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with the results of other experiments except the findings of Poterya et al. [2005] 

which report positive temperature dependence in the temperature range 140 – 300 K. 

The experimental results are still in a clear disagreement with the outcomes of 

theoretical works [Douget et al., 2008], which give the values of recombination rate 

coefficient in the order of magnitude lower.  
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Chapter	5 

COLLISIONAL-RADIATIVE	

RECOMBINATION	OF	Ar�	IONS 

5  

 

5.1 Introduction  

The process of collisional-radiative recombination of Ar+ ions can be 

described by a following reaction scheme (compare with equation (1.4)): 

Ar� � e � e
�CRR

��� A � e	�	
 , (5.1) 

According to the theory (see section 1.3), CRR should be the dominant loss process 

of Ar+ ions in low temperature plasma at electron number densities �� > 109 cm-3. 

Prior to investigation of CRR of Ar+ ions performed in our group the process was 

studied in high temperature plasmas at electron temperatures Te ~ 1000 K              

(see [Mansbach and Keck, 1969; Stevefelt et al., 1975; Biondi, 1976; McDaniel et al., 

1993]) and in few cases also at Te = 300 K. [Veatch and Oskam, 1969;           

Berlande et al., 1970; Tsuji et al., 2002; Skrzypkowski et al., 2004]. Technical aspects 

hindered the measurements below 300 K and only very recently the relevant 

afterglow data on CRR of Ar+ ions at temperatures 50 – 300 K have been measured 

and published [Kotrík et al., 2011a; Kotrík et al., 2011b].  

The aim of this chapter is to summarize the studies of the CRR at various 

experimental conditions in the temperature range 50 – 300 K performed in our group. 

Apart from the major interesting aspects and summarization of the study provided in 

the following sections, the details and thorough discussion of the results obtained in 

the temperature range 77 – 300 K can be found in [Kotrík et al., 2011a] and in the 

attached article [V]. 
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The Ar+ dominated afterglow plasma was studied at temperatures below 

300 K in two succeeding experimental apparatuses. The measurements in the 

temperature range 77 – 300 K were performed, if not stated otherwise, in the first 

version of Cryo-FALP apparatus cooled only by liquid nitrogen31. The experiments 

in the lower temperature range 50 – 77 K were carried out in the novel Cryo-FALP II 

apparatus equipped with the helium closed cycle refrigerator (for details see 

section 2.2.3). 

As �CRR exhibits strong inverse temperature dependence (~T -4.5, see 

equation (1.5)) a decent effort had been made in order to find the conditions at which 

the plasma was thermalized at a specified temperature below 77 K (see section 2.4.4). 

Special attention was given to the examination of the electron number density decays 

at specific temperature as well as a careful consideration of the role of the FT/p 

parameter (see section 2.4.1). For this reason a detailed inspection of the dependence 

of the obtained rate coefficients on Ar number density, plasma velocity, pressure of 

the buffer gas as well as the temperature was performed. 

In order to assure the domination of Ar+ ions in the investigated plasma a 

computer model of chemical kinetics has been developed and solved and thorough 

probing of the experimental conditions has been performed during the measurement. 

 

5.2 ��� dominated plasma formation 

Formation of Ar+ dominated plasma is similar to one preceding the formation 

of H�
� and D�

� ions described in the previous section 3.2. Discharge is ignited in pure 

helium gas and downstream from the discharge region Ar gas is added via one of the 

inlet ports into the cold helium plasma. The pitfall of the formation of Ar+ dominated 

plasma at temperatures below 77 K is the favorable formation of Ar�
� cluster with 

high recombination rate coefficient (8×10-7 cm3s-1, [Okada and Sugawara, 1993]). 

The cluster formation can be suppressed by using lower Ar number densities. 

However, at low [Ar] the helium metastables are not fully converted via Penning 

ionization into the Ar+ ions, thus can further act as a donors of fast electrons causing 

the heating of the plasma (see section 2.4.4).  

                                                                                                               
31
 Details of this study can be found in the attached article [V]. 
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In order to establish afterglow plasma where Ar+ ion is the dominant ion, the 

experimental conditions are chosen using the computer model of chemical kinetics. 

In contrast to the formation of H�
� ion described in section 3.2, where the ion 

formation proceeds completely at the temperature above 100 K, in case of CRR study 

of Ar+ ions with electrons the list of reactions (Table 3.1) has to be appended with 

the reactions relevant for the temperatures below 100 K. The list of appropriate 

interactions playing role in the formation of Ar+ dominated plasma and in the process 

of CRR of Ar+ ions at temperatures below 100 K is summarized in the Table 5.1.  

 

Nr Reaction 
Rate coef.  

[cm
3
s
-1

, cm
6
s
-1

] 
Reference 

1 He� � He � He	→	He�
� � He 1.1×10-31 [Beaty et al., 1965] 

2 
Hem � Hem → He� � He � e


												→ He�
� � e


5×10-9 
5×10-9 

[Deloche et al., 1976] 
[Urbain, 1999] 

3 He�
� � He � He	→	He�

� � He 4.4×(300/T)×10-32 [Patterson, 1968] 

4 He�
� � e
	→	2He <3×10-10 [Ferguson et al., 1965] 

5 He�
� � e
	→	3He 6.5×(300/T)1.22×10-7 [Gerardo et al., 1971] 

6 He�
� � e
 � e
	→	He � e
 2.7×(300/T)4.5×10-26 [Stevefelt et al., 1975] 

7 He�
� � e
 � e
	→	3He � e
 2.7×(300/T)4.5×10-26 [Stevefelt et al., 1975] 

Ar 

8 He� � Ar	→	Ar� � He 1×10-13 [Ikezoe et al., 1987] 

9 Hem � Ar	→	Ar� � He � e
 7×10-11 [Glosík et al., 1999] 

10 He�
� � Ar	→	Ar� � 2He 2×10-10 [Ikezoe et al., 1987] 

11 Ar� � Ar � He	→	Ar�
� � He 1.0×(300/T)2.1×10-31 [Bohme et al., 1969] 

12 Ar�
� � e
	→	2Ar 8×10-7 [Okada et al., 1993] 

13 Ar� � e
 � e
	→	Ar � e
 2.7×(300/T)4.5×10-26 [Stevefelt et al., 1975] 
  

Table 5.1 The list of main reactions taking place in the flow tube in the study of the 

CRR process of Ar+ ions with electrons at the temperature below 100 K. The unit for 

rate coefficient is cm3s-1 and cm6s-1 for two body and three body reaction 

respectively. T denotes the plasma temperature. 

 

For the needs of the model the temperature profile of the flow tube resulting 

from the calculation of the temperature distribution along the flow tube in the Cryo-

FALP II apparatus (see section 2.4.4) has to be simplified. The whole flow tube was 

divided into separate parts with different temperature which was assumed constant 
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along each section32. Depending on the desired temperature in the measuring region 

the temperatures of the flow tube parts have to be adjusted according to the 

appropriate temperature profile of the flow tube. An example of a typical situation for 

the measurement at 62 K is given further. First part, corresponding to the glass 

section A of the flow tube (see Figure 2.3), was assumed to be kept at 300 K. Section 

B was further divided into two parts with the temperatures for the upstream and 

downstream part being 250 K and 120 K, respectively. Section C was divided into  

10 cm long upstream part with the temperature of 100 K and downstream main part 

with the temperature 62 K. The situation for the measurement at 50 K will not 

substantially differ, however, one should emphasize that assigning particular constant 

temperature values for discrete flow tube parts is just a simplification of a real 

situation reflecting the temperature evolution along the flow tube. Comparison of the 

temperature profile in the flow tube used in the chemical kinetics model and the 

plasma temperature distribution along the flow tube calculated for the buffer gas flow 

velocity 2 m/s (see section 2.4.4 and Figure 2.14) is depicted33 in the lower panel of 

Figure 5.1. 

Another parameter varied in the model was the choice of the inlet port for 

argon gas as it can also have an impact on the resulting measuring conditions. 

Inserting the argon gas into the P1 port leads into the formation of relaxed Ar+ 

dominated plasma in the measuring region. However, due to the higher ambipolar 

diffusion coefficient of Ar+ ions comparing to He�
� ions and due to the losses of 

charged particles by CRR process already in the cold part (~100 K) of section B the 

resulting electron number density, thus measuring signal, will be lower. On the other 

hand, placing Ar gas into the port P3 leads into the late start of the Penning ionization 

process converting the He metastables into the Ar+ ions. This can lead into the 

presence of the He metastables in the measuring region, thus resulting into the 

heating of the electrons in superelastic collisions. 

An example of the calculated chemical kinetics evolution at particular 

experimental conditions (buffer gas flow �He = 6.3 Pa m3s-1, buffer gas pressure 

                                                                                                               
32
 Compare with the calculated temperature distribution along the flow tube shown in   

Figure 2.14. 

33
 The comparison serves for the illustration only. The temperature of the coldest section of 

the flow tube is 62 K and 40 K for the temperature profile used in the model and for the calculated 

temperature distribution, respectively.  
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�He = 850 Pa, temperature of the flow tube walls in section C: T = 62 K, argon 

number density at given temperature [Ar] = 3.3×1013 cm-3) is shown in upper panel of 

Figure 5.1. Relatively high argon number density was chosen deliberately to show 

the formation of Ar�
�  ions. 
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Figure 5.1 Result of the chemical kinetics model of He/Ar afterglow plasma showing 

the time evolution of specific particles number densities at particular experimental 

conditions. The Ar number density was deliberately chosen from the upper border of 

a typical measurement range in order to show the formation Ar�
� ions. Already few 

ms (~ 5 ms) after the adding of Ar gas into the helium afterglow plasma, the He� and 

He�
� ions and Hem metastables are fully converted into the Ar� ions. In the lower 

panel is plotted the temperature evolution along the axis as calculated according to 

the heat transfer model (blue solid line – see section 2.4.4) and as was simplified for 

the needs of the chemical kinetics calculation (red solid line). The model is solved for  

the temperature of the flow tube section C: T = 62 K. 

 

The Ar+ dominated plasma is formed in the range of ms after the injection of 

Ar gas into the plasma containing He+ and He�
� ions and helium metastables Hem. 

Traces of He�
� ions (magenta line in Figure 5.1) can be also present in the early 
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afterglow as in the He plasma the formation of He�
� cluster ions is enhanced at low 

temperatures [Patterson, 1968]. At used experimental conditions the decay of Hem is 

rather fast (green diamonds in Figure 5.1), however, at low [Ar] and otherwise 

identical conditions the substantial amount of Hem could penetrate into the measuring 

region and influence the measurement. In the cold part of the flow tube, downstream 

from the zero position, the Ar�
� ions can be formed (dark cyan triangles in        

Figure 5.1). At the experimental conditions illustrated in Figure 5.1 the Ar�
� ions 

stand for less than 5 % of all ions in the measuring region. However at 

[Ar] > 5×1013 cm-3, the formation of fast recombining Ar�
� clusters is favored at 62 K 

[Okada et al., 1993] and the Ar+ will not be dominant ion in the afterglow plasma. 

 

5.3 Results and discussion 
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Figure 5.2 Example of measured electron number density decays along the flow tube 

at different experimental conditions. Solid lines represent the fits of the data 

according to the analytical solution of equation (2.9) (see section 2.3.2). Diffusion 

losses calculated for 57 K, 450 Pa are indicated by the dashed line.  

 

In Figure 5.2 is depicted an example of electron number density decays along 

the flow tube measured at temperatures 57 – 77 K and different experimental 
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conditions. It can be seen in the figure that the electron density decays at different 

temperatures start to vary only after the position34 L ~ 10 cm, which is in accordance 

with the border between the flow tube sections B and C with different temperature 

regimes. The earlier section B is cooled only by liquid nitrogen, while the later 

section C is cooled by the means of the coldhead (see section 2.2.1).   
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Figure 5.3 Example of the measured decay curves processed with the data analysis 

described in section 2.3.2. The data were obtained using the first version of Cryo-

FALP apparatus while the temperature of the flow tube was rising. X denotes the 

integral term in equation (2.10): � � � �e
����

��

��
��. From the solid lines, representing 

the fits of the data, the decay parameters KCRR and τloss are obtained (see equation 

(2.10)). The indicated temperature corresponds to the temperature measured at the 

walls of the section C of the flow tube. Reprinted from [Kotrík et al., 2011b]. 

 

From the fit of the time decays35, the CRR rate coefficient KCRR at particular 

experimental conditions was obtained according to the analysis described in 

section 2.3.2. The first part of the decays is deliberately omitted from the fits in order 

to exclude the region where the plasma temperature is not relaxed to the temperature 

given by the walls of section C of the flow tube. The region of the thermalization can 
                                                                                                               

34
 See Figure 2.14 and discussion in section 2.4.4. 

35
 In the plot of spatial decays shown in Figure 5.2 are the fits represented by the solid lines. 
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be identified directly from the data analysis as it acts likewise an ion formation 

region described in the data analysis of the dissociative recombination (see section 

2.3.1). In other words, the balance equation solution given by the equation (2.10) fits 

the experimental data satisfyingly only when the time decays follow the formula (2.9) 

i.e. they can be described by fixed parameters KCRR and τloss. As KCRR significantly 

changes with the temperature, this requirement can be fulfilled only under the 

condition of constant temperature. However, the fitting length, i.e. the number of 

fitted points, has to be high enough, in order to obtain reliable parameters. Example 

of plots resulting from the data analysis can be seen in Figure 5.3. 

As was already discussed in section 2.4.4, the independent measurements at 

the same temperature but otherwise different experimental conditions will differ in 

the length of the relaxation zone. The decisive parameter is the gas flow velocity 

represented36 by the term FT/p. In order to inspect the thermalization conditions and 

to maximize the length, from which a reasonable fits of the electron density decays 

can be obtained, the measurements at different values of the parameter FT/p have 

been performed. In Figure 5.4 is shown an example of the results obtained at 77 K. 

Blue open circles correspond to the conditions at which the gas flow velocity is 

“high” in a sense, that the time before the plasma flows out of the measurement 

region is not sufficient in order to reasonably thermalize37 the buffer gas and plasma 

with the walls of the flow tube. Red closed circles measured at low FT/p are showing 

the value of KCRR which can be considered as constant, not dependent on parameter 

FT/p, and to the experimental conditions are then referred to as to the “cold 

conditions”. Dashed and dot-dashed line indicates the theoretical value of KCRR at 

77 K as predicted by Stevefelt et al. [1975] and Pohl et al. [2008], respectively. The 

KCRR coefficients obtained at the “cold conditions” agree reasonably with the values 

given by the theory.  

It has to be noted, that with the effort to achieve the “cold conditions”, i. e. to 

measure at low gas flow velocity, comes the fact, that a longer time period passes 

before the plasma enters the measuring region. In other words, the measurements are 

performed in a later decay times. As the charged particle losses through the diffusion 

and CRR process itself already proceed during this time period, the resulting charged 
                                                                                                               

36
 Gas flow velocity i.e. measured plasma velocity on the axis of the flow tube is proportional 

to the parameter FT/p as can be seen in Figure 2.11 in section 2.4. 

37
 Thermalize to the temperature level deviating less than 15% from the target value. 



5.3 Results and discussion 
 

 87 
 

particle density, i.e. the signal level will be lower38 (ne < 109 cm3s-1). As a result, the 

quality of the measured data is reduced and the error of the KCRR assessment rises.  

For further analysis discussed in the following sections only the results 

measured at the “cold conditions” are taken into account. As a theoretical value will 

be taken the value given by Stevefelt et al. [1975], while keeping in mind that the 

value of Pohl et al. [2008] is lower by a factor of ~ 0.73. 
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Figure 5.4 Example of KCRR coefficients measured at 77 K and otherwise various 

experimental conditions plotted as a function of gas flow velocity represented by 

parameter FT/p (see section 2.4.1). The data obtained at low velocities (red full 

circles) are considered as a “cold” – at this conditions a sufficient time is provided for 

plasma to thermalize with the flow tube wall before leaving the measuring region. 

Blue open circles show the data measured in “hot plasma”. Dashed and dot-dashed 

line indicates the theoretical prediction of KCRR at 77 K made by Stevefelt et al. 

[1975] and Pohl et al. [2008], respectively. 

 

5.3.1 Dependence on Ar number density 

According to the general preview of the CRR process (section 1.3.2), the KCRR 

does not depend on the Ar number density. At low temperatures, however, the 

                                                                                                               
38
 The electron number density ne can drop to the values below 5×10

8
 cm

3
s
-1
. 
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enhanced creation of Ar�
� clusters at high [Ar] has to be avoided, as discussed in 

section 5.2. For this reasons the dependence of KCRR on the Ar number density was 

investigated. The results of the measurement obtained at fixed temperature 77 K in 

the first and second version of the Cryo-FALP apparatus are depicted in Figure 5.5. 

The range of argon number densities, where no dependence of KCRR on [Ar] could be 

observed, was found with the help of the chemical kinetics model (section 5.2). The 

theoretical value given by Stevefelt et al. [1975] is shown by dashed line. Results of 

both experiments agree fairly well with the theoretical prediction; the mean value 

obtained in the second version being slightly higher than in the first one. This shift 

can be attributed to improved cooling in the second version with the temperature 

limit well below 77 K, while the older one was just able to achieve this level. The 

mean value of the results obtained in the first version of the Cryo-FALP would 

correspond to the theoretical temperature of 81 K.  
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Figure 5.5 Comparison of the KCRR measured at 77 K using the first and second 

version of the Cryo-FALP apparatus. The experimental values agree fairly well with 

the theoretical prediction (dashed line) given by Stevefelt et al. [1975]. 

 

By cooling the flow tube in the Cryo-FALP II apparatus to the temperatures 

below the boiling point of liquid nitrogen under standard conditions – 77 K, the KCRR 

could be measured at distinct temperatures in the range 50 – 77 K. Values of KCRR 
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measured in the temperature range 50 – 77 K and at [He] ~ (3 – 7)×1017 cm3s-1 

plotted as a function of [Ar] are shown in Figure 5.6. No vivid dependence on [Ar] 

in the investigated range of argon number densities was observed indicating that the 

formation of Ar�
� clusters was avoided. The averages of the measured values obtained 

at different temperatures are indicated by the horizontal lines. The data measured in 

the range of lower temperatures 57 – 67 K are burdened by a higher inaccuracy than 

the data obtained at the temperatures 72 and 77 K. This has to be attributed to the 

mentioned drawback of measuring at the lowest possible gas flow velocity –lowering 

of the signal level. The mean value of KCRR coefficients obtained at 57 K is lower 

than the value measured at 62 K; this fact is further discussed in the section 5.3.2.  
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Figure 5.6 The plot of KCRR coefficients measured at distinct temperatures and 

[He] ~ (3 – 7)×1017 cm3s-1 in the range of Ar number densities 3×1012 – 4×1013 cm-3. 

Horizontal lines denote the average values of the KCRR measured at particular 

temperature. 

 

5.3.2 Temperature dependence 

The measured temperature dependence of KCRR of Ar+ ions in the temperature 

range 50 – 180 K studied in two versions of the Cryo-FALP apparatus is shown in 

Figure 5.7. Based on the measurement regimes, at which the experiments were 

performed, the obtained values of KCRR can be divided into three groups:  
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1.) Five data sets measured in the temperature range 77 – 180 K, which were 

measured using the first version of the Cryo-FALP while the liquid 

nitrogen cooling was stopped and the flow tube was slowly heating (see 

section 2.2.3). The experimental conditions (pressure, buffer gas flow, 

argon number density) are thoroughly set at the beginning of each 

measurement and are not further adjusted while the temperature is 

rising39. Each of the plotted data point from these data sets is obtained 

directly from one electron number density decay according to the 

analysis. The temperature change during the measurement of one electron 

decay is lower than 5 K; the temperature assigned for each data point is 

calculated as an average of the initial and final value. The data from this 

group of measurements indicated by the open green circles were 

measured at faster gas flow velocity, and the KCRR coefficients obtained 

at the lowest temperatures are slightly lower than the values from the 

other measurements. In this case the time provided for the plasma to 

thermalize with the flow tube wall prior to arriving into the measurement 

region was not sufficient, what yielded into the plasma temperature being 

higher than the temperature read by the temperature sensor attached to the 

flow tube wall.  

2.) The KCRR coefficient measured with the first version of Cryo-FALP at 

fixed temperature 77 K (full green triangle). In this case, the liquid 

nitrogen cooling was on and the KCRR was determined as an average of 

KCRR values measured at different experimental conditions. The source 

data are shown in the Figure 5.5. Further discussion on the measurement 

in the temperature range 77 – 200 K is provided in the attached article 

[V]. 

3.) The KCRR measured at fixed temperatures in the range 50 – 77 K (crossed 

red circles) which were obtained using Cryo-FALP II apparatus cooled 

by the means of helium closed cycle refrigerator. Plotted are the average 

                                                                                                               
39
 Gas flow velocity is set such that the plasma is thermalized with the flow tube wall already 

at the beginning of the measuring region. As pressure in the flow tube remains constant, the reactant 

number densities develop with reciprocal proportion to the temperature. For this reason the reactant 

number densities have to be set such, that during the temperature rise they evolve only in the region 

where KCRR remain constant – not dependent on the reactants number density.  
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values of KCRR coefficients measured at different experimental conditions 

at particular temperature (see Figure 5.6). 
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Figure 5.7 Measured temperature dependence of KCRR of Ar+ ions in the temperature 

range 50 – 180 K. The KCRR coefficients were obtained using two succeeding 

versions of the Cryo-FALP apparatus at different temperature regimes (see text). 

Theoretical prediction KCRR ~ T -4.5 [Stevefelt et al., 1975] is indicated by dashed line; 

solid line corresponds to the least square fit of the data. 

 

The overall results of the measured KCRR coefficients plotted as a function of 

temperature in the log-log plot in the Figure 5.7 are showing a strong inverse power-

law dependence of KCRR on temperature. The theoretical prediction given by Stevefelt 

et al. [1975] (see equation (1.6)) is indicated by a dashed line, the least square fit of 

the measured data in the range 77 – 200 K is plotted as a full line. The agreement 

between the experimental results and the theoretical prediction is satisfyingly good, 

while the slopes of the theoretical line and the line given by the fit of the data agree 

perfectly. The experimental value of the KCRR(77 K) = (1.2 ± 0.4) × 10-17 cm6s-1; the 

temperature dependence is given by the term KCRR(T) = (4.9 ± 1.7) × 10-9 T -4.5±0.5 

cm6s-1. The experimental results at the lowest temperatures 57 K and 62 K start to 

deviate from the trend given by the theory. The point measured at 57 K is lower than 

the theoretical value. This can be explained by the fact that the experimental 
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conditions chosen for his measurement were not taken from the region of the lowest 

gas flow velocities (see section 2.4), the signal at such conditions was already buried 

in the noise and the results were considered unreliable. For this reasons the real 

plasma temperature could have been higher than the one indicated by the temperature 

sensors. On the other hand, the data point at 67 K is higher than the overall trend. 

Ready explanation of this behavior is not available, however, an additional process, 

which could have influenced the data, could come into the consideration. Helium 

assisted ternary channel could be the option, however, this has to be investigated in 

more detail and will be discussed in the following section 5.3.5.  

Tremendous effort has been made in order to extend the measurement down to 40 K. 

However, as the plasma thermalization proceeds also over a decent distance already 

in the measurement region, the investigated electron number density decays are not 

“long enough”40 in order to clearly distinguish the diffusion losses. This complicates 

the determination of the parameters prescribing the electron number density decays 

as defined by equation (2.9). Moreover, the measurements in this temperature region 

had to be performed at very low gas flow velocities (~1 m.s-1), the resulting signal 

became comparable with the noise level and the data have been finally reverted as 

being unreliable. These low quality data showed some evidence that the results at 

lower temperatures could follow the rising trend set by the data point at 62 K. 

However, in order to present a reliable data a further study of the CRR process of Ar+ 

ions, thorough inspection of the experimental conditions in this temperature range 

and possible apparatus modification has to be performed in order to improve the 

quality of the signal, extend the measuring region and exclude all the other processes 

that could influence the interpretation of the results. 

 

5.3.3 Plasma temperature measurement 

The electron temperature Te, as a crucial parameter of the experiment (see 

equations (1.5), (1.6)), has up to now been estimated only by the means of a 

computer model under the assumption of plasma thermalization with the flow tube 

wall. The temperature of the flow tube wall is monitored by the temperature sensors 
                                                                                                               

40
 As in the late afterglow the diffusion losses prevail over the recombination losses, one has 

to extend the measurement region in order to monitor also the late decay times and investigate both 

recombination and diffusion governed afterglow. For detailed discussion see [Kotrík et al., 2011a] and 

attached article [V]. 
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attached to the outer side of the wall, but no sensors are installed inside the flow tube. 

Explicit direct measurement of the electron temperature was not performed. 

However, indirect information about the electron temperature can be obtained from 

the study of ambipolar diffusion in Ar+ dominated plasma in helium buffer gas under 

defined experimental conditions. By confronting the measured values of the 

characteristic diffusion times with the values calculated from the known reduced 

mobility of Ar+ ions in helium, an insight into the electron temperature can be 

provided. 
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Figure 5.8 Upper panel: Values of measured �He� �D⁄  obtained at different 

experimental conditions plotted as a function of temperature. Full triangles show 

results of independent measurements performed at constant temperature 250, 300 K. 

Solid line denotes theoretical relation given by formula (5.2) calculated using the 

measured mobility of Ar+ in He [Viehland et al., 1991]. Dashed lines show calculated 

values for temperatures ±10 K. Lower panel: Ratio of diffusion times obtained from 

the experiment and theoretical calculation. Reprinted from [Kotrík et al., 2011b]. 

 

Applying the theoretical formula given by Mason and McDaniel [1988] to the 

studied helium-buffered Ar+ dominated plasma, the obtained relation for the 

ambipolar diffusion time constant is given by:  
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1

�D
� 4.63 � 10��

�	���

Λ�
�

�He�
	s
�	, (5.2) 

while assuming common temperature T of electrons and ions. In the formula, [He] is 

given in cm-3, T in K, the zero-field mobility K0 in cm2V-1s-1 and the fundamental 

diffusion length Λ is given in cm. As K0 is nearly independent41 on temperature in the 

studied temperature range 50 – 300 K, once the values of �He� �D⁄  are plotted as a 

function of temperature a straight line should be obtained (see equation (5.2)). Plot of 

the values measured in the first version of Cryo-FALP in the temperature range       

77 – 180 K are displayed in upper panel of Figure 5.8. The thermal data denote the 

values obtained in independent measurements at constant temperatures 250 K and 

300 K. The calculated temperature dependence (solid line) was obtained from the 

measured mobility of Ar+ ions in helium given by Viehland et al. [1991]. The dashed 

lines determine the range in which the values obtained at gas temperatures deviating 

by ±10 K from the expected value42 should occur. Lower panel of Figure 5.8 

displays the ratio of diffusion times given by experiment and theoretical calculation. 

The agreement between the theoretical and experimental values is reasonably good, 

giving the confidence that the electron and ion temperature in the measuring region is 

fairly equal to the temperature given by the temperature sensors. The dispersion of 

the measured values and deviation from the theoretical curve at the lowest 

temperatures is attributed to the longer plasma thermalization zone which could yield 

into the raised electron and ion temperature in the measuring region. Moreover, as 

discussed in section 5.3.2, the presence of recombination process well in the late 

afterglow prevents correct determination of diffusion losses. 

Unfortunately, the characteristic diffusion times obtained in the temperature 

range 50 – 77 K studied in the Cryo-FALP II apparatus could not be used for the 

verification of the electron temperature as the experimental conditions and geometry 

of the apparatus once again induce “short” observable plasma decays, which prevent 

the proper distinction of diffusion and recombination losses in late afterglow. In 

further studies, an additional effort at data analysis has to be expended in order to 

examine and prove the electron temperature at buffer gas temperatures below 77 K. 

                                                                                                               
41
 The existing small shift of K0 with temperature change has been considered, for details see 

attached article [V].  

42
 Value given by the reading of the temperature sensor attached to the flow tube wall. 
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Figure 5.9 Comparison of the measured temperature dependence of the CRR rate 

coefficients in Ar+ dominated plasma with the findings of other groups obtained in 

various plasmas. The theoretical curves are plotted according to the formula of 

Stevefelt (see section 1.3.2). Experimental results agree pretty well with the 

theoretical prediction over a broad temperature range. 

 

5.3.4 Comparison with other experiments 

 The results of CRR study of Ar+ ions performed in two succeeding versions of 

Cryo-FALP apparatus are set into the context with previous findings of other 

research groups. The Figure 5.9 duplicates the Figure 1.2 and complements it of the 

results obtained in the temperature range 50 – 180 K discussed in this chapter. In the 

Figure 5.9 are plotted CRR rate coefficients measured in various plasmas at high 

temperatures (~1000 K, see [Stevefelt et al., 1975; Mansbach and Keck, 1969]) and 

the group of measurements performed at 300 K [Skrzypkovski et al., 2004;    

Berlande et al., 1970]. Theoretical curves are plotted according to the formula of 

Stevefelt (see equation (1.5) and the discussion in section 1.3.2). For high 

temperatures and/or low electron number densities all of the terms have to be taken 

into account. As can be seen, the theoretical formula of Stevefelt is in a very good 

accordance with the experimental results over a broad range of temperatures. The 
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validity of the predicted value of the CRR rate coefficient was proved through the 

range of 8 orders of magnitude. Moreover, as can be seen in Figure 5.9, the Stevefelt 

formula is applicable for decent amount of various ions. This supports the conclusion 

that the theoretical concept of CRR process holds for all simply ionized atomic ions. 

However, due to the lack of the experimental data [Berlande et al., 1970], this cannot 

be stated in general also for simply ionized molecular ions. Although only high-order 

Rydberg states play role in the CRR process, the internal excitation of the molecular 

ions still provides an option for quenching of the exceeding collisional energy and 

lead to the predissociation of the Rydberg state.  

The agreement of the theoretical and experimental results in the temperature 

range down to 50 K raises the question of the low temperature limit of the simple 

formula of Stevefelt. Moreover, the mechanism of the CRR process for more 

complex molecular ions remains unclear. These problems have to be addressed by the 

following studies of the CRR process.  

 

5.3.5 Helium assisted three-body recombination 

The analysis of CRR data presented in section 2.3.2 was based on the 

assumption, that the CRR process is the dominant recombination process in the 

plasma. However, in case of low temperatures and high helium buffer gas number 

densities another process – helium assisted three body recombination could become 

significant [Bates and Khare, 1965; Cao and Johnsen, 1991]. In this case, the overall 

recombination process would consist of pure two body and three body processes and 

the effective binary recombination coefficient αeff would compose of following terms 

(compare with equation (2.1)): 

�eff � �bin � �CRR � �M � �bin � �CRR�e ��He�He�, (5.3) 

where αbin denotes the overall rate coefficient of two body recombination processes 

and KHe states for the ternary rate coefficient of the helium assisted recombination 

(see section 1.1). As a consequence, the data analysis described in section 2.3.2 

would be influenced, as in the balance equations (2.8) and (2.9) would appear not 

only the linear and cubic terms �e resp. �e
�, but also the quadratic term43 �e

�. 

Presented analysis of CRR data does not evaluate the losses dependent on �e
�, thus it 

                                                                                                               
43
 Follow the substitution of αeff given by equation (5.3) into the balance equation (2.1) and 

further deduction described in section 2.3.2. 
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would not allow the determination of correct decay parameters. In this case a new 

data analysis that would consider all the terms of �e in balance equation (the linear, 

the cubic and the quadratic) at once would need to be developed.  

Using the typical experimental conditions at 77 K ([He] ~ 2×1017 cm-3) and 

given value of KHe (KHe (77 K) ~ 2.5×10-26 cm6s-1, see refs. [Bates and Khare, 1965; 

Cao and Johnsen, 1991]), the helium assisted recombination channel would 

contribute to the overall binary recombination losses by no more than 

�He�He� ~ 5×10-9 cm3s-1. At lower temperatures, however, the contribution could be 

higher, as the proposed temperature dependence of a neutral assisted ternary 

recombination is ~	�
�.� (see refs. [Bates and Khare, 1965; Bates, 1980; Flannery, 

1994]). In order to suppress this process the measurements were performed at the 

lowest possible helium number densities. However, only the study of the dependence 

of the overall plasma deionization process on the He number density could give an 

insight into the role of the He assisted recombination in Ar+ dominated plasma at low 

temperatures.  

The study of helium assisted three body recombination was not in the scope of 

the thesis and has to be addressed by a future work.  
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SUMMARY 

 

 

The thesis summarizes some of the experimental work devoted to the 

recombination study of ions with electrons at low temperatures performed during the 

four years of author’s PhD. study. Several versions of the FALP apparatus were used 

during the research. First and second cryogenic version (Cryo-FALP) was built 

during the author’s study in order to investigate the recombination processes at 

temperatures down to 77 K and below 77 K. First version of the Cryo-FALP 

apparatus was cooled with the flow of liquid nitrogen, second version was cooled 

with the helium closed cycle refrigerator. The detailed description of the later version 

together with the technical solution of the problems connected with the work at 

cryogenic temperatures is given in section 2.2 of the thesis. Proposed solution of the 

flow tube cooling with the intermediate stage – copper platform equipped with the 

heating elements connected to the coldhead via heat-conductive bridge with 

adjustable heat conductivity, was proven capable to cool the flow tube down to 40 K. 

The ability to cool plasma below 77 K is theoretically supported by computer model 

of the heat transport (see section 2.4) and experimentally proven by the 

measurements performed within the recombination study of Ar� ions with electrons 

(see section 5.3). The difficulties with the plasma thermalization at the lower 

boundary of the accessible temperature region have to be solved by further upgrades 

of the experimental apparatus.  

The main part of the experimental work was dedicated to the study of 

dissociative recombination of H�
� and D�

� ions with electrons at temperatures 77 – 

300 K. It was proven that apart from two-body also the three-body recombination 

channel, proceeding via the help of neutral He atoms, plays role in the deionization 

process taking place in the plasma environment. The proposed overall scheme of the 

deionization process with the present He-assisted l-changing collisions (see      

section 3.3.5) is supported also by the theoretical calculations (see refs. [Glosík et al., 
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2008, Glosík et al., 2009b] and attached articles [I], [II] and [III]). The temperature 

dependence of the two recombination channels was studied in a more detail (see 

Figure 3.8 and Figure 3.9). The confrontation of the obtained two-body 

recombination rate coefficients with the results of other experimental groups and 

with the theoretical findings is pleasant for both channels, which finally brings the 

theoretical and experimental results obtained in beam and swarm types of experiment 

into the promising concordance. The measured two-body and three-body 

recombination rate coefficient at 300 K is for H�
�: �bin	H�

 = (4.7 ± 1.5) × 10-8 cm3s-1,  

�He	H�
 = (2.5 ± 1.2) × 10-25 cm6s-1 and for D�

�: �bin	D�
 = (2.7 ± 0.9) × 10-8 cm3s-1, 

�He	D�
 = (1.8 ± 0.6) × 10-25 cm6s-1, which makes the observed process of three-body 

recombination by factor of 100 faster than the one studied by Bates and Khare 

[1965] and Cao and Johnsen [1991]. The reason for the drop of the measured 

effective recombination rate coefficient at �H�� or �D�� < ~1012 cm-3 (see Figure 3.3) 

is still not fully understood, deeper insight into the role of the nuclear spin of the 

recombining H�
� and D�

� ions is needed in order to answer the question. Further work 

should focus on the state-selective recombination study of the H�
� and D�

� ions with 

electrons; especially at the temperatures below 77 K, where, according to theory, a 

substantial difference in the recombination of the two nuclear spin states ortho- and 

para-H�
� (D�

�) is expected. Another scope is the H�-assisted three-body 

recombination, which could bring insight also into the study of Amano [1990]. The 

latest findings of the research group on this topic were published in the articles of 

Glosík et al. [2008; 2009a; 2009b; 2009c; 2010]; Kotrík et al. [2010]; Varju et al. 

[2011]; Plašil et al. [2011]; Hejduk et al. [2012] and Dohnal et al. [2012a; 2012b; 

2012c]. 

In the study of the dissociative recombination of HCO+ and DCO+ ions with 

electrons following recombination rate coefficients were obtained: �HCO���� =     

(2.0 ± 0.3) × 10-7 (T/300)-1.3±0.2 cm3s-1 and for the DCO+ ion �
DCO

���� = 

(1.7 ± 0.3) × 10-7 (T/300)-1.1±0.2 cm3s-1. The observed temperature dependence evokes 

that the indirect mechanism governs the recombination process. The results are in a 

very good agreement with the majority of former experimental studies apart from the 

recent study of Poterya et al. [2005], which reports in the range 140 – 300 K a 

positive dependence of the recombination rate coefficient on the temperature (see         

Figure 4.4). The theoretical values [Douget et al., 2008] are by a factor of 10 lower 
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than the experimental values. The three body recombination channel proceeding with 

the help of neutral He was not observed in the study. The results of the study were 

published in the paper of Korolov et al. [2009] 

Last part of the work was devoted to the study of collisional-radiative 

recombination of Ar� ions with electrons at temperatures 50 – 300 K performed 

using the Cryo-FALP II apparatus. Up to our knowledge, this is the first time the 

process was experimentally studied below 300 K in plasma without the presence of 

strong magnetic fields. The observed temperature dependence KCRR ~ T -4.5±0.5 is in a 

very good agreement with the theoretical works [Stevefelt et al., 1975; Pohl et al., 

2008] (see Figure 5.7). Further study of the He-assisted three body recombination in 

the temperature region 50 – 300 K is of a high importance in order to control and 

separate the influence of the He-assisted and the electron-assisted process. In order to 

extend the measurement region below 50 K, further upgrade of the experimental 

apparatus with better control over the plasma thermalization is needed. The state of 

art of the research on the topic was presented in the articles of Kotrík et al. [2011a; 

2011b]. 

The results of the studies were published also in further scientific journals and 

presented at international symposiums (see APPENDIX A). 
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ACRONYMS 

 

 

AISA   Advanced Integrated Stationary Afterglow 

CRR  Collisional-Radiative Recombination 

Cryo-FALP Cryogenic Flowing Afterglow with Langmuir Probe  

DR  Dissociative Recombination 

FA   Flowing Afterglow 

FALP   Flowing Afterglow with Langmuir Probe 

FALP-MS Flowing Afterglow with Langmuir Probe and Mass Spectrometer 

FALP-VT Flowing Afterglow with Langmuir Probe – Variable Temperature 

FLAPI Flowing Afterglow with Photo Ions 

HFPA  High Pressure Flowing Afterglow  

PES  Potential Energy Surface 

ppm   parts per million 

QMS   Quadrupole Mass Spectrometer 

RR  Radiative Recombination 

SA   Stationary Afterglow  

sccm   standard cubic centimeter per minute, 1 sccm ≅ 1.667 Pa m3s-1  

TBR  Three-Body Recombination 

TDT-CRDS  Test Discharge Tube with Cavity Ring-Down Spectroscopy  

UHV   Ultra High Vacuum 
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We study binary and the recently discovered process of ternary He-assisted recombination of H3
+ ions with

electrons in a low-temperature afterglow plasma. The experiments are carried out over a broad range of
pressures and temperatures of an afterglow plasma in a helium buffer gas. Binary and He-assisted ternary
recombination are observed and the corresponding recombination rate coefficients are extracted for tempera-
tures from 77 to 330 K. We describe the observed ternary recombination as a two-step mechanism: first, a
rotationally excited long-lived neutral molecule H3

p is formed in electron-H3
+ collisions. Second, the H3

p

molecule collides with a helium atom that leads to the formation of a very long-lived Rydberg state with high
orbital momentum. We present calculations of the lifetimes of H3

p and of the ternary recombination rate
coefficients for para- and ortho-H3

+. The calculations show a large difference between the ternary recombina-
tion rate coefficients of ortho- and para-H3

+ at temperatures below 300 K. The measured binary and ternary
rate coefficients are in reasonable agreement with the calculated values.

DOI: 10.1103/PhysRevA.79.052707 PACS numberssd: 34.80.Lx, 31.10.1z, 52.72.1v

I. INTRODUCTION

Electron scattering by the simplest polyatomic ion H3
+ is

of fundamental importance in plasma physics because H3
+

ions are dominant in many hydrogen-containing plasmas, in-
cluding astrophysically relevant plasmas in particular. For
quantum theory, the electron-H3

+ interaction is important be-
cause the process involves the simplest polyatomic ion that
can be studied from first principles without adjustable pa-
rameters. In the long history of research on recombination of
H3

+ with an electron there have been numerous exciting con-
tradictory and sometimes unaccepted results. We mention
here only a few recent reviews devoted to H3

+ recombination
at low temperatures ssee, e.g., f1–5gd. A successful theory of
H3

+ recombination with electrons at scattering energies be-
low 1 eV was developed relatively recently when the Jahn-
Teller non-Born-Oppenheimer coupling was included into
theory f6–9g. The measurements of the recombination rate
coefficient in different storage ring experiments have also
converged to the same value recently after it became under-
stood that the internal rotational and vibrational degrees of
freedom of the H3

+ ion influence the recombination rate
f8,10,11g. The theoretical developments and improvements
in storage ring experiments have resulted in a reconciliation
of theory and experiment for the binary electron-H3

+ recom-
bination process.

However, the H3
+ and D3

+ recombination experiments
carried out in afterglow plasmas f3–5,12–17g have repeatedly
given rate coefficients very different from the ones obtained
in the aforementioned storage ring experiments and the the-
oretical calculations. Until now, the plasma studies have not
been fully understood, and as a result, they have been fre-
quently rejected because they do not mesh with the present

understanding of the binary dissociative recombination sDRd
process ssee, e.g., the very recent review discussing this sub-
ject f18gd. However, the experimental plasma results are re-
producible and they demand an understanding and an inte-
gration into the full picture of H3

+ recombination with
electrons. The present work discusses and, we hope, clarifies
some aspects of this complex problem.

The plasma measurements are usually carried out in a
He /Ar /H2 gas mixture ssee the review by Plasil et al. f3gd or
in a pure H2 gas f14,19g. The main question is how to “rec-
oncile” f16g the rate coefficient sincluding its dependence on
experimental conditionsd observed in an H3

+ dominated
plasma with actual theory and with data from the storage
ring experiments f18g. The plasma experiments are typically
carried out with helium buffer gas at pressures in the range
50–2000 Pa. It has been generally accepted that such pres-
sures are too small to produce appreciable ternary helium-
assisted recombination of H3

+. The fact that the neutral-
stabilized recombination can sometimes play a role was
predicted many years ago by Bates and Khare f20g and con-
firmed for some ions sbut not for H3

+d by experiments
f21,22g. The typical value for the three-body recombination
rate coefficient KHe with helium as an ambient gas obtained
in experiment and estimated theoretically f21,22g is of order
of 10−27 cm6 s−1 at 300 K. Thus, at pressures of 1300 Pa, the
corresponding apparent binary recombination rate coefficient
is smaller than 10−9 cm3 s−1, which would therefore be neg-
ligible in comparison with the now-accepted binary H3

+ re-
combination rate coefficient f8–11,18g. This would also be
negligible in comparison with the binary rate coefficients
sabout 10−7 cm3 s−1 at 300 Kd for the majority of molecular
ions. This is the reason why the ternary recombination of H3

+

had previously been neglected in flowing afterglow sFALPd
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and stationary afterglow sSAd experiments carried out at 50–
2000 Pa.

In our recent study f23g we have shown that at 260 K a
significant fraction of the H3

++e− collisions leads to forma-
tion of long-lived sup to tens of picosecondsd rotationally
excited neutral Rydberg molecules H3

p. The formation of
long-lived H3

p and collisions of H3
p with helium atoms can

influence the overall process of recombination of the H3
+

dominated afterglow plasma. By measuring the helium pres-
sure dependence of the H3

+ recombination rate coefficient
we have found that at 260 K the ternary recombination rate is
comparable with the binary rate, already at pressures of sev-
eral hundred Pa. The observed ternary recombination of H3

+

ions is more efficient by a factor of 100 than the ternary
recombination rate predicted by Bates and Khare f20g. This
suggests that ternary recombination of H3

+ ions is associated
with intrinsic features of the interaction between H3

+ and
electrons at low collision energies f23g. The recombination
process described in Ref. f20g is a ternary process of a dif-
ferent nature.

This study presents a further extension of our measure-
ments to a broader range of temperatures and it extracts the
temperature dependence of the binary and ternary recombi-
nation rate coefficients of H3

+ ions. Before presenting these
results and their interpretation, some of us sthe Prague
groupd wish to provide a few comments concerning the
plasma experiments made in Prague in recent years.

Previously, we have studied the H3
+ recombination in de-

caying plasmas formed from a He /Ar /H2 gas mixture using
several afterglow experiments based on several modifications
of flowing and stationary afterglow apparatuses fFALP f24g,
advanced integrated stationary afterglow sAISAd f3,13,17g,
and test discharge tube with cavity ring-down spectroscopy
sTDT-CRDSd f25,26gg. We have systematically investigated
the dependence of the recombination process on hydrogen
partial pressure. Initially sin 2000d, our intention was to ex-
plain the influence of the internal excitation of H3

+ ions
formed in a sequence of ion-molecule reactions on the mea-
sured recombination rate coefficient. Experimental condi-
tions were such that the plasma was decaying for a long time
sup to 60 msd, so the internal excitation was quenched in
collisions with He and H2. As a rule, we skip the first 10 ms
of the decay process considering it as a formation time. At
low H2 densities, fH2g,1012 cm−3, and helium pressures of
100–300 Pa, we have observed a decrease in the recombina-
tion rate coefficient from ,10−7 cm3 s−1 to 10−8 cm3 s−1

when the H2 density was decreased from ,1012 cm−3 to
,1011 cm−3. At high hydrogen densities, fH2g.1012 cm−3,
the measured recombination rate coefficient was independent
of fH2g. We will consider this again below when discuss
equilibrium conditions for recombining H3

+ plasma. A simi-
lar dependence on D2 density was observed in a
D3

+-dominated afterglow plasma ssee, e.g., f3,17gd.
In our early experimental publications f12,27g, we derived

the recombination rate coefficient from experimental mea-
surements assuming that the process is strictly binary sH3

+

+e−d at the low-pressure limit. The assumption was based on
the then-existing level of knowledge about H3

+ recombina-
tion ssee the recent and older reviews in Refs.
f4,5,14,18,28,29gd. However, we soon realized that the ob-

served dependence on hydrogen density is coupled to the
multistep character of the recombination process in a plasma.
The theory of binary dissociative recombination of H3

+ is
more immediately applicable to the storage ring experiments.
Therefore we denoted the plasma recombination rate coeffi-
cient as an effective deionization rate coefficient aeff f3,13g.
Later experiments using absorption spectroscopy for ion den-
sity measurements and for the identification of the recombin-
ing ions sTDT-CRDSd f25,26,30g did not clarify the mecha-
nism of recombination in an afterglow plasma.

The interpretation of data from storage ring f5,10,11,31g
experiments and from afterglow f3,5,14–17,24,25,32g ex-
periments was at this point not reconciled f4,5,18,33g. We
stress here one principal difference between the two types of
experiments: in a storage ring experiment, the recombining
ions and electrons have a small adjustable relative velocity;
the measured cross section corresponds to the binary
electron-ion recombination process. In a plasma experiment
an ambient gas must be used. Typically, the pressure of the
ambient gas in the afterglow experiments is 50–2000 Pa. The
ions and electrons in afterglow plasma undergo multiple col-
lisions with neutral particles sHe and H2 in the experiments
discussed hered prior to their mutual collisions; these are col-
lisions at low energy saround ,0.025 eVd. In a storage ring,
collisions of H3

+ with neutral particles are also possible; but
when an ion collides with a background gas molecule or
atom, it is removed from the beam and does not contribute
any further to the observable recombination events f5g.

Plasma experiments measure the thermally averaged rate
coefficient. It means that the afterglow plasma should ideally
be in thermal equilibrium with respect to all degrees of free-
dom, in particular with respect to the rotational, vibrational,
and nuclear-spin states of H3

+. Molecular hydrogen present
in the recombining plasma equilibrates the ortho- to para-H3

+

ratio and should make the “kinetic” temperature of ions and
electrons to coincide with the He temperature f34,35g. An
internal excitation of H3

+ ions obtained in the process of H3
+

formation f3,4g is also quenched in collisions with He atoms,
but the population of the lowest-energy levels slowest ortho
and para statesd is governed by collisions with H2. One has to
have in mind that proton transfer reactions sfrom ArH+ or
H2

+ to H2d producing H3
+ occur at nearly the rate of elastic

collisions, but the rate coefficients for reactions between H3
+

and H2, which change ortho-H3
+ to para-H3

+ and vice versa
s“state-changing collisions”d are a factor of 5–10 smaller,
ksc,3310−10 cm3 s−1 ssee Refs. f36–38gd. If recombination
of H3

+ is sensitive to the nuclear-spin state of H3
+ then re-

combination drives the H3
+ ions out of ortho-para thermal

equilibrium. In contrast, the state-changing collisions with
H2 shift the ortho-para H3

+ distribution toward the thermal
equilibrium. In this case, thermal equilibrium means a popu-
lation of rotational states corresponding to thermodynamic
equilibrium at the given temperature. Note that we have al-
ready demonstrated that in a plasma at 260 K the recombi-
nation of ortho- and para-H3

+ ions is very different f23g. The
recombination frequency snumber of events per unit timed is
nrec,aeffne and the “state-changing frequency” is nsc
,kscfH2g. The condition nsc.nrec required for thermal
equilibrium leads to kscfH2g.aeffne. If values typical for
FALP experiments sne,23109 cm−3 and aeff,1.5
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310−7 cm3 s−1d are used in this inequality, we obtain the
condition on the hydrogen density: fH2g.1012 cm−3. This is
an important density value for the interpretation of data in
the plasma experiments ssee also the definition of the rate
coefficient in plasma as it is discussed in f39gd. It is presum-
ably not accidental that the density 1012 cm−3 is the same as
the density at which the measured effective H3

+ recombina-
tion rate coefficient changes its character. We have in mind
that at temperatures below 300 K ksc and aeff are dependent
on rotational excitation sortho and para statesd of H2 and H3

+

than also the condition for thermal equilibrium is more com-
plex. We will come to this point again later.

Because a recombining plasma contains neutral molecules
and atoms, collisions between ions and electrons are per-
turbed by the neutral particles, which can influence the ob-
served effective plasma recombination rate. The perturbation
could be significant if in a electron-ion collision a long-lived
highly excited intermediate neutral molecule is formed ssee
the discussion in Refs. f23,28gd. If the third particle is an
atom from the buffer gas, the probability of such a collision
is proportional to its pressure, and as a consequence, the
apparent recombination rate coefficient will be pressure de-
pendent. Similar phenomena are well known from studies of
ion-molecule association reactions, which can have a binary
se.g., radiative associationd and/or three-body character de-
pending on the lifetime of the complex. The rate of these
processes can depend on pressure and temperature se.g., as-
sociative reactions, see the discussion in f40gd. The third-
body perturbation of H3

+ binary recombination in a plasma
was already mentioned in our recent study f23g. In the
present study, we show further experimental evidence for the
phenomenon and further aspects of the theoretical interpre-
tation, in conjunction with numerical calculation.

The rest of the paper is organized in as follows. First, we
briefly describe the experiments in Sec. II. Then we present
experimental results in Sec. III, where we interpret the ob-
served dependencies of the apparent binary recombination
rate coefficients saeffd on hydrogen and helium pressure, and
from that analysis, derive the binary and ternary recombina-
tion rate coefficients. Finally, in Sec. IV we present our the-
oretical description of ternary recombination of an H3

+

plasma and our calculation of the lifetimes of the long-lived
neutral molecules H3

p formed in the electron-ion collisions
and estimate the rate coefficient for the ternary channel of
H3

+ recombination. Section V summarizes our conclusions.

II. EXPERIMENTS

For measurements of pressure and temperature depen-
dences of the H3

+ recombination rate we have built the cryo-
FALP apparatus, designed to operate in the range 77–300 K
and at helium pressures adjustable from ,400 to ,2000 Pa.
The temperature is measured on several places along the
flow tube. The measurements at 77 K are carried out only
when all sections of the flow tube are cooled down to 77 K.
Ultrahigh vacuum sUHVd technology and high buffer gas
purity sthe level of impurities is ,0.1 ppmd are used in the
cryo-FALP sFig. 1d.

The cryo-FALP apparatus is a low-temperature high-
pressure variant of the standard FALP apparatus f41g. Here

we will just describe the essential features of the new con-
struction. In cryo-FALP, plasma is created in a microwave
discharge s10–30 Wd in the upstream glass section of the
flow tube sat 300 Kd. Because of the high pressure, He+ ions
formed by electron impact then react in a three-body asso-
ciation reaction with two atoms of helium, and a He2

+ domi-
nated plasma is formed. Downstream from the discharge re-
gion, Ar is added to He2

+ dominated afterglow plasma to
remove helium metastable atoms sHem in Fig. 2d formed in
the discharge and to form Ar+ dominated plasma ssee details
in f3,4,12,13gd. Via the second entry port situated approxi-
mately 35 ms downstream from the Ar entry port, hydrogen
sdiluted in Hed is introduced into the plasma, which at this
point is already cold. Note that the position in the flow tube
is linked to the decay time. In a sequence of ion-molecule
reactions, an H3

+ dominated plasma is formed shortly after
the second entry port.

We have used a numerical model to simulate the process
of formation of H3

+ dominated plasma. Examples of ion den-
sity evolutions calculated within the model for conditions
typical for the present cryo-FALP experiments are shown in

!"#

!"
!"

!"#$%&' ()"%'

!"#$%&'()**+%&' ,#$!
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FIG. 1. sColor onlined cryo-FALP. Plasma created in a micro-
wave discharge is carried along the flow tube by helium carrier
sbuffer gasd sfrom left to right in the drawingd. After addition of Ar
svia the indicated gas inletd the plasma is converted from He2

+

dominated to Ar+ dominated. Further downstream H2 is injected to
an already-relaxed plasma swith thermalized electronsd and an H3

+

dominated plasma is formed. The electron-density decay down-
stream from the hydrogen entry port is monitored by an axially
movable Langmuir probe.

FIG. 2. sColor onlined Left panel: calculated dependences of ion
formation and plasma decay in FALP after addition of Ars7.7
31012 cm−3d and H2s531012 cm−3d. Argon was added in the flow
tube 33 ms before H2. The time scale origin is set at the position of
the hydrogen injection port. The right panel focuses on a narrow
time interval corresponding to a transition from Ar+ dominated to
H3

+ dominated plasma after adding hydrogen.
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Fig. 2. Similar calculations were carried out for all of our
experiments presented in this work. Argon also plays a role
in plasma relaxation and in formation of H3

+ ions. However,
when an H3

+ dominated plasma has already been formed, Ar
does not play any role sin contrast with Hed because its den-
sity is at least four orders of magnitude lower than the he-
lium density. Downstream from the Ar entry port the flow
tube is thermally insulated and cooled to the desired tem-
perature by liquid nitrogen. Because theory suggests a very
strong temperature dependence of the process of interest, we
monitored carefully the temperature of the flow tube. An
axially movable Langmuir probe f42g is used to measure the
electron-density decay downstream from the hydrogen entry
port f24g. Electron energy distribution functions sEEDFsd
were checked along the flow tube to characterize plasma re-
laxation during the afterglow time f34,43g. Recombination of
O2

+ s“benchmark ion” f3,4gd was used for calibration of the
Langmuir probe over a broad range of pressures.

An advanced analysis was used to fit the decay curves
f3,17,44g with the purpose to obtain recombination rate co-
efficients from the measured decay of electron densities. In
the analysis we have assumed that once an H3

+ dominated
plasma is formed, the plasma decay can be described by a
single value of the recombination rate coefficient, which we
call the effective apparent binary recombination rate coeffi-
cient, aeff. The plasma decay can then be described by the
balance equation with a recombination and a diffusion loss
terms:

dne

dt
= − aeffnen+ −

ne

tD

= − aeffne
2 −

ne

tD

, s1d

where ne and n+ are electron and ion densities, respectively.
We assume that plasma is quasineutral sne=n+d. The constant
tD characterizes the ambipolar diffusion during the after-
glow. The recombination of H3

+ ions at temperatures below
300 K depends strongly on the rotational excitation of ions.
The assumption about the constant value of aeff must be
discussed for particular experimental conditions.

In the present experiments we use helium densities in the
range fHeg,631016–631017 cm−3 and hydrogen densities
in the range fH2g,1011–1014 cm−3. In the cryo-FALP and
other experiments discussed we use normal hydrogen sn-H2d,
i.e., the mixture of ortho- and para-H2 corresponding to 300
K sapproximately 25% of para-H2d. The variation in the
ortho- to para-H2 ratio with temperature in the interval 77–
300 K is not significant for the results of the present experi-
ments. sIn thermal equilibrium at 100 K the fraction of
para-H2 is ,38%, and at 77 K the fraction is ,50%.d

III. EXPERIMENTAL RESULTS

We monitored decay of the afterglow plasma in a
He /Ar /H2 mixture at different temperatures and over a
broad range of helium and hydrogen densities. Examples of
decay curves measured at 77 and at 250 K at several hydro-
gen densities are plotted in Fig. 3. The dependence of the
decay rate on hydrogen density is evident. The obtained ap-
parent recombination rate coefficients saeffd depend on all
three parameters aeffsT , fH2g , fHegd. It clearly indicates that

the observed “deionization process” is not pure binary disso-
ciative recombination. In Fig. 3 we have also plotted the
decay curves measured in a He/Ar afterglow plasma domi-
nated by Ar+ ions at 77 and at 250 K in otherwise very
similar conditions. At 250 K ssee lower paneld the decay
curve is exponential sstraight line in the semilogarithmic
plotd because recombination of these atomic ions is very
slow, and the decay is governed by ambipolar diffusion. At
77 K ssee upper panel of Fig. 3d we observe a faster decay
during the early afterglow sat higher electron densitiesd. We
assume that this faster decay is primarily due to collisional
radiative recombination sCRRd f45,46g and partly also due to
the formation of Ar2

+ ions sin three-body association at low
temperaturesd followed by immediate recombination of these
ions f47g. The rate of the decay is comparable with the rate
calculated for the CRR at ,85 K. This indicates that at po-
sition of the H2 port electron temperature is 77#Te#85 K.

The apparent binary recombination rate coefficients saeffd
obtained from measured decay curves in the H3

+ dominated
plasma are plotted as functions of hydrogen density in Fig. 4.
Examples of the data obtained in other experiments sFALP,
AISA, and TDT-CRDSd are also included in Fig. 4. Below
we summarize the data plotted in Fig. 4. Upper panel:

s1d 77 K, cryo-FALP. At a fixed flow tube temperature
sT=77 Kd and at fixed fHeg=1.931017 cm−3, the depen-

FIG. 3. sColor onlined Examples of electron-density decay
curves measured in the H3

+ dominated plasma at several hydrogen
densities. Upper panel: cryo-FALP experiment. Lower panel: FALP
experiment. The effective recombination rate coefficients obtained
at different hydrogen densities are indicated. For comparison, both
panels also show the decay curves srectanglesd obtained in the Ar+

dominated plasma with fH2g=0.
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dence of aeff on H2 density was measured from fH2g,2
31011 cm−3 to ,1013 cm−3. Then, for several other helium
densities the recombination rate coefficient was only mea-
sured in a limited range of hydrogen densities close to
fH2g,1013 cm−3. We plot only a few examples.

s2d 100 K, TDT-CRDS. The H3
+ ion density was mea-

sured by using laser absorption spectroscopy sCRDS tech-
niqued. During the discharge pulse and during the recombi-
nation dominated afterglow, the ion temperature was
determined from the Doppler broadening of an absorption
line. The details of such experiments can be found in f48g.

s3d 330 K, TDT-CRDS. The absorption spectroscopy tech-
nique sCRDSd was used to measure the temperature and den-
sity of the recombining H3

+ ions f25,26,48g. Relatively high
hydrogen density was used in these experiments. Therefore,
an extrapolation had to be carried out in order to obtain aeff
for lower hydrogen densities ssee the discussion belowd. For
details of this extrapolation see the discussion in f24,47g. In
some experiments, the He temperature was determined by
measuring the Doppler broadening of the H2O line f48g. We
have also assumed that the temperatures of H2O and He are
identical. The H2O density is very low but sensitivity of
CRDS is very high for this molecule. Lower panel:

s4d 130 and 230 K, AISA. Examples of data measured
with AISA. The data were measured at a fixed temperature
and at a fixed pressure as a function of hydrogen density.

s5d 170, 195, 250 K, FALP. Three different versions of
FALP designed to work at high He pressures were used in
these experiments.

s6d 300 K, Experiment by Laube et al. f49g. Low-pressure
FALP experiment: fH2g=231014 cm−3 and fHeg=1.6
31016 cm−3, obtained aeff is 7.8310−8 cm3 s−1.

s7d 295 K, experiment by Gougousi et al. f15g. In this
FALP experiment the dependence of the recombination rate
coefficient on fH2g was observed. The helium pressure was
about 130 Pa.

s8d 300 K, theory f8,38g. The value calculated for binary
dissociative recombination sfor fH2g=0d.

In above summarization and in the whole text we assume
that electron and ion temperatures are equal to buffer gas
temperature and this is equal to the temperature of the tube
schamberd. It was probed for 100 and 300 K in TDT-CRDS
by measuring Doppler broadening of absorption lines.

Notice that in certain experiments the rate coefficients
were measured over a limited range of hydrogen densities. In
our experiments, we have covered the 1010

, fH2g
,1016 cm−3 range sAISA, FALP, cryo-FALP, and TDT-
CRDSd.

In the measured dependences shown in Fig. 4 we distin-
guish three clearly different regions of hydrogen densities
that exhibit specific behavior of aeff as a function of fH2g.
We indicate these regions as N,1, N.1, and N@1. The
“vertical shifts” for some dependences in Fig. 4 ssuch as the
data presented with open and full triangles in the lower
paneld are discussed below. We characterize the three regions
as follows:

s1d fH2g,1012 cm−3, N,1. At these hydrogen densities
aeff decreases with decreasing hydrogen density. At such
conditions the H3

+ ions formed by an exothermic proton
transfer sfrom ArH+ or H2

+ to H2d do not have enough col-
lisions with H2 to establish ortho- or para-H3

+ thermal equi-
librium prior to their recombination ssee, e.g., the discussion
in f36–38gd. The number of these H2+H3

+ collisions that a
H3

+ ion will undergo prior to its recombination with an elec-
tron sat typical conditions of the discussed afterglow experi-
mentsd is indicated in Fig. 4 by number N. If N,1, the
decay of the plasma caused by the recombination sat a given
electron densityd is faster than the rate of rethermalization.
Therefore, in this nonequilibrium regime, the individual state
composition of H3

+ afterglow plasma is different along the
flow tube because the effective recombination rate depends
on the absolute value of electron density, which varies along
the length of the tube. By “state composition” we mean not
only the kinetic-energy distribution, which is established in
collisions with He atoms with a nearly collisional rate, but
also the rotational and ortho-H3

+/para-H3
+ state distribution.

A quantitative description of this particular regime would
require a much deeper theoretical analysis.

s2d 1012
, fH2g,531013 cm−3, N.1. In this regime, the

measured rate coefficients are nearly independent of fH2g.
On the basis of the same arguments mentioned above, it is
clear that at fH2g.1012 cm−3, the H3

+ ion sformed shortly
after hydrogen is injectedd has several collisions with H2

FIG. 4. sColor onlined Measured dependencies of the effective
recombination rate coefficient of H3

+ ions on hydrogen density. The
data obtained by cryo-FALP and TDT-CRDS are plotted in the up-
per panel. The data obtained in other experiments are plotted in the
lower panel. We have also plotted examples of data obtained in our
previous studies using: AISA, TDT-CRDS, and FALP. The FALP
data by Laube et al. f49g and Gougousi et al. f15g are plotted for
comparison. Additionally, we show the value of the theoretical re-
combination rate coefficient calculated for binary dissociative re-
combination sDRd, aBins300 Kd f8,38g. Note that for this theoreti-
cal result, only the binary DR process is considered, and as such it
cannot depend on the hydrogen density.
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prior to its recombination with an electron. Because only
some collisions lead to a change in rotational excitation of
H3

+ or in ortho↔para transitions f36,37gd, we assume that if
fH2g.1012 cm−3 the recombining ions in the flow tube will
be in thermal equilibrium corresponding to the hydrogen
temperature, which is assumed to be equal to the helium
temperature. Because of the independence of aeff on fH2g we
will call this region the “saturated region.” The boundaries of
the saturated region depend on actual helium pressure, tem-
perature, and electron density. The region is broad enough to
find conditions where the value of aeff is nearly constant fthe
plateau part of the aeffsfH2gd dependenceg. Depending on
experimental conditions we have covered either the whole
saturated region or in some cases just a part of it.

s3d fH2g.531013 cm−3, N@1. Here the measured re-
combination rate coefficient increases with hydrogen pres-
sure. This behavior is caused by a formation of H5

+ ions and
their fast recombination. The process is temperature and
pressure dependent ssee details in f24,50–52gd. Because of
the strong temperature and pressure dependences of ternary
association, the onset of this region depends on these param-
eters.

At first sight the “vertical shifts” of the dependences plot-
ted in Fig. 4 are very chaotic. We demonstrate below that
they arise because the apparent binary recombination rate
coefficient saeffd depends not only on hydrogen density and
temperature but also on the helium density. In addition, we
also show that the temperature dependence of aeff is not
monotonic.

We will not discuss the N,1 region here. However, in
connection with the data obtained at 77 K we want to point
out one difference from the data obtained at higher tempera-
tures. In all high-temperature experiments made at fH2g
,1012 cm−3, we have observed a fast decrease in aeff with
decreasing fH2g ssee, e.g., the FALP data measured at 250 K
in the lower panel of Fig. 4d. In measurements at 77 K using
cryo-FALP ssee the upper panel of Fig. 4d the decrease is
substantially smaller. The difference can be partly associated
with the effect of CRR at 77 K. At fH2g,1013 cm−3 when
the overall recombination rate coefficient aeffs77 Kd.1.0
310−7 cm3 s−1 we can neglect the influence of these pro-
cesses ssee the upper panels of Figs. 3 and 4d.

Figure 4 has a great deal of information, because it actu-
ally shows aeff as a function of three variables T, fH2g, and
fHeg. By analyzing the data we found the form of the func-
tion aeffsT , fH2g , fHegd in the saturated region, i.e., for the
plasma where the H3

+ ions before recombining undergo a
sufficient number of state-changing collisions with H2 to
reach thermal equilibrium. For a better analysis of the ex-
perimental data we plotted aeff measured at a fixed tempera-
ture as a function of helium density. The rate coefficients
measured in the three principally different afterglow experi-
ments at several different temperatures at hydrogen densities
corresponding to the saturated region are plotted as functions
of helium density in Fig. 5.

We briefly summarize the data plotted in Fig. 5. Upper
panel:

s1d 77 K, cryo-FALP. The data from measurements at
fH2g,1013 cm−3 at different fHeg ssee upper panel of Fig.
4d. The experiment was intended as a measurement of the

pressure dependence at a fixed temperature. The straight line
is the best fit through the measured data.

s2d 100 K, TDT-CRDS. The values plotted were obtained
from the measured dependences of aeff on hydrogen density
as limits approaching the saturated region ssee upper panel of
Fig. 4d. More details are given in f53g.

s3d 100 K, cryo-FALP. The present measurements.
s4d 130 K, AISA. The data were obtained from the mea-

sured dependence of aeff on hydrogen density ssee lower
panel of Fig. 4d. More details is given in f48g.

s5d 130 K, cryo-FALP. The present measurements.
s6d 77 K Theory. The horizontal line indicates the theo-

retical value of the recombination rate coefficient for binary
dissociative recombination sDRd of H3

+ at 77 K f8,38g.
Lower panel of Fig. 5:

s7d 150, 230 and 250 K, AISA. The values shown were
obtained from measured dependencies of aeff on hydrogen
density as limits approaching the saturated region ssee upper

FIG. 5. sColor onlined The effective binary recombination rate
coefficients saeffd measured at the stated temperatures are shown as
functions of the helium density. Upper panel: Low-temperature
data: cryo-FALP s77 Kd, TDT-CRDS and cryo-FALP s100 Kd, and
AISA and FALP s130 Kd. The horizontal line indicates the theoret-
ical value for binary dissociative recombination at 77 K f8,38g. For
details, see the summary in the text. Lower panel: higher-
temperature data: cryo-FALP s305 Kd, FALP s250–260, 170, and
195 Kd, TDT-CRDS s330 Kd, AISA s250–260, 230, and 150 Kd.
Individual points measured in other laboratories: Smith and Spanel
f16g, Laube et al. f49g, Leu et al. f51g ssee description in the textd.
The horizontal line indicates the theoretical value for the binary
dissociative recombination of H3

+ at 300 K f8,38g.
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panel of Fig. 4 and Ref. f48gd. The accuracy of the values is
high because the values were obtained from a number of
measurements.

s8d 170 and 195 K, FALP and AISA. The FALP data were
obtained as limits approaching the saturated region. The
straight lines connect the measured FALP points with the
AISA points, which are obtained by an interpolation of the
data measured by AISA at 130–230 K.

s9d 250–260 K, AISA and FALP. Compilation of data
from several experiments sfor details see Refs. f23,54gd.

s10d 305 K, cryo-FALP. The data were obtained by di-
rectly changing the helium pressure in the flow tube.

s11d 330 K, TDT-CRDS. The values were obtained as
limits approaching the saturated region ssee upper panel of
Fig. 4d.

s12d 210 and 300 K, Leu et al. f51g. In the experiment a
microwave technique was used to measure the electron den-
sity. The values 2.3310−7 and 3.3310−7 cm3 s−1 for 300
and 210 K, respectively spressure ,2.6 kPad were taken
from Figs. 2 and 4 of Ref. f51g.

s13d 300 K, Laube et al. f49g, a FALP sFALP-MSd experi-
ment. The measured value is aeff=7.8310−8 cm3 s−1 ssee
Fig. 4d. He pressure was ,70 Pa. Used hydrogen density
corresponds to the saturated region.

s14d 300 K, Smith and Spanel f16g a FALP experiment.
We show the value from their plot of the recombination rate
coefficient as a function of position along the flow tube sin
Fig. 4d. In the conditions that arise shortly after injection of
hydrogen, Smith and Spanel measured the value aeff,6
310−8 cm3 s−1 for a relatively long time ssee Fig. 4 in f16gd.
Further downstream, they obtained a lower value of the re-
combination rate coefficient. The helium pressure was
,260 Pa.

s15d 300 K, Gougousi et al. f15g. We did not include their
value in the graph because their measurements were at hy-
drogen densities too high and therefore out of the saturated
region. We only mention their experiment in order to show
that we included this study in our considerations.

With regard to data obtained by Laube et al. f49g, Smith
and Spanel f16g, and Gougousi et al. f15g, we have not ana-
lyzed their experiments in full detail. However, it is clear
from their studies that, in agreement with our experimental
data, there is a general trend: the effective rate coefficient
aeff increases with the increase in helium density sin the
temperature interval coveredd. In Refs. f15,16,49g the authors
used relatively low helium pressures. Therefore, the increase
in aeff with fHeg was not as large as we observe in our
measurements, such as cryo-FALP. Very high pressure was
used in f51g. As a result, they obtained large aeff in agree-
ment with the trend.

The experimental data plotted in Fig. 5 show that the
apparent effective binary recombination rate coefficient aeff
measured at a fixed temperature depends linearly on helium
density. We will discuss a possible recombination mecha-
nism below; but at this point we can assume that the process
has a binary character at very low fHeg, whereas with in-
creasing fHeg the helium assisted ternary process begins to
contribute substantially to the overall recombination deion-
ization process. Therefore, we can write for the observed
linear dependence

aeff = aBinsTd + KHesTdfHeg s2d

in terms of the rate coefficient aBinsTd for binary recombina-
tion and the rate coefficient KHesTd for ternary He-assisted
recombination. The two coefficients depend on temperature.
Note that for some temperatures we have the FALP data
se.g., 77 Kd, for others we used AISA and FALP data, and
also the TDT-CRDS data. The AISA data were obtained at
low helium densities. The FALP data were taken at high
helium densities and in most cases we could vary the He
pressure in the FALP experiments. We extrapolate the data
from AISA to temperatures 170 and 195 K. Then we plot a
straight line through these new points sobtained by the ex-
trapolationd and the corresponding points measured by FALP
ssee lower panel in Fig. 5d. Using the straight line fits we
obtain experimental values for aBin and KHe at 170 and 195
K.

The obtained values of the binary recombination rate co-
efficients aBinsTd are plotted in Fig. 6 as a function of tem-
perature. We also show on Fig. 6 thermal rate coefficients
calculated for binary dissociative recombination of H3

+

f8,38g. The agreement is very good. Note that the data for
170 and 195 K sat high fHegd were published f24,48g before
the calculation f8g. The data for 250 K was partially obtained
f3g also before the calculations. The pressure dependence of
the 250 K data set was measured after f23g the calculations
were published. Some data for 100 and 300 K were also
measured earlier, using CRDS f25,53g.

Figure 6 also presents the data obtained by Amano f14g
using absorption spectroscopy in experiments made with
pure hydrogen at ,40 PasfH2g,1016 cm−3d used as a
buffer gas. The large values of the measured recombination

FIG. 6. sColor onlined The H3
+ binary recombination rate coef-

ficient measured in the present study scirclesd. The theoretical val-
ues shown sthe dashed lined are calculated for relative populations
of para- and ortho-H3

+ corresponding to the thermal distribution at
the stated T f8,38g. The dotted line indicates values calculated from
cross sections obtained in storage ring experiments f10,11,55g using
cold ion sources. The present values are obtained as limits ap-
proaching the saturated region at low helium density from plots in
Fig. 5. We also show the data ssquaresd obtained by Amano in pure
hydrogen f14g. Further details are given in the text.
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rate coefficients indicate that the molecular hydrogen is a
more effective three-body partner swith an effective ternary
rate coefficient of order of 10−23 cm6 s−1d than helium,
which is not surprising because H2 has rotational and vibra-
tional degrees of freedom.

We have also checked that the observed linear pressure
dependence of aeff is not associated with the Langmuir probe
operating at different pressures from 40 to 2600 Pa. For this
test we have used the same probe to measure the recombina-
tion rate coefficient for O2

+ ions f3,4g. Our assumption was
that aO2

+ is pressure independent because O2
+ recombination

is a direct binary selectron-iond process. We have also stud-
ied the pressure dependence of recombination rate coeffi-
cients for HCO+ and DCO+ ions f54g using the probe. For
both cases sO2

+ and HCO+
/DCO+d we observed no pressure

dependence. Our HCO+ and DCO+ rate coefficients are in
good agreement with results of Leu et al. f51g and Amano
f14g measured by different techniques. Leu et al. f51g used a
microwave technique to determine electron densities but ob-
tained results are consistent with our observation.

The ternary rate coefficients obtained from the data plot-
ted in Fig. 5 are presented in Fig. 7 as a function of buffer
gas temperature. The values obtained for 300 K are the fol-
lowing: aBins300 Kd= s4.761.5d310−8 cm3 s−1 and
KHes300 Kd= s2.561.2d310−25 cm6 s−1. The figure shows
that the ternary rate coefficient has a maximum at ,170 K.
Toward lower temperatures the rate coefficient is decreasing.
This is a surprising result if one takes into account studies of
ternary association processes. For such processes the ternary
rate coefficients decrease monotonically with temperature
ssee Refs. f56–58gd.

We briefly summarize the data plotted in Fig. 7:
s1d 77 K, cryo-FALP. The data obtained from the pressure

dependence measured in the present experiments at 77 K.
See upper panels of Figs. 3–5. The value of KHe was ob-
tained from measurements that were repeated many times.

s2d 100 K, cryo-FALP and TDT-CRDS. The data obtained
by a combination of the values measured in two experiments.

The TDT-CRDS values are based on measurements of the
ion density evolution during the afterglow using CRDS ab-
sorption spectroscopy. ssee the upper panels of Figs. 4 and
5d. In order to calculate the ion density from the absorption
signal, thermodynamic equilibrium was assumed. The as-
sumption should be valid at the hydrogen densities used. The
cryo-FALP values were measured in the present experiments
supper panel of Fig. 5d.

s3d 130, 170, and 195 K, AISA and FALP. Data obtained
in two experiments sFig. 5d.

s4d 150 and 230 K, AISA. AISA was used to measure the
dependence of aeff on hydrogen density over a broad range
including the saturated region, slower panel of Fig. 4d. From
these measurements, average values of the recombination
rate coefficient in the saturated region have been obtained for
several temperatures ssee Fig. 5d. These data are very accu-
rate because the measurements have been done many times
at a fixed temperature. As we did not measure the depen-
dence on helium pressure in the AISA experiments, we cal-
culated KHe using Eq. s2d with the current theoretical value
for aBinsTd. The data have been obtained at low pressures,
160–330 Pa. Therefore, the ternary rate coefficients extracted
from this data have large error bars.

s5d 250–260 K, FALP and AISA. These data were ob-
tained in several experiments. A detailed description was
given in our previous publication f23g, but there is one key
difference: in that study f23g, the “260 K” plot also included
values obtained at temperatures close to but different from
260 K; the data shown there for aeffs260 Kd were recalcu-
lated from the measured values, assuming a T−0.5 depen-
dence, which is a small correction. Because of the additional
experiments with cryo-FALP the recalculation procedure was
not necessary in the present work. Now it is clear that aeff
depends on both temperature and pressure; in the vicinity of
260 K the temperature dependence is steeper than T−0.5.

s6d 305 K, cryo-FALP. In this experiment the pressure
dependence was measured ssee Fig. 5d.

s7d 330 K, TDT-CRDS. The measurements were similar
to those at 100 K supper panel of Fig. 4 and lower panel of
Fig. 5d. Two different absorption lines were used in these
studies. We have obtained the same value of the rate coeffi-
cient aeff using either absorption line.

s8d 210 and 300 K, data from Leu et al. f51g. ssee Fig. 5d.
We have utilized the current theoretical binary recombination
rate coefficients for 210 and 300 K and Eq. s2d to obtain the
corresponding ternary rate coefficients.

IV. THEORETICAL MODEL FOR HELIUM-ASSISTED

NEUTRALIZATION OF THE AFTERGLOW PLASMA

It is possible to estimate theoretically the rate coefficient
fEq. s2dg of the He-assisted recombination of H3

+ with elec-
trons in the following way. To stress that it is an estimated
value, we use symbol K3D for the theoretical coefficient.

He-assisted recombination is treated as a two step pro-
cess. In electron-H3

+ scattering, rotational autoionization
resonances of the neutral molecule H3

p play an important
role ssee, for example, Refs. f7,59gd. The star next to H3
refers to the unstable character of these autoionizing reso-

FIG. 7. sColor onlined The measured ternary recombination rate
coefficient, KHesTd, for helium assisted recombination of H3

+ with
electrons. The legend indicates the experiments used to extract the
data. The plotted line is shown merely to guide the eyes.
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nances. Such resonances with angular momentum l=1 could
be very quite broad due to the high probability to capture an
electron into the l=1 partial wave, but they normally contrib-
ute relatively little to the two-body, H3

++e− recombination
f7g, because almost always, such resonances decay back into
a free electron and an H3

+ ion. As we demonstrate below,
lifetimes of some of these resonances can be quite long. If,
during their lifetime, the H3

p molecule collides with a helium
atom, the collision can lead to a change in the electronic state
of the outer electron or in the rotational state of the H3

+ ion
and, therefore, can make the autoionization process impos-
sible sor, at least, much less probable than the dissociation of
H3d. The overall rate coefficient for such He-assisted recom-
bination is given by the formula derived in Ref. f23g:

K3D = klDta
p
, s3d

where a
p

is the rate coefficient for the formation of H3
p; kl is

the rate coefficient for l-changing collisions between He and
H3

p leading to the eventual dissociation of H3
p. Finally, Dt is

the delay time in the H3
++e− collision in the sense intro-

duced by Smith f60gd: it is an additional time that the elec-
tron spends near the ion in the modified Coulomb potential
compared to the collisional time in a pure Coulomb poten-
tial. The delay time and the coefficient a

p
are substantially

different from zero only near resonances. Therefore, the
three-body rate coefficient discussed above is expected to
vary resonantly as a function of collisional energy.

We stress here that the rate coefficients kl and a
p

de-
scribed above depend on the corresponding scattering ener-
gies sand defined as usual as cross sections multiplied by
relative velocitiesd. They are not yet thermally averaged over
the Maxwell-Boltzmann distribution. Correspondingly, the
ternary rate coefficient K3D in Eq. s3d depends on two ener-
gies: the energy E of the H3

++e− collision due to the depen-
dence of Dt and a

p
on E; and the energy EHe of collision

between He and H3
p due to the dependence of kl on EHe. In

this approach, however, the coefficient klsEHed is considered
to be constant over the energy interval of interest. The rate
coefficient a

p
in our estimation is evaluated as vssEd, where

v= s2E /md1/2 is the relative velocity, ssEd is the cross section
for the process leading to the delay time, and m is the re-
duced mass of the H3

++e− system.
For the following discussion, we assume that at a given

energy E, there could be several open H3
++e− ionization

channels si=1,2 , . . . ,nod. Such a situation is possible for the
conditions of the present experiment. If there are several
open channels, the three-body coefficient K3D above should
be averaged over the incident channels and summed over the
final ones. If the incident ionization channel sbefore colli-
siond is denoted by the index i, and the final one sfollowing
the collisiond is j, then the corresponding rate coefficient for
the three-body recombination during the i→ j inelastic colli-
sion is given by

klDt ji
Î2E/ms jisEd , s4d

with s jisEd being the cross section for the inelastic collision.
The delay time Dt ji for the process is an element of the
delay-time matrix Dt as it is introduced and discussed by
Smith f60g:

Dt ji = RF− i"
1

S ji

dS ji

dE
G , s5d

where S ji is an element of the scattering matrix for the i

→ j process. Notice a difference in conventions in the
present paper and Ref. f60g: Here, the first index in each
matrix denotes the final channel. The second index denotes
the incident channel. In Ref. f60g, the convention adopted
was the opposite, i.e., the first index–incident channel and
second index–final one.

The cross-section s jisEd is given by

s jisEd =
"

2
p

2mE
uS jiu

2. s6d

Using Eqs. s4d–s6d and taking the sum over the final ioniza-
tion channels j, we obtain the three-body rate coefficient Ki

3D

if the initial state of the H3
++e− system is i:

Ki
3D = klo

j=1

no

RF− i"
1

S ji

dS ji

dE
GÎ2E/m

"
2
p

2mE
uS jiu

2

= kls2Ed−1/2m−3/2
"

2
po

j=1

no

RF− i"
1

S ji

dS ji

dE
GuS jiu

2.

The sum in the second line can be simplified as f60g

o
j=1

no

RF− i"
1

S ji

dS ji

dE
G = o

j=1

no

RF− i"S ji
† dS ji

dE
G = − i"SS+ dS

dE
D

ii

= Qii, s7d

where Qii is a diagonal element of the lifetime matrix intro-
duced by Smith f60g,

Q = − i"S† dS

dE
, s8d

and the product S† dS

dE
in the above equation is the regular

matrix product. Due to the aforementioned difference in ma-
trix index conventions, the order of the product is opposite to
the one in Ref. f60g. Therefore, for Ki

3D we have

Ki
3D = klm

−3/2
"

2 p

Î2E
Qii, s9d

or in atomic units

Ki
3D = kl

p

Î2E
Qii. s10d

The next step in the evaluation of the three-body rate
coefficient is the thermal average over incident ionization
channels i and over the Maxwell-Boltzmann velocity distri-
bution for a given temperature T. The average over incident
channels is given by

oi
Ki

3D
wi exps−

Ei

kBTd
oi

wi exps−
Ei

kBTd
, s11d

where wi= s2Ni
++1ds2Ii+1d is the statistical weight of the

incident channel, Ni
+ and Ii are the angular momentum and

TEMPERATURE DEPENDENCE OF BINARY AND TERNARY… PHYSICAL REVIEW A 79, 052707 s2009d

052707-9



the nuclear spin of the H3
+ ion, respectively, Ei is the energy

of the incident channel srotational energy of channel id. The
average over the velocity senergyd distribution should be per-
formed over the two energy variables, E and EHe, in
Ki

3DsE ,EHed. Because Ki
3D does not depend on EHe, the ther-

mal averaging is reduced to the familiar two-body averaging
integral over E only

2
ÎpskBTd3E

0

`

Ki
3DsEdexpS−

E

kBT
DÎEdE . s12d

Combining the above equations, we obtain

kKi
3Dl =

2oi E
0

`

Ki
3D

wi exps−
E+Ei

kBT dÎEdE

ÎpskBTd3oi
wi exps−

Ei

kBTd
, s13d

or using the lifetime matrix element Qii,

kKi
3Dl =Î 2p

skBTd3

kloi E
0

`

Qiiwi exps−
E+Ei

kBT ddE

oi
wi exps−

Ei

kBTd
. s14d

The lifetime matrix Q is calculated using Eq. s8d from the
scattering matrices obtained numerically f7,8g. In practice,
the scattering matrix SsNd sand matrix QsNdd are calculated for
a fixed value of the total angular momentum N of the H3

+

+e− system, which is the sum of the ionic N+ and electronic
l angular momenta. The contributions Qii

sNd from different N

should be accounted in Eq. s14d, namely, as

Qii =
1

2N+ + 1o
N

s2N + 1dQii
sNd. s15d

The sum in the above equation runs over all N for which the
incident channel i enters into the scattering matrix. Since the
principal contribution to the rotational capturing of the elec-
tron comes from the l=1 partial wave, the sum has three or
less terms.

The collisional l-changing process is known to be rela-
tively effective for excited atomic Rydberg states f61g. Be-
cause the H3

psl=1d molecules formed in the H3
++e− colli-

sions have a large principal quantum number sn,40–100,
see Fig. 8d, it is reasonable to use the atomic rates for
l-changing collisions in our estimates. For Nap+He
l-changing collisions f61g the experimental rate is 2.3
310−8 cm3 s−1. In our estimation, we use this value for kl.
Using the procedure described above and the value above for
kl we have calculated thermally averaged rate coefficient for
the He-assisted recombination of H3

+. The coefficient is
shown in Fig. 9 as a function of temperature. The overall
agreement with the experimental rate coefficient shown in
Fig. 7 is reasonable given the approximative approach that
we used here. Below 150 K, the experimental curve drops
down, but the theoretical sdashedd curve continues to grow.
Interestingly, the curve for pure ortho-H3

+ sdot-dashed
curved has a behavior similar to the experiment. In fact, it is
possible that in the experiment the ortho- and para-H3

+ are
not in thermal equilibrium at low temperatures. Our previous

calculation f8g showed that the binary recombination rate of
H3

+ with electrons is much slower for ortho-H3
+ than for

para-H3
+: At low temperatures, due to fast recombination of

para-H3
+ the ratio ortho- to para-H3

+ could be larger than the
one at thermal ortho-para equilibrium. In such a situation the
averaged theoretical rate coefficient K3D in Fig. 9 would be
closer to the curve for ortho-H3

+, i.e., it would be lower at
small T similar to the experimental behavior sFig. 7d.

V. CONCLUSIONS AND DISCUSSION

We have studied recombination of H3
+ ions in an after-

glow plasma, in the presence of a helium buffer gas with a
small admixture of molecular hydrogen. The helium densi-

FIG. 8. sColor onlined Diagonal elements Qii of matrix Q for the
three lowest srotationald incident channels for the e−+H3

+ colli-
sions. The rotational channels are sN+ ,K+d= s11d, s10d, and s22d.
Each maximum in Qii corresponds to an autoionization resonance.
The lifetime of a resonances is given by Qii /4 evaluated at the
maximum if there is only one channel open, Qii=Q.

FIG. 9. sColor onlined Calculated thermally-averaged three-
body rate coefficient kK3Dl. The rate coefficients calculated sepa-
rately for ortho- and para-H3

+ are very different. If the recombining
plasma is not in thermal equilibrium with respect to ortho to para
ratio, the averaged rate coefficient sdashedd could be very different
from the one shown.
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ties were in the range 0.5–631017 cm−3 and hydrogen den-
sities 1–10031012 cm−3. In such conditions the H3

+ ions
formed in the plasma have several collisions with H2 before
they recombine with electrons. Thus, we assume that in these
conditions the ions are in ortho-para thermal equilibrium.
The apparent binary recombination rate coefficient aeff was
measured as function of hydrogen and helium densities for
several temperatures in the 77–330 K range. From the ex-
perimental data we have derived the binary and ternary re-
combination rate coefficients and their dependences on tem-
perature. The measured binary recombination rate coefficient
is in good agreement with recent theoretical calculation over
the whole covered temperature range s77–330 Kd. Therefore,
for the first time, the recombination rate coefficients obtained
in afterglow plasma experiments agree with storage ring ex-
periments and with theoretical values. As we have demon-
strated in the present study, results from previous afterglow
plasma experiments were previously interpreted without tak-
ing into account the role of the buffer gas and, as a result,
those experiments seemed to disagree with the storage ring
experiments and with theoretical calculation. The present
work reconcile observation data from the plasma and storage
ring experiments and the theoretical result.

The obtained binary rate coefficient at 300 K is aBin
= s4.761.5d310−8 cm3 s−1. The observed ternary recombi-
nation fKHes300 Kd= s2.561.2d310−25 cm6 s−1g is fast and
at pressures of hundreds of Pa it is already dominant over the
binary process. The dependence of the measured ternary re-
combination rate coefficient on temperature has a maximum
at ,130–170 K. The observed ternary process is more ef-
fective by factor about 100 than the process of ternary re-
combination described by Bates and Khare f20g.

To explain the process of fast ternary recombination we
have developed a theoretical model for the process. In par-
ticular, we have calculated the delay time in H3

++e− colli-

sions sDt as introduced by Smith f60gd. We found that the
delay time is sensitive to the rotational and nuclear-spin
states of the H3

+ ion. The delay time at collision energies
E,150 cm−1 can be of order of 100 ps for para-H3

+. During
that collision time, the H3

p molecule sH3
++e− complexd can

collide with a helium atom, which enhances the overall
plasma neutralization. The calculated delay time was used to
derive the ternary recombination rate coefficient. The derived
ternary coefficient as a function of temperature is smaller
than the experimental value by a factor of order 2–10, which
is plausible agreement for such a sophisticated process sfrom
a theoretical ab initio point of viewd within the somewhat
heuristic theoretical method employed. Theory can in prin-
ciple be further improved. In particular, the coefficient for
l-changing collisions can be evaluated more accurately. At
temperatures below 130 K there is a qualitative difference
between measured and calculated values of the ternary rate
coefficient: the experimental rate coefficient decreases with
temperature, the theoretical one continues to grow. It is pos-
sible that at low-temperature ortho- and para-H3

+ ion are not
in thermal equilibrium in this afterglow plasma because of
the very different recombination rate coefficients sternary
and binaryd. Nevertheless, for a first semiquantitative study
of this kind, the agreement between theory and experiment
for the ternary rate coefficients is encouraging.
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Flowing and stationary afterglow experiments were performed to study the recombination of D3
+

ions with electrons at temperatures from 77 to 300 K. A linear dependence of apparent seffectived
binary recombination rate coefficients on the pressure of the helium buffer gas was observed. Binary
sD3

++e−d and ternary sD3
++e−+Hed recombination rate coefficients were derived. The obtained

binary rate coefficient agrees with recent theoretical values for dissociative recombination of D3
+. We

describe the observed ternary process by a mechanism with two rate determining steps. In the first
step, a rotationally excited long-lived neutral D3

p is formed in D3
+−e− collisions. As the second step,

the D3
p collides with a helium atom that prevents autoionization of D3

p. We calculate lifetimes of D3
p

formed from ortho-, para-, or metastates of D3
+ and use the lifetimes to calculate ternary

recombination rate coefficients. © 2010 American Institute of Physics. fdoi:10.1063/1.3457940g

I. INTRODUCTION

Since the 1950s the recombination of H3
+ ions with elec-

trons has been considered one of the most important prob-
lems in recombination studies because of its fundamental
importance for plasma physics, theoretical atomic physics,
and astrophysics.1–10 The problem of H3

+ recombination mo-
tivated many theoretical and experimental studies when the
infrared absorption spectrum of H3

+ was observed11 and H3
+

was discovered in the auroral regions of Jupiter12 and in the
interstellar space.13,14

Before the year 2001, no theoretical explanation existed
for the relatively fast rate of recombination of H3

+ with elec-
trons that was observed in most experiments with H3

+.15–19 In
addition, there was a significant difference in recombination
rate coefficients obtained in different experiments.17,20 The
spectroscopic experiments with H3

+ did not solve the
problem.21–24 Up to now, the spectroscopic study of D3

+ re-
combination has not been reported at all.

The understanding of the main mechanism of binary dis-
sociative recombination sDRd of H3

+ and D3
+ improved when

the Jahn–Teller coupling was included in the theory.25–28 For
a plasma in thermodynamic equilibrium the obtained theoret-
ical values of the binary rate coefficients of the DR of H3

+ and
D3
+ ions are aH3

+s300 Kd=5.6310−8 cm3 s−1 and
aD3

+s300 Kd=4310−8 cm3 s−1, respectively.29,30 The theory
of DR predicted for H3

+ sand isotopologuesd26,27,31,32 that the
cross-sections depend on the rotational excitation of the ions.
In addition, it was shown27,32–34 that electron-ion collisions
can cause rotational excitation and de-excitation of the ion
with a high probability. In recent storage-ring experiments
with cold H3

+ ion sources the recombination rate coefficients

obtained agree well with the theoretical predictions.35,36 In
the Heidelberg TSR experiment,37 the DR cross-section ob-
tained for paraenriched H3

+ at low collision energies was
found to be larger than the cross-section for “normal” ortho-/
paramixture. These results have been confirmed in recent
CRYRING experiments in Stockholm.38 We have to mention
here that there is no direct sin situd determination of the state
population of recombining ions in the storage rings. Up to
now, no storage-ring measurement with cold and state se-
lected D3

+ has been carried out.
We have studied the recombination of both H3

+ and D3
+

ions with electrons in several plasma experiments: Advanced
Integrated Stationary Afterglow sAISAd sRefs. 6, 7, 39, and
40d and several modifications of the Flowing Afterglow with
Langmuir Probe sFALPd.41–43 It was found that the measured
recombination rate coefficients depend on the H2 sand D2d
densities.6,7,39–43 By measuring the He-pressure dependence,
we came to the conclusion that, in conditions typical for
afterglow experiments s77–300 K and 100–2000 Pad, the re-
combination of H3

+ and D3
+ ions with electrons is not a pure

binary process;44–46 helium and molecular hydrogen partici-
pate as the third body in H3

++e− and D3
++e− recombination.

The main focus of the present paper is the recombination
process in a D3

+-dominated afterglow plasma. The observed
plasma “deionization” can be described by an apparent sef-
fectived binary recombination rate coefficient,
aeff=aeffsT , fD2g , fHegd.

44–46 The index “eff” stresses the fact
that we measure the “effective binary recombination rate co-
efficient” from the rate of plasma deionization. The mea-
sured dependence of aeff on fD2g and fHeg suggests that the
observed deionization process may involve several parallel
and competing channels.

The sequence of collisions leading to recombination can
start with sD3

++D2d, sD3
++Hed, or sD3

++e−d collision. Colli-adElectronic mail: radek.plasil@mff.cuni.cz.
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sions and sD3
++e−d are discussed in detail below. The

sD3
++D2d collisions can lead to the formation of the interme-

diate van der Waals molecular ion D3
+ ·D2 which can be sta-

bilized in a low temperature plasma sthe process known as
ternary association, see, e.g., Ref. 43, 47, and 48d. After the
D5
+ ion is formed, the process of “deionization” is terminated

by a fast dissociative recombination between D5
+ and e−. The

process has been discussed quantitatively in previous
studies.41,43,48–50 Formation of D3

+ ·He is not considered be-
cause of its low dissociation energy.

Neutral unstable D3 and H3 molecules have been ob-
served many times in plasmas.51,52 The lifetimes of certain
electronic states of D3 and H3 molecules were calculated

53

and measured.54 Only certain electronic states of D3 can be
populated due to collisions D3

++e−. Our calculations suggest
that at low electron energies long-lived highly excited neutral
D3

p smolecular Rydberg statesd can be formed. This can lead
to ternary recombination in plasma. We found experimen-
tally that the recombination of D3

+ plasma depends also on
the helium density at 200–300 K.46 In the present study we
have extended our measurements down to 77 K.

Ternary electron-ion recombination was predicted by
Thomson55 and by Bates and Khare56 and observed in
experiments.57–59 The ternary recombination of D3

+ and H3
+

ions observed in our studies can be, depending on the tem-
perature, more effective than their estimate by a factor of
100. It is an essentially different process than the process
considered by Thomson. The large rate coefficients of the
observed ternary recombination of D3

+ and H3
+ are mainly due

to the long autoionization lifetimes of highly excited Ryd-
berg molecules formed in collision between D3

+ sor H3
+d and

electrons at low temperatures.

II. EXPERIMENTS

Several modifications of flowing afterglow experiments
were used in the presented work ssee description in Refs. 43
and 60–62d. The Cryo-FALP designed to operate at tempera-
tures in the range 77–300 K and at helium pressure 200–
2000 Pa was constructed and used for low temperature stud-
ies. In Cryo-FALP, the plasma is created in the upstream
glass section of the flow tube sat 300 Kd in the microwave
discharge s10–30 Wd in pure helium. Because of the high
pressure, He+ ions formed in the discharge react in a three-
body association reaction forming a He2

+-dominated plasma.
Downstream from the discharge, Ar is added and the plasma
becomes Ar+ dominated ssee details of the formation in Refs.
7, 39, and 43d.

Metastable He atoms formed in the discharge are re-
moved from the afterglow by Penning ionization when Ar is
added ssee Refs. 7 and 63d. Via the second entry port s35 ms
downstream from the Ar entry portd, D2 is introduced into
the already relaxed cold plasma. In a sequence of ion-
molecule reactions, the D3

+ dominated plasma is formed. A
numerical model is used to simulate the processes along the
flow tube. Analysis of the data calculated for fD2g=2.4
31012 cm−3 reveals that D3

+ becomes the dominant ion in
the decaying plasma approximately 2 ms after D2 is added.
Argon plays a role in plasma relaxation and in the formation

of D3
+ but after the D3

+-dominated plasma is formed, Ar does
not participate in ion chemistry anymore. Only at very high
fArg, the clusters D3

+ ·Ar can be formed.64 In the present ex-
periments we are using low Ar densities so we can neglect
the formation of D3

+ ·Ar. Note that formed D3
+ has several

collisions with D2 prior to its recombination so we can ex-
pect quenching of eventual internal excitation of D3

+ ions
gained from exothermicity of forming reactions ssee also dis-
cussion belowd.

Downstream from the Ar entry port the flow tube is
cooled by liquid nitrogen to the required temperature. An
axially movable Langmuir probe63,65 is used to monitor the
electron density decay downstream from the deuterium entry
port. This probe was calibrated by the well-known rate coef-
ficient of O2

+ recombination.5 In fact, the calibration just con-
firmed accuracy of electron density measurements based on
probe theory ssee also the discussion in Refs. 6, 7, 42, 62,
and 65–67d.

Although the plasma decay in D3
+ dominated plasma is

governed by several parallel recombination processes, we in-
troduce a single parameter of the decay—the effective appar-
ent binary recombination rate coefficient aeff. The decay can
then be described by the balance equation:

dne
dt

= − aeffnine −
ne

tD
= − aeffne

2 −
ne

tD
, s1d

where ne and ni are electron and ion densities. We assume
that the plasma is quasineutral sne=nid and the constant tD

characterizes the ambipolar diffusion during the afterglow. In
the experiments we used He and D2 densities in the interval
fHeg<631016−631017 cm−3 and fD2g<1011−1015 cm−3.
Analyzing dependencies of aeff on fHeg and fD2g and on
temperature we have obtained aeff=aeffsT , fD2g , fHegd.

III. EXPERIMENTAL RESULTS

To obtain effective recombination rate coefficients we
measured the electron density decay along the flow tube in a
He /Ar /D2 mixture. A few examples of decay curves, mea-
sured in the D3

+ dominated afterglow plasma at 77 K and at
several D2 densities, are plotted in panel sad of Fig. 1. The
dependence of the decay rate on fD2g is evident ssee discus-
sion in Refs. 7, 39, and 44–46d. Some examples of decay
curves measured at higher temperatures are plotted in panel
sbd of Fig. 1.

In Fig. 2 the measured effective binary recombination
rate coefficients saeffd, are plotted as functions of fD2g. We
also show the data previously obtained in other experiments.
Below we discuss in detail the data plotted in the figure.

Panel sad of Fig. 2:

s1d 77 K; Cryo-FALP. At a fixed flow tube temperature
T=77 K and at fHeg=2.131017 cm−3 the dependence
of aeff on fD2g was measured in the interval
331011 cm−3

, fD2g&431013 cm−3. For two other
helium densities, aeff was measured only over a limited
range, fD2g<s2–10d31012 cm−3. The measured de-
pendencies have a plateau where aeff is independent on
fD2g. Notice that the data obtained at different fHeg
overlap, indicating that at 77 K the dependence of aeff
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on fHeg is very small. At 77 K we have also measured
decay of the Ar+ dominated plasma fsee panel sad of
Fig. 1g. If the plasma decay was due to ambipolar dif-
fusion only, we would observe an exponential decay,

similar to the one observed for Ar+ ions at 250 K fthe
linear decay curve in semilogarithmic plot on panel sbd
of Fig. 1g. The faster decay in the early afterglow indi-
cates an additional loss mechanism. We assign it to the
process of collisional radiative recombination sCRRd of
Ar+ ions.68,69 The obtained ternary rate coefficient from
this fast decay is equal to the value calculated for the
CRR rate coefficient at temperature s85610d K. This
is an additional confirmation that the electron tempera-
ture in the afterglow plasma in Cryo-FALP is relaxed
and is close to the buffer gas temperature s77 Kd.

s2d 250 K; AISA. Examples of data measured with AISA at
210 and 270 Pa. The data were measured as a function
of the deuterium density.7,39 FALP. Examples of data
measured with FALP at pressure 1600 Pa. Some decay
curves are plotted in panel sbd of Fig. 1. Notice the
large dependence on pressure.

s3d 77 and 250 K fand 300 K in panel sbdg; theory of DR.
The aDR have been calculated under the assumption
that ions are in thermodynamic equilibrium.27,30

Panel sbd of Fig. 2:

s1d 170, 190, and 260 K; FALP. The data were obtained at
pressures 700–2000 Pa.43 The experiment was aiming
to understand recombination in a mixture of D3

+ and D5
+

ions. By changing fD2g the ratio fD3
+g / fD5

+g also
changes. From the measured aeff we obtained recombi-
nation rate coefficients for the both ions.43 To obtain
aeff for D3

+ ions we used linear plots and the limit for
fD2g→0 ssee the insetd.

s2d 300 K; Cryo-FALP. aeff measured over a limited inter-
val of fD2g at two He pressures s1020 and 1980 Pad. In
FALP experiments at 300 K of Gougousi et al.

70 and
Laubé et al.,71 the data were obtained at relatively high
fD2g ssee Fig. 3 in Ref. 46d.

In the experiments the fD2g was varied in the interval
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FIG. 1. Electron density decays measured in D3
+ dominated afterglow

plasma in the He /Ar /D2 mixture. sad Data measured at 77 K and 220 Pa.
The decay curve measured in Ar+ plasma is also given. sbd Data measured
with several modifications of the FALP geometry. He pressures and tem-
peratures are indicated. The decay curve measured in an Ar+ plasma s250 K
withd is also shown.
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+ effective binary recombination rate coefficient aeff as a function of the deuterium density. sad The data measured with Cryo-FALP s77 Kd, AISA
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fD2g are also shown s250 Kd. The theoretical values of DR rate coefficient aDR for 77, 250, and 300 K are also plotted sRef. 30d.
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1011 cm−3
, fD2g,1015 cm−3. In certain measurements aeff

was measured only over a limited interval of fD2g. Figure 2
provides information on the dependence of aeff on tempera-
ture and on fHeg and fD2g. It is evident from Fig. 2 that the
measured dependencies on fD2g clearly reveal three regions
with specific dependencies of aeff on fD2g. In addition, we
can see clear dependencies of aeff on fHeg and on tempera-
ture.

Below, we discuss recombination in plasma at such fD2g
for which aeff is nearly independent on fD2g, i.e.,
1012 cm−3

, fD2g,1014 cm−3, “the region of saturation.” At
such fD2g the D3

+ ion undergoes several collisions with D2

before it recombines with an electron. To demonstrate this
we compare the characteristic time for recombination with
the characteristic time of interaction with D2. The number of
interactions with D2, in Fig. 2sad indicated by N, could be
estimated if we consider only the collisions leading to a
change in the nuclear spin of D3

+, for which the rate coeffi-
cients are known,9,30,72 kSCH<2310−10 cm3 s−1. The fre-
quency nSCH of these reactions at fD2g=10

12 cm−3 is nSCH

=kSCH3 fD2g<200 s−1. If we use aeff<1310−7 cm3 s−1,
the recombination frequency is nrec=aeff3ne<200 s−1 at
the typical FALP conditions where ne<23109 cm−3.
For fD2g.1012 cm−3 and ne,23109 cm−3 we obtain
nSCH.nrec.

Using Cryo-FALP we have also carried out measure-
ments, in which the flow tube was first cooled by liquid
nitrogen down to 77 K and then the flow of liquid nitrogen
was stopped and the temperature of the flow tube was slowly
increasing up to 210 K. At fixed buffer gas pressure aeff was
measured as a function of the actual flow tube temperature.
The obtained data are plotted in Fig. 3. A sharp increase of
aeff with the increasing temperature starting from 77 K was
observed. When the temperature becomes larger than
<100 K, aeff starts to decrease.

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS

In this section we analyze the dependence of aeff on fHeg
in the “region of saturation,” 1012 cm−3

, fD2g,1014 cm−3.

In order to obtain the dependence of aeff on fHeg, we plotted
aeff measured at a constant temperature versus fHeg ssee Fig.
4d. At 250 and 300 K, we measured the dependence of aeff

on fHeg explicitly fsee panel sbd in Fig. 4g. For s195610d K
we have performed several measurements, including the one
obtained directly as a function of fHeg. On the corresponding
plots we can see a clear linear dependence of aeff on fHeg
sfull straight linesd. The dependence of aeff on fHeg at 77 K
was also measured explicitly. For temperatures 100, 130, and
170 K, we have measured aeff only for certain values of
fHeg.

If we assume that the D3
+-dominated plasma recombina-

tion is governed by the binary sD3
++e−d and ternary

sD3
++e−+Hed processes, the effective recombination rate can

be represented as

aeff = aBinsTd + KHesTd · fHeg , s2d

where aBinsTd is the effective rate coefficient for the binary
recombination and KHesTd is the effective rate coefficient for
the ternary recombination.

The aBin obtained from the measured fHeg-dependencies
of aeff ssolid lines in Fig. 4d are plotted in Fig. 5 as a function
of temperature. The agreement between the measured value
aBinsTd, the calculated value aDRsTd, and the CRYRING data
is very good. A linear extrapolation of the measured aBinsTd
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has been used to derive KHesTd from the measured aeffsTd
ssee dashed lines in Fig. 4d. The obtained values of KHesTd
are plotted in Fig. 6 as a function of temperature. We briefly
summarize the data plotted in Fig. 6.

s1d 77 K; Cryo-FALP sclosed diamondd. Data obtained in
the present experiments by measuring the pressure de-
pendence of aeff at 77 K ssee Fig. 4d. Actually, we have
observed only a very small pressure dependence
KHes77 Kd<0.5310−25 cm6 s−1.

s2d 130 and 170 K; FALP strianglesd. The experiments
were carried out using the flow tube with a small diam-
eter. A fast flow of the buffer gas is well suited for
studying fast plasma decays ssee decay curve for 170 K
in Fig. 1d. We have measured the dependence of aeff on
fD2g but only at one fixed fHeg. To obtain KHe, we have
used the extrapolated value of aBinsTd as discussed
above sthe dashed line in Fig. 5d.

s3d 190, 220, and 260 K; FALP strianglesd. aeff measured
in different experiments ssee Fig. 2, panel bd. To obtain
KHe we have used aBinsTd.

s4d 195, 250, and 300 K; FALP sclosed diamondsd. The
data from the pressure dependence of aeff, see panel sbd
of Fig. 4 ssee also Ref. 46d.

s5d 77–210 K; “Continuous measurement” with Cryo-
FALP sopen circlesd. We measured aeffsTd by continu-
ously increasing the flow tube temperature. From the
measured aeffsTd we calculated KHesTd using aBinsTd.

The ternary recombination rate coefficients calculated
for different spin states are also plotted in the Fig. 6. The
calculated and measured values are in good agreement at
temperatures above 100 K. The sharp increase of KHe ob-
served at temperatures below 100 K is somewhat surprising
when comparing with previous studies of ternary association
processes,48,61,75 in which the monotone decrease, K,T−n,
was usually observed. We can also refer to other
measurements69,76 of ternary recombination rate coefficients
in which the electron played the role of a third body. In these
studies a steep decrease of the rate coefficient with the tem-
perature was observed sCRR, K,T−9/2d. The measured rise
of KHe is not understood yet.

V. THEORETICAL MODEL FOR HELIUM-ASSISTED

TERNARY RECOMBINATION OF D3
+

The theory of the ternary helium assisted recombination
of H3

+ and D3
+ ions has been developed and described in our

earlier papers44–46 for the D3
+ recombination. We will give

only a short summary here. Low-energy s0–0.3 eVd colli-
sions between an electron and H3

+ sor D3
+d can lead to the

rotational excitation of the ion with an appreciable probabil-
ity ssee Table VI in Ref. 27d if the kinetic energy of the
incident electron is large enough to excite the ion rotation-
ally. The large probability is caused by a strong coupling
between the rotating ionic core sH3

+ or D3
+d and the motion of

the incident electron. For a given total angular momentum N

of the ion+electron system, the scattering amplitude for a
p-wave electron incident on the ion depends strongly on the
projection L=0,61 sps and pp electronic statesd of the
electronic angular momentum sl=1d on the molecular sym-
metry axis. When the electron is close to the ion, the energy
of the system is determined by the electronic states of the
molecule. Correspondingly, the scattering matrix is diagonal
if one considers the scattering from the ion with clumped
nuclei. At an infinite separation between the ion and the elec-
tron, the appropriate scattering channels are determined not
by L but by the rotational states of the ionic core, i.e., by
quantum numbers sN+ ,K+d. Here and below N+ and K+ are
the angular momentum of the ion and its projection on the
molecular symmetry axis. The quantum states with definite
sN+ ,K+d are linear combinations of states with different L.
Our treatment here considers only rotational transitions
swithout changing the vibrational level of the ion, which is
assumed to be the lowest vibrational leveld. In this situation,
the states with definite sN+ ,K+d and L are linked to each
other by Clebsch–Gordan coefficients srotational frame
transformationd. For more detail, see Refs. 27 and 32. Be-
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cause the scattering matrix at small ion-electron separations
is diagonal with very different diagonal elements swe do not
consider here the Jahn–Teller physics, which is inactive if the
initial and final vibrational levels of the ion are the samed,
the scattering matrix in the representation describing the
N+

→N+8=61 or N+
62 change in the rotational state has

appreciable nondiagonal matrix elements. Therefore, the
probability for the N+

→N+8=61 or N+
62 transitions could

be comparable to the unity. If the ion is in its lowest rota-
tional state and the electronic kinetic energy is not sufficient
for such a N+

→N+8 transition, the large difference in the
scattering phases between pp and ps states is transformed
into a large probability of transition from the open sN+d into
the closed sN+8d channel. In such a situation, the presence of
a closed channel is manifested as an appearance of a series of
autoionizing Rydberg resonances sBeutler–Fano resonancesd
with large widths in spectra of different observables ssuch as
photoionizationd. The series converges to the closed sN+8d
channel. Such a situation with the H3

+ ion has been observed
in photoionization experiments of Helm.77,78 In these experi-
ments, the Beutler–Fano photoionization parts of the spec-
trum fbetween the two coupled rotational levels, s10d and
s30d, of H3

+g demonstrate a series of wide Beutler–Fano
resonances79 with widths comparable to the energy differ-
ence between the two consecutive resonances. The fact that
the widths are comparable with the energy difference be-
tween the resonances means that the probability for
N+

→N+8 transitions in electron-ion collisions is comparable
to unity. The theoretical photoionization spectra based on
this concept77,78,80 agree well with the experimental data.

From a time-dependent point of view, the appearance of
resonances in spectra corresponds to a long D3

++e− collision
time. For collision energies between two coupled rotational
levels of D3

+ ffor example between the s00d and s20d levelsg,
the delay time in electron-ion collisions is increased and may
be long enough to be comparable with the time between two
consecutive collisions of the D3

++e− system with background
helium atoms. From a time-independent point of view, in a
low-temperature gas containing electrons and D3

+ ions, the
probability that a helium atom collides with a weakly bound
D3

p Rydberg molecule is significant because the electronic
probability density in D3

p is greatly increased near the ionic
core due to the strong interaction of the closed channel of the
D3

p complex with the entrance channel of the D3
++e− system.

As a result of this qualitative view of the process, we
have developed in Refs. 44–46 a two-step model for the
helium-assisted recombination of D3

+ sand H3
+d with elec-

trons. First, D3
+ and an e− collide and form a rotationally

autoionizing resonance D3
psnpd. Then a collision with a he-

lium atom changes the electron state of D3
psnpd to a state

D3
psnld with a different slÞ1d electronic angular momentum

that makes autoionization impossible and eventually leads to
the dissociation. This can be written as

sstep 1d D3
+ + e− → D3snpd , s3d

sstep 2d D3snpd→
He

D3snld → HD2 + D

D + D + D.
J s4d

The rate constant Ki
3DsE1 ,E2d for the two-step process

above depends on the energy E1 of collision between e− and
D3
+, on the energy E2 of collision between D3

p and He, and on
the initial state uil of D3

+. The formula for Ki
3DsE1 ,E2d is

derived in Ref. 45 sin a.u.d,

Ki
3DsE1,E2d =

p

Î2E1

QiisE1dk
lsE2d , s5d

where QiisE1d is the diagonal element of Smith’s lifetime
matrix,81 klsE2d is the rate constant for the second step of the
process, klsE2d=Î2E2 /m2ssE2d, ssE2d is the cross-section
for the second reaction in Eq. s4d, and m2 is the reduced mass
of the D3

p-He system.
The lifetime matrix elements QiisE1d in Eq. s5d depend

strongly on the energy E1 and on the initial state of the
electron-ion system. A few examples of the energy-
dependence of QiisE1d for several different initial states uil
are shown in Fig. 7. The figure shows the QiisE1d elements
for the all six irreducible representations of the D3

++e− sys-
tem sA18, A19, A28, A29, E8, and E9d at low collisional energies.
Most of the resonances shown are due to the Rydberg series
of autoionizing electronic states converging to the first ex-
cited rotational state of the corresponding irreducible repre-
sentation. As one can see from the figure, in addition to the
regular Rydberg series of resonances, there are resonances
perturbing the series. These perturbers belong to highly ex-
cited ionization limits.

In order to compare theory with the present experiment,
the rate constant Ki

3D should be averaged with respect to
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Maxwell–Boltzmann distributions over collisional energies
E1 and E2, and with respect to initial population of ionic
states uil at a given temperature T,

kK3Dl =Î 2p

skBTd3
kloie0

`QiisE1dwi exps− E1 + Ei/kBTddE1

oiwi exps− Ei/kBTd
,

s6d

where kl=klsE2d is assumed to be energy independent, wi and
Ei are the statistical weight and energy of the initial state uil
of the D3

+ ion, and kB is the Boltzmann constant.
45 The ther-

mally averaged rate coefficient kK3Dl obtained is shown in
Fig. 6.

VI. DISCUSSION AND CONCLUSIONS

This is the fourth in the present series of papers devoted
to the study of ternary and binary recombinations of H3

+ and
D3
+ ions with electrons. In previous papers we described ex-

perimental data for H3
+ recombination and data for D3

+ recom-
bination at 200–300 K.46 In the present paper we have ex-
tended the previous D3

+ study down to 77 K. The binary
recombination rate coefficients measured in the present ex-
periments are in good agreement with data calculated for
binary dissociative recombination27,28,30 and with available
storage ring data.73,74

We have also developed the theoretical model describing
process of the observed helium assisted ternary recombina-
tion. In this model we consider the helium-assisted recombi-
nation as a two-step process stwo rate determining stepsd.
First, the ion and electron collide forming a relatively long-
living autoionizing resonance D3

psnpd with the rotationally
excited ionic core. Then a collision with a helium atom
changes the electronic state of D3

psnpd to a state D3
psnld with

a different slÞ1d electronic angular momentum. To support
this model we calculated lifetime sdelay timed of D3

psnpd
formed in electron-ion interaction. Calculations showed that
at temperatures 77–300 K the lifetime can be as large as a
few hundreds of picoseconds. The obtained delay times were
used to calculate ternary recombination rate coefficients and
their temperature dependence. The calculated values are in
agreement with the measured values at higher temperatures
s100–300 Kd but the theoretical model does not describe cor-
rectly the observed suppression of ternary recombination at
lower temperatures. The disagreement might indicate that at
low temperatures the rate coefficients kl are not energy inde-
pendent ssee, e.g., theory and compilation of data by Hick-
man in Ref. 82d.

There are still many open questions concerning the pro-
cess of recombination of H3

+ and D3
+ ions. One of the most

important questions now is the state selectivity at low tem-
peratures.
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Measurements of recombination rate coefficients of binary and ternary recombination of Hþ
3 and Dþ

3 ions with
electrons in a low temperature plasma are described. The experiments were carried out in the afterglow plasma in
helium with a small admixture of Ar and parent gas (H2 or D2). For both ions a linear increase of measured
apparent binary recombination rate coefficients (�eff) with increasing helium density was observed:
�eff¼�BINþKHe[He]. From the measured dependencies, we have obtained for both ions the binary (�BIN) and
the ternary (KHe) rate coefficients and their temperature dependence. For the description of observed ternary
recombination a mechanism with two subsequent rate determining steps is proposed. In the first step, in Hþ

3 þ eÿ

(or Dþ
3 þ eÿ) collision, a rotationally excited long-lived Rydberg molecule H�

3 (or D
�
3) is formed. In the following

step H�
3 (or D

�
3) collides with a He atom of the buffer gas and this collision prevents autoionization of H�

3 (or D
�
3).

Lifetimes of the formed H�
3 (or D�

3) and corresponding ternary recombination rate coefficients have been
calculated. The theoretical and measured binary and ternary recombination rate coefficients obtained for Hþ

3 and
Dþ

3 ions are in good agreement.

Keywords: Hþ
3 and Oþ

3 ions; ions; binary recombination; He assisted ternary recombination; plasma; afterglow;
lifetime of Rydberg molecule

1. Introduction

The review is devoted to recently discovered fast

ternary helium assisted recombination of Hþ
3 and Dþ

3

ions. The recombination of Hþ
3 and Dþ

3 ions with

electrons is of fundamental importance for plasma

physics, theoretical physics, and for astrophysics. It has

been studied for over 60 years and during this time it

has had a very turbulent history [1–13]. The results of

experimental studies and theoretical predictions were

for a long time inconsistent and very confusing [7].

There were also large discrepancies between recombi-

nation rate coefficients obtained in different experi-

ments. The problem culminated when the infrared

absorption spectrum of Hþ
3 was observed in laboratory

[14] and when Hþ
3 was discovered in the auroral

regions of Jupiter [15] and in interstellar space [16,17].

For a long time the principal question was: is the

recombination of Hþ
3 , the key molecular ion in the

universe [10], fast or slow at conditions relevant for

astrophysical plasmas [7,18–21]? Spectroscopic identi-

fication of ions in recombining plasma didn’t solve the

problem of Hþ
3 recombination [22–25]. Up to now, a

spectroscopic study of Dþ
3 recombination has not been

reported at all.

Breakthrough came when a successful theory of

Hþ
3 recombination with electrons was developed by

Chris H. Greene and V. Kokoouline [26–28]. In

this theory Jahn–Teller non-Born-Oppenheimer cou-

pling was included to the description of Hþ
3 dissocia-

tive recombination. For low collision energies, the

theory gives different values of recombination rate

coefficients for different spin states of Hþ
3 and Dþ

3 .

For plasma in thermodynamic equilibrium, the

obtained theoretical values of the rate coefficients of

the dissociative recombination of Hþ
3 and Dþ

3 ions are

*Corresponding author. Email: juraj.glosik@mff.cuni.cz
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�H3þ (300K)¼ 5.6� 10ÿ8 cm3sÿ1 and �D3þ (300K)¼

4� 10ÿ8 cm3sÿ1, respectively [29,30]. Recently, Jungen

and Pratt also published their independent calculation

of cross-section of dissociative recombination of Hþ
3

and Dþ
3 and their isotopologues [31].

Having reliable theoretical cross-sections it is

obvious now that part of the problem with disagree-

ment between theory and older storage ring

experiments was in high ‘rotational temperature’ of

recombining ions (see [32] and detailed description in

the book by Larsson and Orel [7]). In recent storage

ring experiments with sources producing ‘cold Hþ
3 ions’

the obtained recombination rate coefficients were

very close to theoretical values [5,13,33,34]. New

experiments were designed [35,36] to measure

dependence of recombination cross-sections on rota-

tional excitation of Hþ
3 ions (para- and ortho-Hþ

3 ).

Faster recombination of para-Hþ
3 at low collision

energies was observed in the Heidelberg TSR experi-

ment [13,37]. This result was confirmed in recent

Cryring experiments in Stockholm [34]. Now, the

results of both the theory and the storage ring

experiments show that at low energies (corresponding

to T5 300K) Hþ
3 ions in the lowest para states

recombine faster than ions in the lowest ortho states

[12]. In the mentioned storage ring experiments the

state of Hþ
3 ions was determined prior to injection to

the storage ring, so there is no direct (in situ)

determination of the state of the recombining ions.

In fact the experiments were using para-H2 to obtain

‘enriched para-Hþ
3 ’ [34]. The agreement between

the calculated cross-sections and the cross-sections

measured by the storage ring experiments is so good

that the obtained recombination rate coefficients were

used to discuss values of cosmic ionization rate [38].

Despite the fact that recombination of ortho-Hþ
3 was

not measured explicitly and there are no real in situ

measurements of ortho/para ratio, the consonance of

storage ring cross-sections and theory can lead

to the conclusion that ‘the Hþ
3 saga is coming to the

end’ [12].

Up to now there are no storage ring measurements

with explicitly prepared cold or state selected Dþ
3

ions. The effect will not probably be as large as in Hþ
3 ,

because the calculations predict for binary dissociative

recombination only small differences between cross-

sections for ortho-, para-, and meta-Dþ
3 [30].

One important part of the Hþ
3 enigma was the

difference between the recombination rate coefficients

measured in plasma-type experiments and the rate

coefficients measured in recent storage ring experi-

ments. Very recently we have found experimental

evidence for a solution of this problem -we observed

that in Hþ
3 and in Dþ

3 dominated plasmas in He buffer

gas a very fast ternary He assisted recombination exists

[39–43]. The very large ternary recombination rate

coefficient is a direct consequence of formation of

long-lived highly excited neutrals H�
3/D

�
3 in the colli-

sions of Hþ
3 /D

þ
3 with electrons at low collisional

energies (77–300K). The collision of these Rydberg

molecules with atoms of a buffer gas (He) can lead to

successful termination of recombination process and

enhanced deionization of the plasma.

By changing number density of helium buffer gas,

we were able to separate the binary and ternary

recombination rate coefficients from the overall

recombination process.

In the present review we will concentrate on both

recombination processes. We will present our recent

experimental results which can be used to unify results

of plasma-type experiments with the results from

recent storage ring experiments and with the theory

of binary dissociative recombination of Hþ
3 and Dþ

3

ions [39–43]. We will describe recent progress in

understanding recombination of Hþ
3 /D

þ
3 ions with

electrons and we will present a model and results of

calculations of ternary recombination rate coefficients

for both ions. This is not intended to be a full review;

readers may find detailed description of stationary

afterglow experiments in the review by Plasil [9] and a

chapter on Hþ
3 dissociative recombination in the book

by Larsson and Orel [7]. More general information on

Hþ
3 ions and their recombination can be found in a

special issue of Philos. Trans. R. Soc. A [44]. A very

recent frontier article by Larsson, McCall and Orel [12]

gives a comprehensive description of Hþ
3 recombina-

tion and implications for astrophysics.

This article is organized as follows. In Section 2

experiments and experimental conditions are described

in brief. In the following Section 3, experimental results

are presented. In Section 4 we analyze experimental

data and present binary and ternary recombination

rate coefficients and their dependence on temperature.

In Section 5 we briefly introduce our theoretical

description of ternary helium assisted recombination

of Hþ
3 /D

þ
3 ions. Section 6 summarizes our results.

2. Experiments

We studied the recombination of both ions

with electrons in several plasma-type experiments. In

different modifications of ‘Flowing Afterglow

with Langmuir Probe’ – FALP (see [45–47]) and in

stationary pulsed afterglow (AISA, see [8,9,48,49]).

In these experiments we used Langmuir probes

to measure electron density decay in afterglow

plasma. In some stationary afterglow experiment we

2254 J. Glosı́k et al.
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also used laser absorption spectroscopy (CRDS tech-

nique [24,25,36]) to monitor decay of Hþ
3 ion density

during afterglow. The experiments were carried out in

a very wide range of experimental conditions and we

observed that the measured recombination rate coef-

ficients depend on these conditions. General feature of

used plasma-type experiment is that helium is used as

a buffer gas and small admixture of parent gases (H2 or

D2) is added to the buffer gas to form Hþ
3 /D

þ
3 ions. A

small admixture of Ar is also added to remove helium

metastables [9,50,51]. We have observed strong depen-

dence of measured recombination rate coefficient of

Hþ
3 /D

þ
3 ions on the parent gas density [8,9,45–49, etc.].

We have recently realized that measured effective

recombination rate coefficients depend also on the

He density [39–43].

We will not describe here all details of the

experiments because they were described in detail

elsewhere (e.g. in very compact form in [7] and also in

[9,24,40–42]).

The main difference between the stationary and the

flowing afterglow is in the formation of Hþ
3 /D

þ
3

dominated plasma. In the stationary afterglow all

gases in the discharge tube are exposed to pulse of

microwaves, which ignite a discharge. Ions, electrons

and excited atoms and molecules (formed by electron

impact in the discharge) react with the gases and

a steady state between formation and destruction

processes is reached within 1–10ms. The rate of

the formation process depends on partial densities of

the gases in the mixture (He/Ar/H2 or He/Ar/D2,

typical densities are He/Ar/H2� 1017/1014/1013 cmÿ3).

The microwaves are shut-off by a fast switch and the

plasma decay starts. During the decay of Hþ
3 or Dþ

3

dominated plasma the recombination and

the ambipolar diffusion are the dominant processes.

The kinetics of plasma formation and decay were

described many times so we will not go to details here

[9,46–48].

The formation of plasma in the Flowing afterglow

experiment is better defined than the formation in

the stationary afterglow. In the Flowing afterglow

experiment the processes participating in the formation

are not ‘overlapping’ but they can be separated in time

and space. In the Flowing afterglow (see Figure 1) He

buffer gas is flowing with high velocity along the flow

tube. In the upstream glass-section of the flow tube

there is a short discharge region where plasma is

generated in pure helium (Heþ, eÿ, and long-living

helium metastables He(23S) and He(21S)). The He flow

carries the plasma out from the discharge region and

fast relaxation takes place. In three-body associative

ion molecule reactions Heþ ions are converted to Heþ2 .

Further downstream small flow of Ar is added to the

low temperature Heþ2 dominated afterglow plasma

with nearly thermal electrons forming Arþ [51]. Hem

metastables formed in the discharge are converted to

Arþ through Penning ionization [50]. In consequent

reactions Arþ dominated plasma is formed [9,46].

Further downstream reactant gas H2/D2 is added to

the already thermal relaxed plasma to form Hþ
3 /D

þ
3

dominated plasma.

The processes taking part in the formation of

relaxed Hþ
3 and Dþ

3 dominated plasmas are well known

and understood and we consider them in our model of

‘plasma evolution’ in the stationary and flowing

afterglow (for details see [9,47,48]). In Figure 2 an

example of calculated ion density evolutions along the

flow tube is shown. The calculation was made for

conditions typical for present FALP experiments in

He/Ar/D2 plasma. At temperatures 77–300K there is

no substantial difference between formation of Hþ
3

or Dþ
3 dominated plasma, because appropriate

rate coefficients of the corresponding processes are

similar.

Special measures were taken to keep low concen-

tration of impurities (50.1 ppm) and UHV techniques

were used in all experiments. Measured mass-spectra

and calculated evolutions of relative ion densities are in

very good agreement thus confirming validity of the

model [9,48]. Electron density evolutions in FALP and

AISA were measured by Langmuir probe [52].

The Langmuir probe was validated by measuring the

well-established value of recombination rate coefficient

of Oþ
2 ions [9,53,54].

An example of relative ion density evolutions

measured in AISA experiment (for details see [9])

is plotted in Figure 3.

To explain the influence of the presence of slowly

recombining ions on overall deionization process in

plasma, we can assume, that there are two types of

He

Microwave 
discharge

P1
Cooling LN2

P2

Figure 1. Cryo - FALP. The buffer gas (He) flows first
through the discharge region (from the left to the right side in
the figure) and plasma formed in microwave discharge
is carried along the flow tube. Via port P1 small flow
of Ar is added to form Arþ dominated plasma. Via port P2
H2/D2 is added to form Hþ

3 /D
þ
3 dominated plasma [9,47,48].

The afterglow section of the flow tube downstream from P1
is cooled by liquid nitrogen. The buffer gas velocity gives the
relation between the position in the flow tube and the plasma
decay time (1 cm� 1ms). An axially movable Langmuir
probe is used to monitor the plasma parameters along the
flow tube.
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ions in an afterglow plasma, Aþ
1 and Aþ

2 with recom-

bination rate coefficients �1 and �2. Because the

plasma is quasineutral, we can write for the elec-

tron density: ne¼ [Aþ
1 ]þ [Aþ

2 ]¼ f1neþ f2ne, where

f1¼ [Aþ
1 ]/ne and f2¼ [Aþ

2 ]/ne are corresponding relative

populations – fractions. The balance equation for

electrons is:

dne

dt
¼ ÿ�1½A

þ
1 �ne ÿ �2½A

þ
2 �ne ÿ

ne

�D
¼ ÿ�1 f1n

2
e

ÿ �2 f2n
2
e ÿ

ne

�D
¼ ÿ�12n

2
e ÿ

ne

�D
ð1Þ

where �D is the characteristic diffusion time. For the

overall recombination we introduced �12¼ f1�1þ f2�2.

If one of the considered ions (e.g. Aþ
2 ) recombines only

very slowly in comparison with the other one, i.e.

�1��2, then we obtain �12� f1�1. If in addition f1!1

we obtain �12¼�1. Such situation occurs in He/Ar/H2

afterglow, where Arþ and ArHþ recombine very slowly

in comparison with Hþ
3 [7]. In other words, a small

fraction of slowly recombining ions do not influence

the value of apparent binary recombination rate

coefficient �eff determined from measured decay

curve. In the upper panel of Figure 3, the measured

fractions f¼ [Hþ
3 ]/([H

þ
3 ]þ [Arþ]þ [ArHþ]) are plotted

for different [H2]. It is evident from the plotted

dependencies that for [H2]4 2.6� 1011 cmÿ3 the fH3þ

is higher than 0.9 already after 10ms. When calculating

� from measured electron density decay we usually

skip the first 10ms of the decay and recombination rate

coefficient is determined only from decay in later

afterglow. In general we were using more advanced

methods and we were considering actual formation

processes at particular experimental conditions

[9,47,48,51].
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Figure 2. The calculated evolutions of the ion densities in He/Ar/D2 mixture for conditions typical for Cryo-FALP experiments
at 77K. The time scale origin is set at the position of the deuterium injection port (P2). The section of Heþ formation and
conversion prior P1 is not shown. Left panel: Ion-formation and decay after addition of Ar and D2 via port P1 and P2,
respectively. The densities of the neutral reactants used in the calculation are indicated. Right panel: Details of the transition
from Arþ dominated to the Dþ

3 dominated plasma after addition of deuterium.
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Figure 3. The measured evolutions of the relative ion
densities during an afterglow in He/Ar/H2 in AISA exper-
iment (detailed description given in [9]). Evolutions of Arþ

and ArHþ densities are plotted only for
[H2]¼ 6.7� 1011 cmÿ3 (closed symbols for all ions corre-
sponding to this hydrogen density). In the upper panel the
fractions f¼ [Hþ

3 ]/ne measured with two different hydrogen
densities are plotted. The dotted line indicates the calculated
rate of losses of Hþ

3 ions due to ambipolar diffusion (without
recombination).
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An example of electron density evolution measured

by Langmuir probe in Dþ
3 dominated plasma is plotted

in Figure 4 together with ions and electron densities

calculated from the model for actual experimental

conditions. The electron densities were calculated for

three indicated recombination rate coefficients. As one

can see the agreement of measured and calculated

electron densities can be obtained only for

�eff� 3.5� 10ÿ8 cm3 sÿ1.

3. Experimental results

To obtain the effective recombination rate coefficients

�eff we measured the electron density decay along the

flow tube in He/Ar/H2 (or D2) mixture. Some examples

of decay curves, measured in a Hþ
3 /D

þ
3 dominated

afterglow plasma at 77K and at several parent gas

densities ([H2], [D2]), are plotted in Figure 5. The

dependence of the decay rate on the parent gas density

is evident. This clearly indicates that the observed

‘deionization process’ is not a pure binary dissociative

recombination. Dependence of �eff on [He] was also

observed (see discussion below).

The examples of measured effective apparent

binary recombination rate coefficients (�eff) for Dþ
3

are plotted in Figure 6 as a function of the deuterium

density. The data were measured at a broad range of

experimental conditions using FALP and AISA appa-

ratus. Similar dependencies were obtained also in

experiments with Hþ
3 .

From the data plotted in Figure 6 we can see that

the character of the dependence of �eff on [D2] differs

for low and high density; it is also similar in hydrogen

experiments. In the present review we focus on
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Figure 5. Electron density decays measured in Hþ
3 and Dþ

3

dominated flowing afterglow plasmas at 77K in He/Ar/H2

and He/Ar/D2 mixtures (Cryo-FALP experiment). Also
plotted are the decay curves measured in Arþ dominated
plasma in a He/Ar mixture. Here the plasma decay is
governed by diffusion losses and by losses due to collisional
radiative recombination (CRR, non exponential decay at
higher electron densities, see discussion in [41,43]).
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Figure 4. Measured electron density decay and calculated
ion and electron densities evolutions (FALP experiment).
Three values of recombination rate coefficient were used in
the calculations; the best fit was obtained for
�eff� 3.5� 10ÿ8 cm3 sÿ1. The only adjustment in the calcula-
tion is the value of the initial Arþ density, we have set it equal
to the electron density measured at t¼ 0 (D2 entry port).
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Figure 6. The effective apparent binary recombination rate
coefficient (�eff) of Dþ

3 ions measured as a function of the
deuterium density. Examples of data measured in FALP and
AISA experiments.
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processes at H2/D2 densities higher than 1012 cmÿ3,

but lower than� 5� 1013 cmÿ3. At helium densities

and temperatures used in the experiments and at

parent gas densities higher than� 5� 1013 cmÿ3 ions

Hþ
5 /D

þ
5 can be formed by ternary association [55,56].

Recombination of these ions can enhance the plasma

decay and increase the measured apparent binary

recombination rate coefficient; for details see [45,47].

At D2 and H2 densities below 1012 cmÿ3 we

observed a strong dependence of the apparent

recombination rate coefficient on parent gas density

[9,40–43,48]. We observed a slow deionization process

even at conditions where there is no doubt about the

plasma formation process and plasma is dominated by

Hþ
3 and Dþ

3 ; see data plotted in Figures 2, 3 and 4 and

corresponding discussion. See also discussions in

previous papers [9,41,43,48]. We do not have an

explanation for this observation and further studies

are required to understand this phenomenon.

As was mentioned before, we will discuss experi-

mental results obtained with D2 and H2 densities

higher than 1012 cmÿ3, but lower than� 5� 1013 cmÿ3.

At these conditions the Hþ
3 and Dþ

3 formation is very

fast in comparison with the recombination process and

the recombining ions have multiple collisions with the

parent gas molecules prior to their recombination. We

can estimate the characteristic time constants of the

processes under typical experimental conditions. If

ne¼ 2� 109 cmÿ3 and �¼ 0.5� 10ÿ7 cm3 sÿ1 we obtain

for the ‘time of recombination’ �rec� 1/(ne�)¼ 10ms. If

[H2]¼ 1013 cmÿ3 and the collisional rate coefficient

k� 1� 10ÿ9 cm3sÿ1 we obtain for the corresponding

time constant �collH2� 1/(k[H2])¼ 0.1ms. From this

follows that if [H2]� 1013 cmÿ3 than Hþ
3 ion will have

around 100 collisions with H2 prior to its recombina-

tion with an electron. Since the He density is very high,

[He]� 1017 cmÿ3, we obtain �collHe� 1/(k[He])¼ 10 ns,

i.e. an ion has 106 collisions with He prior to

recombination. Despite the fact that the number of

collisions with H2 is low in comparison with number of

collisions with He atoms the collisions with H2 are very

important. The collisions with He will not change the

nuclear spin state of ions effectively, but collision with

H2 can lead to change of the spin state of the ion. If we

assume that the rate coefficient of the state changing

collisions with H2 is of order �1� 10ÿ10 cm3sÿ1, we

obtain that if [H2]� 1012 cmÿ3 then Hþ
3 ion has one

state changing collision prior to its recombination.

Because of these collisions with He and H2/D2 we

can expect that Hþ
3 /D

þ
3 ions are relaxed and also

internal excitation and nuclear spin states distributions

are in thermal equilibrium corresponding to tempera-

ture of the flow tube. Because of this equilibrium and

the character of dependencies plotted in Figure 6

we will call this region a ‘region of saturation’. We will

consider the average value of �eff on the plateau of

measured dependence as �eff at corresponding [He] and

temperature.

In the aforementioned estimation we do not

consider different recombination rate coefficients for

different nuclear spin states (ortho, para and meta).

Normal H2 and D2 were used in experiments and in

this sense, we are speaking about equilibrium (see dis-

cussion in [11,34])

We also carried out several experiments at fixed He

pressure with other conditions corresponding to

the ‘region of saturation’, in these experiments we

measured explicitly the temperature dependence of �eff.

In actual experiments we first cooled the flow tube to

77K and then stopped liquid nitrogen flow and �eff

was measured during the continuous increase in flow

tube temperature. The measured dependencies are

plotted in Figure 7. Note that at constant He pressure

the helium density (e.g. at 405 Pa and 77K it

is [He]¼ 3.8� 1017 cmÿ3) decreases with increasing

temperature, [He]� 1/T.

4. Analysis of the experimental results

The experimental data obtained from several experi-

ments and collected over several years (see examples in

previous section) were analysed in order to obtain

pressure (density) and temperature dependencies of the

recombination rate coefficients of Hþ
3 and Dþ

3 ions in

He buffered plasma. To obtain the dependence on He

density we carried out measurements at identical

buffer gas temperatures and plotted corresponding

rate coefficients as a function of helium density.

Examples of the dependencies obtained for Hþ
3 and

Dþ
3 ions are plotted in Figure 8.

Details of experiments are given in [9,24,40–43].

For demonstration we will comment just data

measured for both ions at 300� 10K. The Hþ
3 data

were obtained in FALP experiment [40,41] and in

stationary afterglow with laser absorption spectros-

copy (CRDS technique) [24,25,36]. In the CRDS study

the decays of ortho and para Hþ
3 densities were

measured [36]. In the plot there are also included

data obtained by Smith [4], by Laube [57] and high-

pressure data measured at 330K by Leu using micro-

wave diagnostics [58]. It is obvious that the dependence

on [He] is linear in a very good approximation (full line

in lower panel of Figure 8). The observed linear

dependence can be expressed in the form:

�effðT, ½He�Þ ¼ �BinðTÞ þ KHeðTÞ � ½He� ð2Þ

2258 J. Glosı́k et al.
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where �BIN(T ) is the rate coefficient of binary recom-

bination and KHe(T ) is the rate coefficient for the

ternary (helium assisted) recombination.

Also the data obtained for other temperatures can

be in very good approximation expressed by a linear

dependence. At given temperature the slopes of the

observed linear dependence give the ternary recombi-

nation rate coefficient and the low-pressure limit gives

the binary recombination rate coefficient �BIN(T ).

Because of the excellent agreement of �BIN(T ) with

theoretical �DR(T ), we conclude that it corresponds to

a binary dissociative recombination process. Close

attention was paid to the data measured at 77K. The

data were obtained in FALP experiments and also in

stationary afterglow using laser absorption spectros-

copy [36,39–43].

The values of the binary recombination rate coef-

ficients obtained from the low pressure limits of

measured linear dependencies (examples are plotted

in Figure 8) are plotted in Figure 9 as a function of

temperature. Plotted also are the thermal rate coeffi-

cients �DR calculated for binary dissociative recombi-

nation of Hþ
3 and Dþ

3 ions [30], the experimental values

obtained in storage ring experiments for Hþ
3 [13,33,34]

and the Cryring value for Dþ
3 [59,60]. The agreement of

measured �BIN(T ) with calculated values and with

storage ring data is excellent. If we assume that we

have the binary rate coefficient �BIN(T ) indicated by

dashed line in Figure 9 we can use formula (3) to

obtain the ternary rate coefficient KHe(T ) from a single

measurement of �eff(T ) without measuring the pressure

dependence. This was performed using the data of

Figure 7. The values KHe(T ) obtained this way

together with values obtained from pressure depen-

dencies (as plotted in Figure 8, see also data in [40–43])

are shown in Figure 10.

It should be emphasized that the data plotted in

Figures 9 and 10 are partly also based on the earlier
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Figure 8. Dependencies of effective (apparent) binary recom-
bination rate coefficients (�eff) on helium density measured at
indicated temperatures. The plotted Dþ

3 recombination rate
coefficients measured at 77K and 305K are indicated, other
plotted data are for Hþ

3 . The data were obtained at parent
gas densities: 1012 cmÿ3

5 [H2/D2]5 1014 cmÿ3, for details
see refs. [39–43]. Included are Hþ

3 data from Laube [67],
Smith and Spanel [4] and Leu [68]. At 300K and 77K the Hþ

3

data are plotted with open symbols and the Dþ
3 data with

closed symbols. The arrow indicates the theoretical value for
dissociative recombination of Hþ

3 at 300K, �DR(300K) [30].
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constant during the measurements. Deuterium and hydrogen
densities were in the ‘region of saturation’ (e.g. the partial
density of deuterium at 77K was �2.6� 1012 cmÿ3).
Indicated are also �DR calculated for binary dissociative
recombination [27,29,30] and experimentally obtained binary
rate coefficient �BIN (see definition in the text).

Molecular Physics 2259

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
K
o
t
r
í
k
,
 
T
o
m
á
š
]
 
A
t
:
 
0
7
:
2
3
 
7
 
S
e
p
t
e
m
b
e
r
 
2
0
1
0



results included in Figure 8 and therefore are the

results of measurements carried out over thirty years in

different afterglow experiments. However, the majority

of these data, in particular, the pressure and

temperature dependencies, were measured during the

period 2000–2009 (see [9,39–43,45–48]).

5. Theory of binary and He-assisted recombination of

Hþ
3 /D

þ
3 with electrons

The lowest rotational states of the ground vibrational

level of Hþ
3 and Dþ

3 are spaced by a few tens of wave

numbers. The spacing is, therefore, comparable to the

temperature of the experiments discussed above. It

means that transitions between individual rotational

states may play a role in the electron-ion collisions. In

particular, at such temperatures, typical energies of the

electron–ion collisions are such that the electron can be

captured into Rydberg states of rotationally excited

neutral molecule (into a rotationally autoionizing

states), i.e. the electron excites the ion rotationally

and becomes trapped into a long-living resonant state.

Such autoionizing resonances (the Beutler-Fano energy

interval) in the spectra of the neutral H3 or

D3 molecules increase significantly the duration of

Hþ
3 /D

þ
3 þ eÿ collisions. Certain combination of the

lowest rotational states of Hþ
3 and Dþ

3 are strongly

coupled by the incident p-wave electron. In the DR

spectra, the widths of the resonances are rather small

(compared to the energy spacing between rotational

states of the ion). It is because the DR probability per

one electron-ion collision is of order a few per cent or

smaller. It is worth stressing that the same autoionizing
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Figure 10. The ternary recombination rate coefficients,
KHe(T ), of He assisted recombination of Hþ

3 and Dþ
3 ion.

The values of KHe obtained with Cryo-FALP at fixed helium
pressure and continuously increasing temperatures are
indicated by circles (the measured �eff(T ) are plotted in
Figure 7). The diamonds indicate the data obtained by direct
measurements of pressure dependence (�eff([He])) at a fixed
temperature. Open squares indicate the values obtained for
Hþ

3 by laser absorption spectroscopy (CRDS technique
[24,36]). The inverse triangles indicate the data obtained in
FALP experiments at H2 and D2 densities slightly higher as
corresponds to ‘region of saturation’, extrapolation was
necessary to eliminate influence of Hþ

5 and Dþ
5 formation

(for details see [41,43,45,47]), because of these extrapolations
the accuracy of these data is lower. The stars indicate the
data obtained by Pittsburgh group using microwave diag-
nostics [58].
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Figure 9. The binary recombination rate coefficients �BIN

for Hþ
3 and Dþ

3 ions. The solid lines indicate the calculated
values for binary dissociative recombination (�DR) at a
thermal population of the para/ortho states of Hþ

3 and para/
ortho/meta states of Dþ

3 [29,30]. The values of �BIN

(indicated as Afterglow) were obtained from measured
�eff(T, [He]) as limits for low helium density (see examples
of the plots in the Figure 8). The dashed lines are linear fits of
the experimental data. Plotted is also the thermal value (�)
for Dþ

3 derived from the cross-sections measured in the
Cryring experiment [59,60]. The dotted line in the upper
panel indicates the storage ring data measured with
rotationally cold Hþ

3 ions [13,33,34,37].
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states have significantly larger widths in other

observables, such as photoionization spectra observed

in photoionization experiments by H. Helm [61,62] and

discussed theoretically in [62–64].

Such electron–ion collisions, with typical resonance

lifetimes up to 1 ns, that lead to the temporary

rotational (de)excitation of the ionic core don’t neces-

sary lead to a significant increase in the recombination

cross-section. This is because the electron leaves

eventually the ion, and the ion stays in the

same ground vibrational level. As it is discussed in

theoretical studies [26,27,29] devoted to binary DR,

the main mechanism that is responsible a significant

DR cross-section is the Jahn–Teller non-

Born–Oppenheimer effect that couples vibrational

motion of the ion with the electron motion. In

particular, the Jahn–Teller coupling is effective only

if during an electron-ion collision, the vibrational state

of the ion changes. That is why even wide purely

rotational resonances don’t increase the recombination

probability. However, if the electronþ ion complex is

disturbed during the time of collision, for example, by

a collision with a helium atom, it can lead to a change

in the electronic partial wave: (l-changing process).

The new state of the neutral electronþ ion complex

can be bound electronic state or still an autoionizing

state. Even if the new state is an autoionizing state, its

lifetime is usually significantly longer than the lifetime

of p-wave resonances formed in the electron–ion

collisions: autoionizing resonances other than p-wave

resonances correspond to a much weaker coupling

between rotational states of the ion and, therefore, they

live longer. In the both situations (bound or resonant

states), the electronþ ion complex will likely remain

neutral and dissociate instead of autoionizing.

It is quite well known that Rydberg alkali atoms

can undergo l-changing collisions with helium atoms

(see theory and compilation of data by Hickman

in [65]). The p-wave autoionizing resonances formed

during the electron-ion collisions are very similar to the

Rydberg states in alkali atoms: In both cases they are

characterized by a closed electronic shell of the ionic

core and an electron in a Rydberg state. Therefore, at

high helium densities the process He-assisted recombi-

nation of the Hþ
3 /D

þ
3 plasma becomes competitive with

the autionization process. Since this process depends

on the He density, we call it as the ternary channel.

The overall plasma decay rate will be determined

by the effective recombination rate coefficient �eff

(see Equation (2).

In order to evaluate theoretically the rate

coefficient KHe (see Equation (3)) for the ternary

recombination channel we need to calculate the time of

electronþ ion collisions. For the simplest case when

there is only one possible ionization channel (one open

channel), the time of collision � is given by the energy

derivative of the scattering phase �: �¼ 2�hd�/dE. For

the general case of several open channels, the time of

collision is characterized by elements D�ji of the delay-

time matrix D� introduced by Smith [66], where i and j

are the ionic (rotatinonal) states before and after a

collision with the electron. In the calculation of KHe we

take a sum over j and, as shown in [41], the quantity

that describes the collision time in the multichannel

case is the diagonal matrix element Qii of the Smith’s

lifetime matrix Q [66], which is evaluated using the

scattering matrix S for electron-ion collisions. When

only one channel is open the time of collision �

becomes equal to Q11. Several examples of Qii for

different initial rotational states of Hþ
3 and Dþ

3 ions are

given in Figure 11. The initial rotational state of the

ion is labeled by the pair (Nþ,Kþ) of quantum numbers

representing the rotational angular moment Nþ of the

ion and its projection Kþ on the molecular symmetry

axis.

The detailed derivation of the formula for KHe is

given in [41]. Here, we give the final results only, where

the averaging over the Maxwell-Boltzmann velocity

distribution as well as the averaging over the popula-

tion of different rotational states at a given tempera-

ture T is applied (in atomic units):

KHe ¼
1

2Nþ þ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�

kBTð Þ3

s

X

Nþþ1

N¼Nþÿ1

ð2Nþ 1Þ

�

kl
P

i

R1

0
QN

ii ðEÞwi exp ÿ
Eþ Ei

kBT

� �

dE

P

i wi exp ÿ
Ei

kBT

� � ð3Þ

where QN
ii (E ) is calculated for a given total angular

momentum N of the electronþ ion complex (similarly

to the elements of the scattering matrix SN
ji ), E is the

incident energy of the electron, Ei and wi are the energy

and the statistical weight of the initial rotational level

of the ion (wi includes the nuclear spin multiplicity), kl
is the rate coefficient for l-changing process in the

electronþ ion complex induced by collisions with He

atoms, kB is the Boltzmann constant.

The theoretical thermally-averaged ternary rate

coefficients KHe calculated for Hþ
3 and Dþ

3 as well as

for separate nuclear spin species of the both ions are

shown in Figure 12. For temperatures above 80K,

the theoretical rate coefficient for Dþ
3 agrees well with

the experimental values shown in Figure 10. The

theoretical rate coefficient for Hþ
3 is lower than the

experimental value by about a factor 4. The theoretical

model for the ternary recombination is quite crude

Molecular Physics 2261

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
K
o
t
r
í
k
,
 
T
o
m
á
š
]
 
A
t
:
 
0
7
:
2
3
 
7
 
S
e
p
t
e
m
b
e
r
 
2
0
1
0



mainly because the rate coefficient for l-changing

collisions is taken from the Na* data and assumed to

be energy-independent. In a more accurate approach

one would have to determine the energy-dependent

l-changing cross-section for H�
3 and then use the

cross-section in the present model. Therefore, the

factor 4 for the theory/experiment disagreement is

probably not very surprising. Below 80K there is a

qualitative disagreement between theory and experi-

ment for the both ions Hþ
3 and Dþ

3 . The theoretical rate

coefficients for the both ions grow with decreasing

temperature whereas the experimental rate coefficients

sharply decrease below 80K for Dþ
3 and below 100K

for Hþ
3 . The reason for this disagreement is unclear and

perhaps other value of the rate constant kl should

be used.

Figure 12 also suggests that the ternary rate

coefficient strongly depends on the nuclear spin of

the ion. The significant difference in values of

theoretical KHe for different nuclear spin species is

explained by different lifetimes of rotational autoioni-

zation resonances in the lifetime spectra (see Figure 11)

of the corresponding molecular ions at collisional

energies. The theoretical prediction about

nuclear-spin dependence of the coefficients could

be verified in an eventual experiment with ortho- or

para-enriched Hþ
3 .

6. Conclusions

We studied the pressure and temperature dependencies

of the plasma decay rate in Hþ
3 and Dþ

3 dominated

afterglow in helium with small admixtures of Ar and

H2 or D2 (parent gasses). We have observed ternary

helium assisted recombination of Hþ
3 and Dþ

3 ions with

electrons. From the observed linear dependencies

of the effective apparent binary recombination rate

coefficients on helium density �eff(T, [He]) we extracted

the binary �BIN(T ) and ternary KHe(T ) recombination

rate coefficients for both studied ions and their

dependencies on temperature (�BIN(T ) and KHe(T ),

see plots in Figures 9 and 10; for details see also

[40–43]). The obtained �BIN(T ) are in excellent

agreement with values predicted by theory for dissocia-

tive recombination of both ions [27,29,30] and with

recent storage ring values for Hþ
3 [13,33,34] and for Dþ

3

[59,60]. The observed ternary process is at tempera-

tures 100–300K by a factor of �100 faster than the

process of ternary recombination described by

Thomson and later theoretically predicted by Bates

[67] (see also more recent description by Flanery [68]).

At temperatures below 100K measured KHe decreases

with decreasing temperature and the rate coefficient of

ternary process predicted by Bates increases with

decreasing temperature, thus the difference is smaller

and at 77K is KHe comparable with the predicted

value. We described the reported new ternary process
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Figure 11. The diagonal elements Qii of the lifetime matrix Q
for several initial rotational states of Hþ

3 (upper panel) and
Dþ

3 (lower panel) ions. Each curve is labelled with the symbol
of symmetry, the Nþ and Kþ quantum numbers of the initial
state and o-, p-, or m- letters meaning ortho-, para-, or
meta-state of the nuclear spin.
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Figure 12. Ternary recombination rate coefficient KHe

calculated for Hþ
3 and Dþ

3 being in thermal equilibrium
with respect to their different nuclear spin species as well as
the rate coefficient calculated separately for each nuclear spin
species.
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by a mechanism with two rate determining steps. In the

first step neutral rotationally excited H�
3 or D�

3 is

formed in (Hþ
3 þ eÿ) or (Dþ

3 þ eÿ) collision and in a

second step the formed neutral H�
3/D

�
3 is stabilized

against autoionization by l-changing collision with

helium atom. To support this description we calculated

lifetimes of H�
3 (can be up to 300 ps, see Figure 11) and

D�
3 (up to 1000 ps) and finally ternary recombination

rate coefficients (see Figure 12). The calculated and

measured ternary recombination rate coefficients are

generally in good agreement.

Up to now we cannot explain the observed

decrease of the effective apparent binary recombination

rate coefficients (�eff) at low densities of H2

and D2 (see Figure 6). We are presently extending

measurements to lower temperatures and towards

state selective studies of binary and ternary recombina-

tion of Hþ
3 .
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P. Hlavenka, P. Dohnal, J. Varju, V. Kokoouline and

C.H. Greene, Phys. Rev. A 79, 052707 (2009).

[42] J. Glosı́k, I. Korolov, R. Plašil, T. Kotrı́k, P. Dohnal,
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a b s t r a c t

Recombination of HCO+ and DCO+ ions with electrons was studied in afterglow plasma. The flow
ing afterglow with Langmuir probe (FALP) apparatus was used to measure the recombination rate
coefficients and their temperature dependencies in the range 150–270 K. To obtain a recombination
rate coefficient for a particular ion, the dependencies on partial pressures of gases used in the ion
formation were measured. The variations of ˛HCO+ (T) and ˛DCO+ (T) seem to obey the power law:
˛HCO+ (T) = (2.0 ± 0.6) × 10−7 (T/300)−1.3 cm3 s−1 and ˛DCO+ (T) = (1.7 ± 0.5) × 10−7 (T/300)−1.1 cm3 s−1 over
the studied temperature range.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The HCO+ molecular ion is one of the key ions in astrophysically
relevant plasmas. In the interstellar medium it is predominantly
formed in ion molecule reactions of CO with H3

+. It is believed
that the major destruction mechanism for these ions is dissocia
tive recombination. Observations of both HCO+ and DCO+ ions are
powerful probes of physical conditions in these plasmas [1–3].

The recombination of HCO+ ions with lowtemperature elec
trons was studied many times theoretically and also by different
experimental techniques. The values of the thermal recombina
tion rate coefficient (at 300 K) obtained by different techniques,
such as merged beam study [4], storage ring experiments [5], sta
tionary afterglow [6–8] and flowing afterglow [9–11] are within
the range 1–3 × 10−7 cm3 s−1. The apparent agreement at 300 K
turns towards disagreement when temperature dependencies are
measured. For temperatures below 300 K, the measured recombi
nation rate coefficients differ by nearly one order of magnitude.
In some former experiments the possibility of internally excited
HCO+ (DCO+) ions, including the presence of higher energy isomers
HOC+ (and DOC+), cannot be excluded. The negative temperature
dependencies were observed in many previously reported studies
[5–10], but the character of these dependencies was very differ
ent. In addition, decrease of recombination rate coefficient with
decreasing temperature was obtained in a recent FALP experiment

∗ Corresponding author. Tel.: +420 221 912 224; fax: +420 284 685 095.
Email address: radek.plasil@mff.cuni.cz (R. Plasil).

[12]. The mechanism of dissociative recombination of the HCO+

ion is also very controversial. What is clear is that the recombi
nation of HCO+ is a multistep indirect process. It was concluded
that the ratedetermining step for recombination of HCO+ is a
capture into Rydberg states [13,14]. The most recent calculations
[15] have a tendency to decrease the distinctions between the
ory and experiment. Nevertheless, the calculated thermal value of
the recombination rate coefficient is lower by a factor of 10 [14,15]
than values obtained in numerous experimental studies [12,16]. The
discrepancy is probably caused by the imperfection of theoretical
calculations due to a lack of knowledge about modelling the disso
ciative recombination processes of triatomic ions. Nevertheless, we
cannot exclude that the problem lay in the experiments. In a recent
study of recombination of H3

+ it was observed that the measured
recombination rate coefficients in plasmatic experiments can be
enhanced at a higher pressure of ambient gas [17]. The phenom
ena is connected with mechanism of H3

+ recombination [18]. We
can expect similar phenomena also for HCO+ recombination (see
Refs. [14,15], see also discussion on H3

+ and HCO+ in Ref. [19]);
we considered this during our study. In order to confirm or dis
prove the unexpected temperature dependence observed in the
recent FALP experiment [12] and to obtain data about recombina
tion of DCO+, we carried out welldefined experiments using the
flowing afterglow technique (FALP). Having in mind a recent obser
vation of ternary recombination in H3

+ and D3
+ dominated plasma

[17], we also measured the pressure dependence of recombination
rate coefficients of HCO+ and DCO+ ions. In addition, attention was
paid to processes of formation of plasma dominated by the stud
ied ions in order to exclude the influence of highenergy isomers

13873806/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2008.07.023
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Fig. 1. The principle of FALP experiment. The plasma is formed in a microwave dis
charge and then is driven by the flow of helium along the flow tube (from left to right
in the drawing). The reactant gases (indicated for present experiments) are added
via ports P1 and P2 to form plasma dominated by the desired ions. The plasma
parameters are measured by a Langmuir probe movable along the flow tube from
the position of port P2 to the end of the flow tube. We set the time scale origin at
the position of port P2; tP2 = 0.

HOC+ and DOC+ in decaying plasma on measured recombination
rate coefficients.

2. Experiment

2.1. Experimental details

The principle of the flowing afterglow method used in present
FALP experiments is described in Fig. 1; the details are given else
where [20–23]. In a FALP experiment, helium buffer gas flows
along the flow tube. There is a glass section in the upstream part
of the flow tube where plasma is generated by microwave dis
charge (∼15 W). The flowing helium then drives plasma into a
stainless steel section of the flow tube (internal diameter ∼5 cm).
The plasma leaving the discharge region contains He+ ions, elec
trons and longliving helium metastables (He(23S) and He(21S))
[20,24,25]. Because of highHe pressure (1200–2000 Pa), He+ ions
are rapidly converted to He2

+ ions in a threebody association pro
cess (for description of kinetics in the He afterglow see Ref. [26] and
references therein). Downstream from the discharge region, Ar is
added to the flow tube. After an addition of Ar (via port P1), helium
metastables are removed from the plasma by Penning ionisation
and Ar+ ions and electrons are formed. The He2

+ ions also react with
Ar and Ar+ ions are formed. When the metastables are removed
the Ar+ dominated plasma rapidly relaxes. The processes of relax
ation in the flow tube are clear, well described and documented
[20,22,24,26]. Further reactant gases can be added to the afterglow
plasma via port P2 to form plasma dominated by the desired ion.
To minimise the level of impurities, helium is purified by passing
through a zeolite trap cooled by liquid nitrogen. The obtained impu
rity level of He in the flow tube is below 0.1 ppm. The flow tube is
cooled to 250 K to suppress partial pressure of water vapour. The
parameters of the plasma decaying along the flow tube are moni
tored by an axially movable Langmuir probe (7 mm long tungsten
wire of diameter 18 mm). Probe characteristics (current to voltage)
are measured at different positions along the flow tube. The corre
sponding electron number densities (ne) are determined from the
“electron saturated region” of measured probe characteristics. To
obtain absolute values of electron densities, the probe is calibrated
by measuring wellestablished recombination rate coefficients of
O2

+ ions [16,26]. In fact, the calibration just confirms the accuracy
of the electron density measurements based on probe theory [27].
Further relevant information connected with application of a Lang
muir probe in flowing afterglow and justification of used method
is given in Refs. [10,22,24,28,29].

The buffer gas velocity gives the relation between the decay
time and the position. The actual plasma velocity on the axis of
the flow tube is measured by a modulation of the discharge and by
monitoring the propagation of the distortion along the flow tube.

Table 1

The main reactions considered as leading to the formation and destruction of HCO+

ions

No. Reaction Rate coefficient (cm3 s−1) Reference

1
Ar+ + H2 → ArH+ + H 8 × 10−10

[33]
Ar+ + H2 → Ar + H2

+ 1 × 10−10

2 H2
+ + Ar → ArH+ + H 2.3 × 10−9 [34]

3 H2
+ + H2 → H3

+ + H 2.1 × 10−9 [34]

4 ArH+ + H2 → H3
+ + Ar 1.5 × 10−9 [34]

5
ArH+ + CO → HCO+ + Ar

1.25 × 10−9 [35]
ArH+ + CO → HOC+ + Ar

6 Ar+ + CO → CO+ + Ar 4 × 10−11 [36]

7 CO+ + H2 → HOC+ + H (48%) 1.5 × 10−9
[30]

CO+ + H2 → HCO+ + H

8 H2
+ + CO → HCO+ + H >1 × 10−9 [6]

9
H3

+ + CO → HOC+ + H2 (6%)
1.4 × 10−9 [6]

H3
+ + CO → HCO+ + H2

10 HOC+ + H2 → HCO+ + H2 4.7 × 10−10 [30]

11 HOC+ + CO → HCO+ + CO 6 × 10−10 [30]

12 HCO+ + e− → products 2.5 × 10−7 This work

13 CO+ + e− → C + O 2 × 10−7 [37]

14 HOC+ + e− → H + CO 1.3 × 10−7 [38]

The rate coefficients are specified for 300 K. The reactions leading to the formation of
Ar+ dominated plasma prior to the port P2 are not listed; for corresponding reactions
see, e.g., [26]. The detailed discussion about the reactions leading to the formation
of HCO+ dominated plasma is given in Ref. [32].

Under the used experimental conditions, we can monitor plasma
decay over 60 ms. From the decay of the electron density along
the flow tube, the recombination rate coefficient and characteristic
diffusion time are calculated. An advanced data analysis proce
dure was used to obtain the recombination rate coefficients. The
advanced data analysis method allows us to determine precisely
the formation/mixing region and to calculate the proper value of
the recombination rate coefficient (see discussion below and the
discussion in Refs. [22,26]).

2.2. Formation of plasmas dominated by HCO+ and DCO+ ions

and their decay

There are several possible reaction routes for creating the stud
ied ions. Reactions leading to the formation of HCO+ are listed in
Table 1. Formation of DCO+ is similar, so it will be not discussed fur
ther. Note that in some reactions, metastable HOC+ isomer ions are
formed as well. Nevertheless, they immediately react with H2 or CO
(exothermic catalytic isomerisation; for more detailed information
see [30] and [31]):

HOC+
+ H2 → HCO+

+ H2 and HOC+
+ CO → HCO+

+ CO

Since the rates of isomerization of HOC+ are relatively high, the
HOC+ ions will be converted into the lowest energy isomers in a
few milliseconds under our conditions and therefore they cannot
influence the measurement of the recombination rate coefficient
of HCO+ ions.

In order to optimise experimental conditions and to understand
details of processes in the afterglow, the evolution of partial densi
ties of ions along the flow tube were calculated using a numerical
kinetic model. The actual experimental conditions (plasma veloc
ity, pressure, the partial pressures of reactants, geometry of the flow
tube, temperature, etc.) were used in the model. The ambipolar dif
fusion, recombination loss processes and ion molecule reactions



146 I. Korolov et al. / International Journal of Mass Spectrometry 280 (2009) 144–148

Fig. 2. (Left panel) The calculated ionformation and plasma decay along the flow
tube at conditions typical for the present HCO+ experiments. (Right panel) A detail
of the calculated ion densities near the port P2 where H2 and CO are added (low
decay time). Conditions: T = 250 K, p = 1600 Pa. The partial densities of H2 and CO
are written in the figure. The time scale origin is set at the position of port P2, thus
times upstream have negative value.

were taken into account in the model. Quasineutrality of the after
glow plasma is assumed in the model. Results of the calculations
obtained for partial densities of reactants used in our experiments
are given in Fig. 2.

The numerical model of plasma formation for DCO+ ions gives
similar results as for HCO+. The data plotted in Fig. 2 indicate that
the plasma decay during the first 5 ms after the addition of reac
tants (see detail in right panel) is influenced by the presence of
several ions (Ar+, HCO+, H3

+, HOC+, etc.). Therefore, to avoid an erro
neous estimation of the recombination rate coefficients from the
experimental data we took into account the processes in the for
mation zone. Furthermore, for low concentration of H2 and higher
concentration of CO the plasma decay is influenced mainly by the
presence of a high amount of CO+ ions. We used the kinetic model
to calculate ion composition and electron density decays for dif
ferent H2 and CO densities. The recombination rate coefficient
˛HCO+ (250 K) = 2.5 × 10−7 cm3 s−1 was used in these calculations.
From the calculation it is evident that at lowhydrogen (deuterium)
concentrations [H2] < 2 × 1012 cm−3 the electron density decays
are obviously affected by the recombination of both HCO+ and
CO+ ions. We concluded that at buffer gas pressure 1100–1800 Pa,
the appropriate conditions for HCO+ study are given by the lim
its: 2 × 1012 cm−3 ≤ [H2] ≤ 1 × 1014 cm−3, [CO] ≤ 5 × 1012 cm−3. The
limitation [H2] ≤ 1 × 1014 cm−3 is required by the necessity to
exclude the formation of cluster/complex ions [39].

3. Results and discussion

The main goal of the present studies was to measure the tem
perature and pressure dependencies of the recombination rate
coefficients for HCO+ and DCO+ ions. The measurements were per
formed at temperatures 150–270 K. The total buffer gas pressure
was maintained at 1200 and 1600 Pa. The measurements were car
ried out over a wide range of CO and H2 (D2) densities. The electron
density decays were measured along the flow tube over the distance
∼30 cm. The corresponding decay time is ∼60 ms (see Fig. 2). Exam
ples of measured electron density decay curves in HCO+ and DCO+

dominated afterglow for several densities of H2 and D2, respectively
are plotted in Figs. 3 and 4.

Together with the HCO+ and DCO+ studies the measurements
in the He–Ar–H2 (or D2) mixture, i.e., without CO, were also per
formed and the recombination rate coefficients for H3

+ and D3
+

were obtained. Note in Fig. 3 that at given conditions, the rate of

Fig. 3. The examples of electron density decays measured in HCO+ dominated
plasmas at T = 250 K and at several hydrogen concentration, [H2]. The obtained
recombination rate coefficients are indicated. For the sake of comparison, decay
curves measured in H3

+ and Ar+ dominated plasmas in otherwise identical condi
tions are also included in the figure.

recombination of H3
+ ions is comparable with the rate of recom

bination of HCO+ ions; for a comparison see Fig. 2 from Smith
and Spanel in Ref. [10], or Fig. 7.2 from Ref. [19]. The reason is
that the present measurements are at a high pressure (1600 Pa)
and recombination of H3

+ has a ternary channel, which enhances
recombination at a higher pressure of ambient gas [17]. The rate
coefficients obtained for the recombination of HCO+ and DCO+ ions
at two different temperatures and two buffer gas pressures are
plotted in Fig. 5.

Within the accuracy of the FALP measurements (±30%), the
dependence of the measured recombination rate coefficient on
helium pressure was not observed. The obtained values of the rate
coefficients of recombination of HCO+ and DCO+ ions with electrons
at temperature 250 K are: ˛HCO+ (250 K) = (2.5 ± 0.7) × 10−7 cm3 s−1

and ˛DCO+ (250 K) = (1.9 ± 0.6) × 10−7 cm3 s−1. The obtained values
of these rate coefficients at temperature 180 K are evidently greater
than at 250 K (see Fig. 5): ˛HCO+ (180 K) = (3.7 ± 1.1) × 10−7 cm3 s−1

and ˛DCO+ (180 K) = (2.8 ± 0.8) × 10−7 cm3 s−1. Hence, the decrease

Fig. 4. The examples of electron density decays measured in DCO+ dominated plas
mas along the flow tube. The temperature, pressure and corresponding Ar, D2 and
CO densities are indicated.
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Fig. 5. The recombination rate coefficients measured as a function of H2 or D2 densi
ties in HCO+ (lower panel) and DCO+ (upper panel) dominated plasmas. The pressure
of He and temperatures are indicated. The stars indicate recombination rate coef
ficients measured in H3

+ (lower panel) and D3
+ (upper panel) dominated plasmas

(without addition of CO).

of the rate coefficients at temperatures below 300 K reported in
[12] was not observed. The dependence of the recombination rate
coefficient of DCO+ on temperature is plotted in Fig. 6. Over the
studied temperature range (150–270 K), the variation of ˛DCO+ (T)
seems to obey the power law of T−ˇ. Therefore, the experimental
data were fitted using the following equation in order to deter
mine ˇ: ˛(T) = ˛(300 K)(T/300 K)−ˇ, where ˛(300 K) and ˇ are the
parameters. After fitting the experimental data, the following ˇ and
˛(300 K) were determined for HCO+ and DCO+ recombination:

HCO+ : ˛HCO+ (300 K) = (2.0 ± 0.3) × 10−7 cm3 s−1 and

ˇ = 1.3 ± 0.2

Fig. 6. The temperature dependence of the recombination rate coefficient of DCO+

ions measured in FALP experiment. The corresponding buffer gas pressures are
indicated.

Fig. 7. The recombination rate coefficients of HCO+ and DCO+ ions measured in dif
ferent experiments. Recent theoretical values (Douguet et al. [15]) are also indicated.
For an overview, there are recent experimental values plotted: Amano [7], Rowe et
al. [11], Leu et al. [6], Laube et al. [41], Ganguli et al. [8], Smith and Spanel [10], Adams
et al. [9] and Poterya et al. [12]. The values from reference Le Padellec et al. [4] are
corrected in accordance with discussion in Ref. [19].

DCO+ : ˛DCO+ (300 K) = (1.7 ± 0.3) × 10−7 cm3 s−1 and

ˇ = 1.1 ± 0.2

It should be noted that such a strong dependence on tempera
ture is usually found when the dissociative recombination is driven
by the indirect mechanism. The measured recombination rate coef
ficients for DCO+ ions are somewhat lower than for HCO+ ions.
The obtained ˛HCO+ (T)/˛DCO+ (T) ratio for the temperature range
150–270 K is about ∼1.2, and it is in good agreement with the pre
viously obtained value by Poterya et al. [12], and with recently
obtained theoretical value by Douguet et al. [15].

We have also studied recombination of HCO+ using the sta
tionary afterglow apparatus AISA (see description in Refs. [26,40]).
The AISA is equipped with mass spectrometer to measure rela
tive densities of ions during the plasma decay. The pressure of
the ambient helium in AISA is ∼360 Pa. The obtained rate coeffi
cient is ˛eff(260 K) = (2.0 ± 0.3) × 10−7 cm3 s−1. The measured time
resolved mass spectra confirmed the data obtained from the kinetic
model. In the AISA experiments high attention was paid to the
suppression of the formation of atomic C+ ions.

Because of a large disproportion between the recent experimen
tal and theoretical values, the present HCO+ and DCO+ FALP and
AISA values are plotted in Fig. 7, together with data from other pub
lications. It is easy to see that our results are in a strong agreement
with the majority of the previous experimental results in the region,
where they overlap. Nevertheless our results are in contradiction
with the recent FALP study by Poterya et al. [12] at low tempera
tures. Additionally, we have not obtained an agreement with recent
theoretical values [14,15], which are lower by a factor of at least 10.

4. Conclusions

The recombination of HCO+ and DCO+ ions with elec
trons was studied in cold afterglow plasma in a welldefined
FALP experiment. The recombination rate coefficients and their
temperature dependencies were measured at temperatures
from 150 K up to 270 K. For both ions, the rate coefficients
increased as temperatures decreased. Over the studied temper
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ature range the variation of ˛HCO+ (T) and ˛DCO+ (T) seems to
obey the power law: ˛HCO+ (T) = 2.0 × 10−7 (T/300)−1.3 cm3 s−1 and
˛DCO+ (T) = 1.7 × 10−7 (T/300)−1.1 cm3 s−1.

The processes in the afterglow were modelled in order to control
experimental conditions and to minimise the possible influence of
HOC+ and DOC+ ions. The measurements were carried out at several
buffer gas pressures to check the possibility of a ternary recom
bination channel; we did not observe a pressure dependence of
measured recombination rate coefficients. The obtained rate coef
ficients agree with values obtained in several afterglow and beam
experiments. However they are higher by a factor of ∼10 than the
recent theoretical values [15]. The measured temperature depen
dencies are also different from the dependencies observed in the
recent experiment of Poterya et al. [12]. In agreement with theory,
we observed only a very weak isotopic effect.
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Rate coefficients for collisional-radiative recombination (CRR) of Ar+ ions with electrons have been measured

at temperatures from 77 to 180 K in a helium-buffered flowing-afterglow (Cryo-FALP) experiment at electron

densities ne from 108 to 1010 cm−3. The measured ternary rate coefficient KCRR at 77 K is (1.1± 0.4)×

10−17 cm6s−1 and the observed variation with temperature agrees well with the theoretical T −4.5 dependence.
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I. INTRODUCTION

In low-temperature plasmas that contain only atomic ions,

ternary electron-ion recombination is usually more efficient

than binary recombination. When plasma electrons act as

energy-removing third bodies, the process is referred to

as collisional-radiative recombination (CRR), which is the

subject of this paper. A similar process, in which energy

is transferred to neutral atoms, is less efficient by many

orders of magnitude and can be ignored in plasmas at low

neutral densities. CRR is important in many discharge and

astrophysical plasmas, in ultracold plasmas, but also as a

crucial step in the formation of antihydrogen in antiproton-

positron plasmas [1–4].

The theoretical framework of CRR, originally developed by

Bates et al. [5] and Mansbach and Keck [6], and the extensive

literature on the subject have been reviewed by several authors

(see, e.g., Flannery [7] and the book by Massey and Gilbody

[8]). For model calculations of CRR in plasmas the analytical

formula derived by Stevefelt et al. [9],

αCRR = 3.8× 10−9T −4.5
e ne + 1.55× 10−10T −0.63

e

+ 6× 10−9T −2.18
e n0.37e cm3s−1, (1)

is used. The effective binary recombination rate coefficient

αCRR, as a function of the electron temperature Te (in K) and

electron density ne (in cm
−3), is represented as a sum of three

terms. The first term describes purely collisional recombi-

nation, the second term accounts for radiative contributions,

while the third term corrects for the competition between

collisional and radiative recombination. At the temperatures

and the electron densities used in this study, the first term

accounts for more than 90% of the total CRR recombination.

A simpler approximate ternary recombination rate coefficient

KCRR = αCRR/ne
∼= 3.8× 10−9T −4.5

e cm6s−1 (2)

can then be defined, which is strongly dependent on temper-

ature, but independent on ne. Very recently, Pohl et al. [10]

have published improved calculations of the electron-impact-

induced transitions between excited Rydberg states. They

concluded that the original Mansbach and Keck results should

be revised and that as a consequence, the numerical factor

in the first terms of Eqs. (1) and (2) should be reduced from

3.8× 10−9 to 2.77× 10−9 K4.5 cm6s−1. In this paper, we will

continue to use the original value, while keeping in mind that

it may be too large by ≈37%.

The Stevefelt formula [Eq. (1)] has been confirmed experi-

mentally for different ion species in high-temperature plasmas

at electron temperatures Te from 1000 to 4000 K [11–14].

It is also known from afterglow observations by Veatch and

Oskam [15], Tsuji et al. [16], and Skrzypkowski et al. [17], that

CRR of atomic argon ions is a copious source of atomic argon

line emissions. Furthermore, Skrzypkowski et al. confirmed

that the recombination rate at Te = 300 K is given quite

accurately by the Stevefelt formula. However, to the best

of our knowledge, there are no measurements of CRR rate

coefficients in plasmas at temperatures lower than 300 K. It

is far from obvious that the approximations made in deriving

the Stevefelt formula remain valid at low temperatures [18].

Studies in ultracold plasmas have been carried out, but these

plasmas were confined by strong magnetic fields that affect

the recombination process [1,3,4].

The usual formulation of CRR includes radiative and

collisional transfer from continuum states into singly excited

states and between singly excited states of the atom, but

neglects doubly excited autoionizing states which, at least

in principle, can be formed by dielectronic recombination.

It has been brought to our attention by the referee that

low-temperature dielectronic recombination of rare-gas ions

(with the exception of He+) could proceed efficiently by

resonant capture of an electron into a high-Rydberg state

accompanied by excitation of the ion core from the 2P3/2 to the
2P1/2 spin-orbit state. In the case of highly charged ions with

similar electronic structure, some experiments indicate that

low-energy dielectronic recombination proceeds with large

rate coefficients near 10−8 cm3s−1 (see Lestinsky et al. [19]).

In the case of Ar+ ions, the spin-orbit states differ in energy

by ≈180 meV, so that formation of a Rydberg state with a

principal quantum number of ≈11 would be close to resonant

and could occur for thermal electrons. These resonances are

well known from photoionization and absorption experiments

and have been the subject ofmuch experimental and theoretical

work. However, there are no measurements or theory that

would allow us to estimate the contribution of dielectronic

recombination to the collisional-radiative recombination of

Ar+ ions. All experimental data that we will present later

are compatible with the assumption that binary dielectronic

recombination makes only a very minor contribution to CRR.
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For instance, a dielectronic recombination coefficient on the

order of 10−8 cm3s−1 at plasma temperatureT = 170 Kwould

exceed the CRR rate at ne = 109 cm−3 by a factor of ≈20.

Effects of this magnitude are clearly outside of the uncertainty

of our experiments. At 77 K we measured and analyzed

the dependence of overall recombination rate on electron

density. The data (see Sec. III) are sufficiently accurate to

rule out possible contributions from binary recombination in

excess of 2× 10−9 cm3s−1. Furthermore, a significant fraction

of this additional recombination loss probably results from

helium-assisted ternary recombination, not from dielectronic

recombination.

Our experiments do not distinguish between Ar+ 2P3/2
and 2P1/2 ions. We assume that both are present in the

statistical 2 to 1 ratio and that both recombine with the same

CRR rate coefficient. It is possible that some core-excited,

Rydberg states can be formed by electron-stabilized capture

of an electron by an Ar+ 2P1/2 ion and that autoionization

of these states affects recombination of Ar+ 2P1/2 ions. The

overall effect on CRR is likely to be small, however, since

autoionization will occur only for Rydberg states with low

electronic angular momentum and hence small statistical

weight. The spectroscopic observations by Skrzypkowski et al.

[17] provide some evidence that CRR populates argon excited

states with the 2P3/2 and
2P1/2 cores in the expected statistical

ratio, which suggests that Ar+ 2P3/2 and Ar
+ 2P1/2 ions

recombine with the same rates (see also discussion of possible

reaction mechanism by Tsuji et al. [16]).

In this paper, we present the results of our recent afterglow

studies of collisional-radiative recombination of Ar+ ions in

plasmas at temperatures from 77 to 180 K. While the basic

principles of recombinationmeasurements arewell established

and many such measurements have been carried out by us and

others, the strong T −4.5
e dependence of CRR on temperature

requires careful consideration of the electron and gas tempera-

tures in the afterglow plasma. Furthermore, it cannot be taken

for granted that the electrons are in thermal equilibrium with

the neutral gas, since part of the energy released by the CRR

process is transferred to the electron gas, which can increase

the electron temperature and hence reduce the CRR rate coeffi-

cient. The CRRmeasurements described here were carried out

at high concentrations of helium carrier gas which serves as an

“electron cooler.” As is well known, helium is particularly ef-

ficient for that purpose since the electron-helium momentum-

transfer cross section is large and helium atoms have a small

mass.

The residual electron heating by CRR can be estimated in

the following way: One assumes that each recombined ion

adds an energy 1E to the electron gas and that this energy

is dissipated in elastic collisions to the helium gas atoms at

a rate of 1E(2me/mHe)νcoll. Here, me and mHe denote the

masses of electrons and helium atoms, respectively, and νcoll
is the electron-helium collision frequency. A plausible value

of 1E may be the ionization energy of the Rydberg state

with principal quantum number of about n = 10 (0.136 eV)

since below that level, radiative rather than collisional energy

loss governs the decay to lower levels. If one accepts that

value of 1E, the electron temperature would rise above the

gas temperature by≈2 K at a helium pressure of 300 Pa, a gas

temperature of 77 K, and an electron density of 5× 109 cm−3.

TheCRR rate thenwould come out too small by≈11%. Hence,

to avoid excessive electron heating, we always used the lowest

practical electron densities and the highest possible helium

densities.

The foregoing estimates show that the electron temperature

remains quite close to the gas temperature, but under some

experimental conditions the gas temperature itself was found

to be noticeably higher than that of the walls of the flow

tube. These observations and the methods used to avoid this

problem will be discussed in Sec. IVB. We also calculated

the temperature distribution along the flow tube wall taking

into account the actual construction, positions of the cooling

elements, and thermal conductivities of the materials. This

temperature distribution was then used in detailed calculations

of the gas temperature in the flow tube and its dependence

on pressure and flow velocity. The calculated temperatures

were confirmed by performing a series of measurements of

the temperature dependence of ambipolar diffusion of Ar+

ions in helium. In the following text, if not stated otherwise,

the word “temperature” refers to the temperature of plasma

including electrons, ions, and gas.

II. EXPERIMENT

The measurements of recombination rate coefficients were

carried out in a flowing-afterglow-Langmuir-probe (FALP)

apparatus [20,21], modified for high-pressure experiments

[22–24]. For measurements at low temperatures (down to

77 K) a modified apparatus—Cryo-FALP, shown in Fig. 1,

was constructed. Further details are given in Refs. [25–28].

The flow tube is cooled by filling liquid-nitrogen reservoirs

attached to the wall of the flow tube. The upstream section

A (see Fig. 1) is kept at 300 K, section B is cooled to an

intermediate temperature near 150 K, and section C is cooled

to 77 K. For measurements above 77 K the liquid nitrogen in

section C is removed and data are taken while the temperature

of the flow tube is slowly increasing. The temperature

of the flow tube wall is measured by thermocouples at

six places.

In the Cryo-FALP experiment helium gas of high purity is

partially ionized in a microwave discharge (≈15 W) before

it enters the flow tube. The active plasma particles in the

plasma downstream from the discharge are mainly helium

metastables (Hem), some He+ ions, and electrons. At the

relatively high helium densities ([He] = 1017 cm−3) the He+

ions react with He by ternary association and form He +

2 ions.

The addition of argon gas ([Ar] <
∼
1014 cm−3) downstream

from the discharge region converts the He +

2 ions to Ar
+ ions

by charge transfer, and converts themetastableHem particles to

Ar+ ions by Penning ionization. Details of the reaction kinetics

He
Microwave
discharge

Ar
Cooling LN2300 K

A CB t  = 0

150 K

t  = L/v

77 K

FIG. 1. (Color online) Simplified diagram of the Cryo-FALP

apparatus (see text in Sec. II).
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and rate coefficients can be found in Ref. [29]. Recombination

measurements are carried out in the region downstream from

the argon gas inlet. A throttle valve at the input of the Roots

pump (located at the end of the flow tube) is used to adjust the

working pressure and the flow velocity of the buffer gas to the

desired value.

Recombination rate coefficients are derived from point-by-

point Langmuir-probe measurements of the electron density

at different distances from the argon gas inlet. The reliability

of Langmuir probes for this purpose is well established (see,

e.g., Refs. [25,30,31]). As an additional test, we measured and

confirmed the well-established recombination rate coefficient

of O +

2 ions [23,29,32]). In the Cryo-FALP, the probe is axially

movable along section C up to the end of the flow tube (Lmax =

35 cm). We determined the flow velocity of the plasma by

modulating the discharge and recording the Langmuir-probe

response at several positions along the flow tube. Themeasured

velocity of the plasma is used to relate the probe position to

the plasma decay time. We set t = 0 at the upstream end of

section C and define t > 0 for points further downstream.

Between the formation of the plasma in the discharge and

the beginning of section C (t = 0) the plasma decays for

approximately 50 ms, dependent on pressure and flow rate

of He. The plasma decay downstream from that point is

followed for an additional time of≈50 ms using the Langmuir

probe. This exceptionally long decay time enables us to mea-

sure rate coefficients of very slow recombination processes,

including CRR.

To establish optimal conditions for measurements of re-

combination rate coefficients, we developed a kinetic model

which includes the early decay in pure helium, the transition

from the He+, He+2 , and He
m precursor species to an Ar+-

dominated plasma after addition of Ar, and the decay due

to recombination and ambipolar diffusion (for details and

references see, e.g., [24,29]). The rate coefficient αCRR calcu-

lated from formula (1) is used to compute the recombination

loss. We assume that the buffer gas temperature in section

C is equal to the wall temperature, and that the ion and

electron temperatures are equal to that of the buffer gas. The

initial electron temperature shortly after the discharge region

is probably higher than the gas temperature as a consequence

of superelastic collisions of electrons with heliummetastables,

but the addition of argon quickly removes these metastables

by Penning ionization, and the electron temperature relaxes

rapidly to the buffer gas temperature (see relaxation studies

and EEDFmeasurements [33]). Hence, our model calculations

are not sensitive to the electron temperature shortly after

the discharge. The initial density of He+ ions is left as an

adjustable parameter in the model and we also assume that

the density of Hem flowing out of the discharge is equal to

the ion density [23]. These assumptions are inconsequential

since only the sum ([He+]+ [Hem]) enters. The important

conclusion is that only Ar+ ions survive to the beginning of

section C.

Figure 2 shows the calculated ion and electron densities

along the flow tube, together with an example of a measured

electron-density decay curve. Themeasured wall temperatures

are plotted in the lower panel of Fig. 2. Sections A and B are

deliberately kept at higher temperatures than sectionC because

otherwise the electron loss due to CRR in sections A and B

FIG. 2. (Color online) Calculated ion and electron densities at

different positions in the flow tube. Parameters used in the calculation:

He pressure, 300 Pa; flow rate of He, FHe = 4.2 Pa m3s−1. Tempera-

ture in section C: T = 80 K. Argon density: [Ar] = 2.3× 1013 cm−3.

Argon was added to the flow tube at a position corresponding to

t = −45 ms, indicated by an arrow. The lower panel shows the

wall temperatures, measured at several discrete positions and linearly

interpolated for points between sensors. Data points (solid circles):

Measured electron densities at conditions identical to those used in

the calculation.

would be too fast, leaving too few electrons and ions in section

C for reliable recombination rate measurements.

III. DATA ANALYSIS

When considering binary and ternary recombination and

ambipolar diffusion in quasineutral low-temperature plasma

(in helium buffer gas with density [He]) we can write the

balance equation for electrons:

dne

dt
= −K3n

3
e − α2n

2
e −

ne

τD
, (3)

where K3 is a rate coefficient of ternary electron-assisted

recombination [14] and τD is the characteristic decay time

of a fundamental diffusion mode. The rate coefficient α2 =

α2Bin + KHe[He] accounts for binary electron-ion recombina-

tion (α2Bin, including a possible contribution from dielectronic

recombination) and a ternary neutral stabilized recombination

(KHe[He], see, e.g., Refs. [14,34]). For the analysis of

experimental data the balance equation can be written in the

form

dne

dt
= −α2effn

2
e −

ne

τD
, (4)

where α2eff is the apparent (effective) binary recombi-

nation rate coefficient, α2eff = K3ne + α2 = K3ne + α2Bin +

KHe[He]. The experimental value of α2eff depends on ne and

to a minor extent on [He]. For Ar+ ions and helium buffer gas

at 77 K the value KHe(77 K) ≈ 10−26 cm6s−1 (for details see

Refs. [34,35]), at [He] ≈ 1017 cm−3 this leads to KHe[He] ≈

10−9 cm3s−1. To estimate the value of α2 = α2Bin + KHe[He]
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FIG. 3. (Color online) Decay of electron density along section C

of the flow tube at 77 K. At fixed pressure (p) the different helium

flow rates (FHe) correspond to different velocities of the buffer gas.

The fits (full lines) were made using analytical solution of Eq. (5).

The short slashes (LT ) mark the positions at which the calculated gas

temperature approaches the wall temperature to within 10%.

we measured electron density evolutions (decay curves)

starting at different initial electron densities (see, e.g., the

set plotted in Fig. 3) and fitted the data over a variable

range of electron densities from nemax down to the minimum

value at the downstream end of section C. By plotting α2eff
versus nemax at otherwise fixed experimental conditions we

obtained a linear dependence (an example of such a plot is

given in Fig. 4). The slope of the obtained dependence is

given by K3. The value obtained by extrapolation toward low

electron densities (nemax → 0) gives α2 = α2Bin + KHe[He] <

2× 10−9 cm3s−1. The extrapolated value agrees within a

factor of 2 with the estimated contribution from He-assisted

recombination. This implies that dielectronic recombination

(see the Introduction) is unlikely to contribute significantly to

the observed recombination loss.

FIG. 4. (Color online) Examples of dependence of apparent

(effective) binary recombination rate coefficient α2eff on nemax

obtained from three decay curves measured at 77 K.

If we assume that the dominant loss processes during

the afterglow are CRR and diffusion then the decay of the

electron density due to recombination (CRR) and diffusion is

approximately described by the differential equation

dne

dt
= −KCRR[Ar

+]n2e −
ne

τD
= −KCRRn

3
e −

ne

τD
, (5)

assuming quasineutrality. This equation has the analytical

solution

1

n2e(t)
= KCRRτD(e

2(t−t0)/τD − 1)+
1

n2e(t0)
e2(t−t0)/τD , (6)

and KCRR can be inferred from fits to the experimental values

of ne. However, for routine data analysis we usually employ

an “integral analysis.” By integrating Eq. (5) from time t0 to a

later time t , and rearranging terms, one obtains the expression

ln

(

ne(t)

ne(t0)
e(t−t0)/τD

)

= −KCRR

t
∫

t0

n2e(t
′)dt ′. (7)

KCRR can then be obtained from the slope of a graph of the

left-hand side of the equation vs the integral over the square

of the electron density. Examples of such data graphs will be

shown later.

IV. EXPERIMENTAL RESULTS

A. Gas temperature equilibration

Acceptable fits of the experimental data to our model

calculations were obtained only when the gas flow rate and

the flow velocity were reduced below their maximum values.

Figure 3 compares electron density decay curves for three

different helium flow rates FHe (but identical pressures) to

solutions of Eq. (5). For the smallest flow rate the fit is good

over the whole length of section C of the flow tube, but for

higher flow rates the initial recombination loss is considerably

slower than predicted by the model. The strong negative

temperature dependence ofKCRR provides a ready explanation

for these observations, namely, that at high flow rates the

helium flows a considerable distance into section C before

cooling down to the wall temperature. To gain further insight

into this problem, we derived numerical solutions describing

the heat transfer from the walls to the gas, taking into account

the temperature distributions in the three sections of the flow

tube, and using the parabolic velocity profile of the flowing gas.

Since most of the details of these rather lengthy calculations

are not relevant to the subject of this paper, we omit a

full description, but in Fig. 3 we have marked the positions

(LT) at which the calculated gas temperature approaches the

wall temperature to within 10%. As may be seen in the

figure, the calculated and observed temperature equilibration

distances agree fairly well. All subsequent measurements were

carried out under conditions where this “thermal equilibration

distance” was sufficiently short.

B. Ambipolar diffusion measurements

Accurate afterglow determinations of recombination coef-

ficients require a clear separation of the recombination and

diffusion losses of ions. In the present experiments this is
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somewhat more complicated than in studies of dissociative

recombination since both losses have similar rates. The upper

panel of Fig. 5 shows a semilog graph of the measured electron

density vs afterglow time, the calculated exponential decay

due to diffusion only, and a model fit to the data, based on

Eq. (5). The model accurately reproduces the transition from a

recombination-controlled to a diffusion-controlled afterglow.

The lower panel shows a graph of the reciprocal square of the

measured electron density vs time. The format is analogous

to the 1/ne vs t graphs that are commonly used to analyze

binary recombination data. As can be seen from Eq. (6), in

cases where recombination losses are dominant, such graphs

are linear, as indicated by the dashed line, and the ternary

recombination coefficientKCRR is then given by one-half of the

slope of the straight-line fit. This simplified analysis is clearly

inappropriate in our case. Hence, ambipolar diffusion losses

and their dependence on temperature have to be explicitly

included in the data analysis and this requires accurate values

of the diffusion coefficients.

The diffusion losses enter Eq. (5) through the diffusion

time constant τD = 32/Da, where Da refers to the ambipolar

FIG. 5. (Color online) The plots used in the simple analysis of the

measured electron density decay. Upper panel: Themeasured electron

density; the straight dashed line corresponds to the diffusion losses.

Lower panel: 1/n2e versus t plot; the straight dashed line indicates

losses due to CRR.

diffusion constant of Ar+ ions in helium and 3 = (R/2.405)

is the fundamental diffusion length of a cylinder of radius

R. The value of Da can either be inferred from the observed

electron-density decay constant τD in the late afterglow, or

it can be calculated from the well-known relation between

ambipolar diffusion and reduced mobility K0 of Ar
+ ions in

helium. We carried out a comparison of the measured and

calculated values of τD as a test of the internal consistency of

our afterglow data and analysis. Using the relations given by

Mason and McDaniel [36] one can show that 1/τD is given by

1

τD
= 4.63× 1015

K0(T )

32

T

[He]
s−1, (8)

for the case where electrons and gas have a common temper-

ature T ([He] in cm−3, T in K, K0 in cm
2V−1s−1, and 3 in

cm).

Since the zero-field mobility K0 of Ar
+ in He is nearly

independent of temperatures below 300 K, a graph of mea-

sured values of [He]/τD as a function of temperature T should

yield a straight line with the correct slope. If one takes into

account the slight increase of the zero-field reduced mobility

K0 of Ar
+ in He with temperature, from 18.9 cm2V−1s−1

at 77 K to 20.5 cm2V−1s−1 at 300 K [37–39] the graph of

measured values of [He]/τD vs T should exhibit only a

small deviation from linearity in the range from 77 to 300 K.

The upper panel of Fig. 6 shows the experimental values of

[He]/τDExpt vs T and the theoretical values of [He]/τDTheory,

where τDTheory is calculated using zero-field mobilities of

K0 = 18.9 cm2V−1s−1 at 77 K and 20.5 cm2V−1s−1 at 300 K,

and a linear interpolation is used at intermediate temperatures.

The dashed lines indicate the values of [He]/τDTheory that

FIG. 6. (Color online) Upper panel: Experimental data of

[He]/τDExpt versus T for different helium pressures and flow rates.

Asterisk symbols: Additional diffusion data measured at 250 and

300 K. Solid line: Values of [He]/τDTheory, calculated from the

mobility of Ar+ in He [37]. Dashed lines: Calculated values

for T ± 10 K. Lower panel: Ratio τDTheory/τDExpt versus measured

temperature T . Dashed lines: Deviation from unity that would result

if the actual gas temperature differed by ±10 K from the measured

wall temperature.
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should have been observed if the actual gas temperatures

had been higher or lower by ±10 K than the measured

wall temperature. The ratio τDTheory/τDExpt is shown in the

lower panel of Fig. 6. Again, the alternate dashed lines

refer to temperature deviations of ±10 K. For comparison,

we also show Cryo-FALP data measured at 250 and 300 K.

In those experiments sections B and C were cooled to the

same temperature, so that the temperature was constant in

section C.

Figure 6 shows that the experimental values of [He]/τD
follow the expected temperature dependence quite well. At

the lowest temperatures, the diffusion data are less accurate

because the late afterglow decay is still affected by recom-

bination, and there may have been small residual differences

between the gas and wall temperatures. However, we are confi-

dent that the diffusion losses were correctly taken into account.

Since diffusion is a well understood process, the agreement

provides additional evidence that the gas temperature was very

nearly equal to the temperature of the flow tube wall.

C. Measured CRR rate coefficients

Good recombination data were obtained in the temperature

range from 77 to 180 K. According to Eq. (7), a semilogarith-

mic graph of the left-hand side of the equation vs the integral on

the right-hand side should result in straight lines, with slopes

−KCRR, and this is indeed what is observed (see examples

of data plotted in Fig. 7). This type of graph illustrates

that representing the CRR rate coefficient by three-body

coefficientKCRR [rather than by αCRR of Eq. (1)] is an adequate

approximation under the conditions of these experiments. The

nearly perfect straight-line fit to the data in Fig. 7, together with

the agreement of the measured and calculated diffusion losses,

confirms that Eq. (5) with constant KCRR accurately describes

the plasma decay in our experiments. Unfortunately, we were

unable to extend the measurements to temperatures above

180 K because the electron-density decay was too slow for

reliable determinations of the recombination rate coefficients.

FIG. 7. (Color online) Reduced electron-density decay curves

measured at different gas temperatures, where ξ =
∫ t

t0
n2e(t

′)dt ′. For

a description of integral analysis see Eqs. (5)–(7) and text in Sec. III.

FIG. 8. (Color online) Temperature dependence of the rate coef-

ficientKCRR. The open circle at 77 K indicates the value measured in

the regime with fixed temperature of the flow tube. Other data were

obtained during direct measurements of temperature dependencies

in experiments with slow increase of the flow tube temperature. For

demonstration, the data (open triangles) measured at higher helium

flow rates are also plotted. In this experiment the temperature of

flowing gas at the beginning of section C can be slightly higher than

the temperature of the flow tube (see discussion in the text). The solid

line is the least-square fit of the measured data; the dashed line is

KCRR calculated from Eq. (2). The dot-dot-dashed lines indicate the

ratios αCRR/ne calculated from Eq. (1) for electron densities of 10
9

and 1010 cm−3. The solid squares and triangles are the data obtained

by Skrzypkowski et al. for Ar+ ions [17] and by Berlande et al. for

He +

2 ions [13].

We first measured KCRR at 77 K in the regime with

fixed temperature of the flow tube. In many experiments

we obtainedKCRR (77 K) = (1.1± 0.4)× 10−17 cm6s−1 (see

Fig. 8). Then we measured KCRR in the regime with slow

increase of flow tube temperature (see the discussion in the

description of the experiment). A complete set of measured

KCRR values as a function of temperature is shown in Fig. 8,

together with a least-square fit of the data and theKCRR values

calculated from Eq. (2). The slopes of the two lines agree

exceedingly well, but the absolute values of the measured data

are higher by about 10%.Of course, a perfect agreement cannot

be expected since KCRR does not include the two additional

terms in Eq. (1). If one retains the two additional terms and

calculates the ratio αCRR/ne for electron densities of 10
9 and

1010 cm−3, one obtains the two additional lines displayed in

Fig. 8. However, the uncertainties of the measured data points

are too large to decide if inclusion of the additional terms

improves the agreement.We also show the results of two earlier

studies at T = 300 K [13,17], both of which agree quite well

with an extrapolation of our data to 300 K.

The theoretical results shown in Fig. 8were calculated using

the numerical factor given in Eq. (1) rather than the revised

value of Pohl et al. [10] that is smaller by a factor 0.73. If we

had used the revised value, the agreement with our data would

have been slightly worse, but the experimental uncertainties

are too large to rule out the revised value.
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V. DISCUSSION AND CONCLUSION

Our experimental data on Ar+ ternary recombination show

that the theoretical formula of Stevefelt et al. [9] for the

rate coefficient of collisional-radiative recombination remains

applicable at reduced temperatures in the range from 77 to

180 K and that the recombination at low temperatures is

dominated by the strongly temperature-dependent collisional

term in that formula. This, of course, does not imply that

radiation is not emitted by the recombination, only that the

collisional removal of energy constitutes the rate-limiting step.

Because only high, nearly hydrogenic, Rydberg states play a

role in collisional-radiative recombination, it is safe to assume

that the same is true for other atomic ions. However, in the case

of molecular ions predissociation of Rydberg states provides

an additional mode of decay that is not available to atomic ions

and the recombination mechanism is likely to be quite differ-

ent. Also, in the case of low-temperature afterglow plasma

with more complex atomic ions, the rate of binary dielectronic

recombination can be comparable with the effective rate of

CRR. We plan to extend our work to Kr+ and Xe+ ions

and to simple molecular systems in experimental conditions

where CRR will compete with dissociative recombination and

eventually also with dielectronic recombination. This overlap

has to be solved to understand processes in cryogenic plasmas

at temperatures below 77 K.

In the present set of experiments, the electron densities were

deliberately kept sufficiently low to avoid electron heating

by the energy released by recombination. It should be kept

in mind that at higher electron densities, in particular, at

low gas temperatures, electron heating will occur and the

recombination is then likely to exhibit a more complicated

behavior than that observed in our experiments.

The experimental conditions used here are fairly similar

to those used in many afterglow studies of dissociative

recombination. Typically, the upstream region is dominated by

precursor ions (e.g., Ar+ ions), and it is often assumed that their

recombination can be ignored. However, at low temperatures,

CRR of atomic ions can be nearly as fast as dissociative

recombination ofmolecular ions and this needs to be taken into

account in realistic afterglow models. Our experiments did not

include observations of the products of CRR, but it is known

from other work [17], that CRR of Ar+ produces argon atoms

in radiating and metastable states, and that those particles can

have significant effects on the further chemical evolution of

the plasma.

Measurements of ambipolar diffusion constants were not

the principal goal of this work, but it seems worth pointing

out that quite accurate data can be obtained by the flowing

afterglow technique.
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In 2011 and 2012 the studies of recombination processes of ions with 

electrons in the Group of Elementary Processes in Plasma at Charles University in 

Prague continued. The aim of the research was to extend the measurements presented 

in the thesis towards lower temperature and to focus on the state selective 

recombination study.  

In the latest experiments were measured two-body and three-body 

recombination rate coefficient of H�

� and D�

� ions with electrons at temperatures 

down to 50 K using Cryo-FALP II apparatus. Within the study of state-specific 

recombination of H�

� ions with electrons was further measured two-body and three-

body recombination rate coefficient of para- and ortho-H�

� down to 50 K.  

The recombination study of Ar� ions with electrons continued with the 

measurement of the rate coefficients KHe and KCRR of helium-assisted and electron-

assisted CRR process, respectively. Both coefficients were measured down to 

50 K using the Cryo-FALP II apparatus.  

The latest findings of the recombination studies were summarized in the 

papers sent for publication: 

Rubovič P., P. Dohnal, M. Hejduk, R. Plašil and J. Glosík: Binary recombination of 

H�

� and D�

� ions with electrons in plasma at 50 – 230 K, J. Phys. Chem. 

(2013), accepted. 

Johnsen R., P. Rubovič, P. Dohnal, M. Hejduk, R. Plašil and J. Glosík: Ternary 

Recombination of H�

� and D�

� with Electrons in He-H2 (D2) Plasmas at 

Temperatures from 50 to 300 K, J. Phys. Chem. (2013), accepted. 

Dohnal P., P. Rubovič, T. Kotrík, M. Hejduk, R. Plašil, R. Johnsen and J. Glosík: 

Collisional Radiative Recombination of Ar� ions with Electrons in Ambient 

Helium at Temperatures from 50 K to 100 K, Phys. Rev. A (2013), sent for 

publication. 



 

 

 


