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Introduction 

 

In this thesis the author presents the results of his research carried out during the 

four years of Ph.D. studies at Charles University in Prague.  

The recombination of positive ions with electrons plays an important role in 

astrophysical, terrestrial and laboratory plasmas. The process of recombination is 

complicated and still not well understood despite the extensive theoretical and 

experimental study over the past half-century. The present work is dedicated to 

experimental study of recombination of the H3
+
,
 
D3

+
, KrH

+
, KrD

+
, XeH

+
, XeD

+
, HCO

+
, 

HDO
+
 ions with electrons at thermal energies using the flowing afterglow technique. The 

research was mainly based on measurements of the recombination rate coefficients of these 

ions at different conditions (temperature, number densities of reactants, pressure of 

ambient gas etc.). 

The experimental technique and results of the measurements are described in five 

separate chapters.  

Chapter 1 provides a short introduction into dissociative recombination processes 

and flowing afterglow technique. This chapter also incorporates descriptions of a new 

Flowing Afterglow with Langmuir Probe (FALP) apparatus and data analysis procedures 

[I] used for obtaining results of the measurements. The main advantage of this new 

apparatus is that it allows us to study recombination of ions with electrons with rate 

coefficient down to 5×10
-9
 cm

3
s
-1
 under well-defined conditions. The results of the 

measurements are presented in Chapters 2-5. 

Chapter 2 summarizes applications of Langmuir probe method in the Flowing 

Afterglow and provides brief description of the probe calibration necessary for 

determination of absolute values of electron number densities. The second part of this 

chapter is dedicated to investigations of Electron Energy Distribution Function (EEDF) in 

afterglow plasmas at different pressures of buffer gas (500-2000 Pa) [II]. In this study, the 

measurements of EEDF were performed in diffusion (Ar
+
, Kr

+
) and recombination (H3

+
, 

KrD
+
) governed plasmas, which are used for studies of recombination rate coefficients of 

the molecular ions discussed in the next chapters.  

Chapter 3 is dedicated to recombination of H3
+
 and D3

+
 ions with electrons.  The 

recombination of H3
+
 is a key process playing role in evolution of hydrogen containing 
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laboratory and natural plasmas. Despite the large interest and enormous effort, the 

recombination of this ion and its deuterated analogue (D3
+
) is not clearly understood; 

moreover, there is a controversy between measured recombination rate coefficient of H3
+
 

and D3
+
 in plasma and different storage rings experiments. The aims of this chapter are to 

solve this controversy and to lift the veil of mystery around recombination of H3
+
 and D3

+
 

using well-defined conditions in a FALP experiment. In order to better understand the 

problem, the first part of the chapter provides a brief historical overview and summarizes 

the current state of an investigation of recombination of H3
+
 and D3

+ 
ions with electrons. 

The second part introduces new results of measurement of recombination rate coefficient 

of these ions including the discussion about ion-formation processes in flowing afterglow 

plasma. The measurements were performed over a wide range of reactant number densities 

and at several buffer gas pressures ([III], [IV]). Finally, there is an interpretation of the 

observed dependence of overall recombination rate coefficient on helium and hydrogen 

partial pressures using the simple scheme of H3
+
 recombination processes in plasma. The 

proposed reaction scheme is also used for discussion and interpretation of results obtained 

for D3
+
. 

Chapter 4 briefly summarizes the motivation of recombination rate measurements 

of KrH
+
 and XeH

+
 ions and their deuterated analogues. Then, due to the difference 

between formation of KrH
+ 
(KrD

+
) and XeH

+ 
(XeD

+
) dominated plasma in FALP 

experiments, the chapter is divided into two separate parts. Each part provides description 

of a kinetic model used for optimization of experimental conditions and brief description 

of results of the measurements which are described in detail in attached articles [V] and 

[IV]. 

 Chapter 5 includes motivation and results of measurements of the thermal 

recombination rate coefficient of HCO
+
 and DCO

+
 ions.  The experiment was performed at 

several buffer gas temperatures and pressures. To better understand the formation of HCO
+ 

ions in the Flow Tube, the processes were simulated using a kinetic model. One of the aims 

of this study was to solve the controversy of temperature dependence of the recombination 

rate coefficient of HCO
+
 (DCO

+
) ions between a recent afterglow measurement [Poterya et 

al., 2005] and previous experiments. 

The appendices contain further details on various aspects of the measurements and 

results which are not included in the thesis. Furthermore, the attached works [VII] and 

[VIII] are focused on the spectroscopic survey of H3
+
 analogues such as H2D

+
 D2H

+ 
, 
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which play an important role in the chemistry of interstellar medium. The measurements 

were performed by means of Cavity Ring Down Spectroscopy (CRDS). 

Note that since the present work is dedicated to experimental study of 

recombination of molecular ions with electrons, the author limits himself to only 

references to theoretical works without describing them in detail.  
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Chapter 1 
 

Experimental technique  

 

1.1 A short introduction into dissociative recombination  

 

The present thesis mainly focuses on one of the the most complex molecular 

collision processes - Dissociative Recombination (DR) of positive molecular ions with 

electrons. The process plays a vital role in the mechanism of electron loss, and it is the 

most important destruction mechanism of molecular ions, for example, in ionospheres of 

planets, in interstellar clouds and so on.   

Obviously, the DR is a chain of two main processes: recombination and 

dissociation.  In these processes, a molecular ion captures an electron and the formed 

neutral molecule breaks up into two or more neutrals. More than one mechanism of the 

binary dissociative recombination can be distinguished: direct, indirect, tunnelling, and 

even other mechanisms. Collision enhanced recombination (ternary recombination) is a 

special category, which can be observed at high pressure of ambient gas, but this will be 

discussed later.  

The direct mechanism of the DR, important for understanding electron removal in 

the ionosphere [Bates et al., 1947], was proposed by Bates et al. [1950]. A simple 

representation of the dissociative recombination process is shown in Figure 1.1.  
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Figure 1.1. Schema of potential energy curves for a better understanding of the direct 

dissociative recombination mechanism. 
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 Recombination is capture-interaction between an electron (εe) and ion (ε(AB
+
)) 

where a doubly exited neutral (repulsive state AB
**

) is formed, according to the Franc-

Condon principle (indicated by a vertical arrow (ε(AB
+
+ e)). In the direct mechanism, the 

electron is directly captured into a doubly exited neutral state without any intermediate 

states. Further dissociation is possible if potential curves of AB
**

 states are crossing with 

the potential curve of AB
+
 ion. In some cases, when a suitable exited state does not exist 

(HeH
+
, NeH

+
 etc.), such process can belong to the tunnelling mechanism (no crossing 

between A+B
*
 and A+B

+
 curves).  

The indirect mechanism of the DR differs from the direct one. First, in an indirect 

way, the electron is captured into the Rydberg state, ABR, of the neutral molecule (dashed 

line, see Figure 1.2) which is then transformed to the AB
**

 repulsive state. The neutral 

AB
**

 can then dissociate into neutral products or an autoionisation process can occur in 

this stage as well.  

For more detailed information about the DR mechanisms see [Mitchel et al., 2006]. 
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Figure 1.2. Schema of potential energy curves of indirect dissociative recombination. 

 

Direct measurements of thermal recombination rate coefficient or cross section are 

usually used for studying the dissociative recombination. In essence, there are two main 

methods: colliding beam techniques and afterglow techniques.  

The beam technique includes collisions of electrons with ions, and the cross section 

(σ ) of this binary interaction is measured. Storage rings (TSR, CRYRING) are 

representatives of such experiments. The rate coefficient can be calculated from the 

measured cross section ( )colσ υ  ( colυ - collision velocity) [Larson et. al., 1997]. TSR 
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[Sprenger et al., 2004] and CRYRING [Danared et al., 2000] can go down to interaction 

energies below 1 meV, i.e. they can measure rate coefficients for temperatures down to 

10 K.  

In plasmatic experiments, decay of recombination dominated plasmas is monitored 

and recombination rate coefficients are obtained. This technique was used in our 

experiments.  

The experiments outlined in the thesis have been performed with the new 

modification of UHV Flowing Afterglow with Langmuir Probe (FALP) apparatus. The 

experimental procedure and apparatus are described in detail below.  

 

1.1 Flowing afterglow technique  

 

This chapter is aimed at the use of Flowing Afterglow (FA) technique for the study 

of recombination of molecular ions with electrons. The technique was first developed for 

the study of ion-molecular reactions by Ferguson and co-workers [Fehsenfeld et al., 1966; 

Ferguson et al., 1969]. The main idea consists in substitution space resolution for time 

resolution. The schematic of the apparatus is shown in Figure 1.3. 

 

Figure 1.3. The basic principle of the FALP technique.  

 

Helium (Argon, Neon) buffer gas flows through the plasma generator (usually a 

microwave cavity). Plasma is then driven by the buffer gas along a flow tube. Plasma 

parameters are measured by many diagnostic tools such as optical spectrometer, 

microwave interferometer and Langmuir probe. It is also important to note that the 

composition of the afterglow plasma can be simply modified and controlled along the flow 

tube; for example, neutral reactant gases can be added into the plasma through reactant 

ports. 

One of the most important developments of the FA was movable Langmuir probe 

for measurements of electron density and temperatures along the flow tube [Mahdavi et al., 

1971]. The probe method gives absolute value of electron concentration in a given 

Microwave 
discharge 

   Reactant ports 
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position. This significant step in the evolution of the Flowing Afterglow with Langmuir 

Probe (FALP) technique allows a direct measurement of recombination rate coefficients of 

studied ions. Adams and Smith [1975] have made significant contribution to the 

development of FALP, which represents a major step forward in the study of ionic 

reactions including recombination at thermal energies. Many modifications of FALP 

apparatus for various purposes have been built since then. It is necessary to mention that 

the technique has also been used for measuring of various rate coefficients of the following 

processes: ion-ion recombination (see e.g. [Spanel et al., 1996]), ion-molecule reaction, 

and electron attachment (see e.g. [Rowe et al., 1995]).  

Normally, the studies of the recombination of ions with electrons were performed at 

low buffer gas pressures (~20-200 Pa), but three-body processes, like the pressure 

dependence of dissociative recombination of H3
+
, D3

+
, etc. or studies of the formation of 

cluster ions, need relatively high pressure of buffer gas. For these purposes, High Pressure 

Flowing Afterglow (HPFA) was designed and built in our laboratory. More detailed 

description of the apparatus can be found elsewhere [Glosík et al., 1995], the results of 

study of the recombination of H3
+
 and H5

+
 ions have been published in the ref. [Glosik et 

al., 2003]. The HFPA apparatus was able to measure rate coefficients only down to ~10
-7

 

cm
3
s

-1
. A new flowing afterglow apparatus has been designed and built for study of 

recombination of H3
+
/D3

+
 at lower hydrogen (deuterium) densities [Poterya et al., 2002; 

Glosik et al., 2001] or the recombination of slowly recombining species such as KrH
+
, 

XeH
+
.  

 The following section presents detailed descriptions of the new FALP apparatus.   

 

1.3 Flowing Afterglow with Langmuir Probe apparatus 

 

1.3.1 Brief description of the Flowing Afterglow apparatus  

 

The present version of the experimental apparatus is carefully designed (for more 

detailed information see also [Novotny et al., 2006]) and constructed for measurement of 

small recombination rate coefficients (down to 5×10
-9

 cm
3
s

-1
) at relatively high buffer gas 

pressure (up to 2000 Pa). The schematic diagram of the new FALP apparatus is shown in 

Figure 1.4.  

Creation of desired ions is an important aspect for all DR experiments. In FALP, 

pure helium gas flows through the discharge glass tube placed inside a microwave 
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resonator (microwave discharge - 2.45 GHz, 10-30 Watt) and plasma consisting of He
+
, 

He
m

 and electrons is formed. Plasma is then driven by the buffer gas through a stainless 

steel flow tube with inner diameter d = 5 cm. There are several reactant gas inlets (P1, P2) 

at different positions along the Flow Tube. At the end of the Flow Tube, there is a stainless 

steel flange with a nozzle to achieve the relatively high value of buffer gas pressure. By 

changing the diameter of the nozzle it is possible to adjust the working pressure and the 

flow velocity to the required values. The experiments described in this paper were 

performed using a flange with 4.5 mm diameter hole. The buffer gas is pumped by a large 

Roots pump (1000 m
3
/hr). A quadrupole mass spectrometer (QMS) at the end of the flow 

tube is used to monitor the ion composition of the plasma and purity of the gases by 

monitoring ions formed in reactions with impurities.  

 

Figure 1.4. Schema of Flowing Afterglow with Langmuir Probe apparatus (FALP).  

 

The experiments are based on the measurements of electron number density 

evolution (decay) along the flowing afterglow plasma using the Langmuir probe. The 

probe is axially movable from the position of the P2 port up to the end of the flow tube 

(35 cm). A detailed description of the Langmuir probe measurements is given in Chapter 2. 

For measurement of temperature dependence of the recombination rate coefficient at 

different buffer gas temperatures, the apparatus is equipped with a cooling and heating 

system. The following sections describe in more detail the main components of the FALP 

apparatus and preparation procedures for measurement.    

It should be noted that sources of measurement errors in the FALP apparatus during 

the experiment consist of accuracy of the measurements and determination of: reactant gas 

number density, overall pressure and temperature of gasses in the Flow Tube, probe 

position, probe I-V characteristics, etc. These errors were taken into account in the 

presented experiments. The estimated absolute accuracy of measured rate coefficients is 
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±30%, which is typical for afterglow experiments. The relative accuracy within an 

experimental campaign is ±10%. Calibration procedures were performed before beginning 

the experiments, as described further in the thesis. 

 

 1.3.2 Vacuum system  

 

It is extremely important to keep the Flow Tube itself clean because the impurities 

can react with ions and that could strongly affect the measurement of rate coefficient. 

According to strong requirements for high purity, the new FALP was built using the Ultra 

High Vacuum (UHV) technology.  

The complete vacuum schematic of the apparatus is given in Figure 1.5. The 

vacuum system is divided into three main parts: Flow Tube with main chamber, QMS 

chamber and gas handling system. All these parts can be independently pumped by 

turbomolecular pumps (TMP). Vacuum chambers, tubes and reservoirs are uniformly 

heated above 360 K to evaporate volatile impurities from the walls during the cleaning 

phase. It should be mentioned that the Roots pump is disconnected during the cleaning 

period.  

 The Flow Tube and QMS chambers are evacuated down to about 10
-5 

Pa and 10
-6 

Pa respectively. The electromagnetic valves (V1, V2) are installed to prevent the backflow 

from rotary pumps to turbo pumps and UHV sections. The valves are also an essential part 

of safety system in case of unexpected pump stoppage. A shut-down of the vacuum system 

costs considerable time due to long pumping period to get the FALP system evacuated to 

the desired level. Therefore, the apparatus is equipped with a sputter-ion pump to maintain 

the chambers at a low pressure (~10
-4

 Pa). The residual gas pressure (the indicator of 

quality of vacuum system) in the system is measured by Pfeiffer full range Pirani/Cold 

Cathode Gauges (Pn1, Pn2 and Pn3). Pirani gauges (Pr1-Pr5) are used to control the 

pressure between the primary and secondary pumps.  

 

1.3.3 Gas handling system  

 

The gas handling system is designed for cleaning and injecting gases into the Flow 

Tube. During the experiments, the gases are purified in cold traps (cryopumps) before 

entering the tube. The traps are filled with liquid nitrogen for low boiling point gases (H2,  
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Figure 1.5. The vacuum schema of the FALP apparatus  



1 Experimental technique  

 

-      18      - 

He etc.) or cooled ethanol (for Ar, Xe, CO etc). Helium buffer gas is cleaned in two liquid 

nitrogen cooled zeolite molecular traps. The gas flows are measured and controlled by flow 

controllers or a system of a flow meter and a needle valve. A combination of a flow 

controller and needle valve can also be used to control very low values of flow rate of 

reactant gas. Reactant gases can also be mixed with helium in the required ratio (reservoirs 

R1 and R2), using the Baratron
®

 capacitance manometer (B2), that gives the possibility to 

measure recombination rate coefficients at a very low concentration of reactant gases 

(down to 10
11 

cm
-3

). 

 

1.3.4 QMS system 

 

Mass spectrometry is a powerful analytical technique. Quadrupole Mass 

Spectrometric system in our laboratory is designed to give important information about the 

ionic composition and plasma purity in the Flow Tube during the experiment. The QMS 

system is able to detect neutral species, positive and negative ions. The measuring system 

consists of an optic system and a Hiden
®

 EPIC mass spectrometer. The application of 

QMS at higher pressures requires differential pumping or conductance limiting of the gas 

flow, because the working pressure of a multiplier of the QMS must be lower than 4×10
-4

 

Pa. Therefore, a special chamber with a small inlet hole (0.8 mm), ion optics system, and 

an outlet hole (0.8 mm) between the QMS chamber and the Flow Tube have been added. 

The ion optic system consists of two cones and three electrostatic lenses, and is operated 

by a 12 bit 6 channels D/A PC card. A special program allows us to change the lenses’ and 

cones’ potentials. The spectra are acquired by means of commercial software. More 

detailed information about QMS system in our laboratory and its principle of operation is 

described elsewhere [Plašil et al., 2003]. 

 

1.3.5 Temperature control system 

 

The FALP apparatus is equipped with a temperature control system. The system is 

designed for heating and cooling purposes. Consequently, it can be divided into heating 

and cooling parts. Heating system is mainly used for cleaning the vacuum system between 

experiments but it could be also used for measurements of rates coefficients at higher 

temperatures. The chambers are covered with heating tapes and heating wires are wrapped 
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around the tubes, which allows us to adjust the apparatus temperature from the room 

temperature to 360 K.  

In addition to the above, it should be mentioned that the currents through heating 

wires and tapes are controlled independently to avoid gradient of temperatures. In this 

case, the uniform heating of all vacuum parts of the apparatus allows us to avoid 

recondensation of evaporated gas onto colder vacuum parts. The heating temperature of the 

apparatus is controlled with K type thermocouples (T1-T4) plugged to a 6-channel 

temperature gauge. A portable infrared gauge is used to determine temperature at any other 

point on the apparatus surface. An example of the temperature profile for one-day 

cleaning-heating stage is illustrated in Figure 1.6 (Left panel). 

Figure 1.6. Time-temperature graphs showing the operation of the temperature control 

system. Left panel: A one-day heating period for cleaning purpose. Right panel: An 

example of cooling of the Flow Tube during an experiment. The horizontal lines show a 

period of measuring of recombination rate for different temperatures.  

 

As appears from the above, the temperature control system also includes the 

cooling part. The cooling system is designed for measurements of rates coefficients below 

room temperature. It was already proved at the HPFA apparatus that a very short distance 

is enough to cool the gas flowing through the Flow Tube down to the temperature of the 

Flow Tube wall. Typically, the distance is commensurable with a diameter of the tube 

[Novotny et al., 2002]. Hence, it is not necessary to pre-cool plasma before a reaction zone, 

and therefore, it is enough to cool down only the Flow Tube. The Flow Tube temperature 
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can be controlled in the range from 130 to 300 K with an accuracy of 2-10 K during the 

experiment. For these purposes, the Flow Tube is fully submerged in a double shielding 

“bathtub”. The “bathtub” is filled with ethanol. The temperature regulation is carried out 

using a thin (5 mm) copper tube located in the “bathtub” and flushed by liquid nitrogen. 

Special reservoirs for liquid nitrogen are placed at both ends of the cooper tube (see Figure 

1.7).  

Principle of operation for intermediate temperature is simple. Reservoirs are at 

room temperature. At first, one of the reservoirs is filled with nitrogen and then closed with 

an adjustable lid that allows control of a fluid flow through the cooper tube, due to the 

pressure created by nitrogen evaporation at room temperature, and therefore the ethanol 

filled “bathtub” is cooled. In order to avoid the high temperature gradient along the Flow 

Tube, the second reservoir is also filled with liquid nitrogen after the first reservoir 

becomes empty and vice versa. This method of regulation gives us the possibility to 

control the temperature of the Flow Tube with an accuracy of 2-4 K for the temperature 

range 240-270 K and 5-10 K at temperatures below 240 K. The temperature of the tube 

wall is monitored at three different places by means of thermocouples. An example of the 

apparatus cooling is shown in Figure 1.7 (right panel). 

 

 

Figure 1.7. Schematic view of the cooling system of the FALP apparatus. 

  

1.3.6 Safety system 

 

To prevent apparatus damage, it is important to use a safety system. Damages may 

occur for various reasons: electrical problems, human mistakes in controlling the device as 

the apparatus becomes more complex, etc. The safety system of the FALP consists of a 

central power control box containing electrical devices for power management. The box is 
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equipped with a main circuit breaker that shuts off all of the electricity to the apparatus. 

Others circuit breakers, located inside the box, are used to independently protect all 

electrical circuits from damage by overload or short circuit, for example, due to worn or 

broken insulation of the heating system etc. The following is a brief list of the main 

features of the system: 

1. The electrical valves between turbomolecular pumps and Rotary pumps are 

automatically closed when: 

• Rotary pumps are switched off manually or due to the power problems. 

• The main power is switched off. 

• The TMP is overloaded due to unexpected high pressure in the chamber or 

some other problems related to pump. 

2. The heating system is switched off when the pressure of cooling water is decreased 

below the permissible limit.  

It is important to note that turbomolecular pumps and the heating system are also 

switched off when the valves are closed. All of these properties of the system allow us to 

safely operate the apparatus. Furthermore, the FALP apparatus can be managed without 

human control over a long period of time - for example, during the cleaning period.  

 

1.3.7 Data acquisition and processing  

 

The FALP apparatus consists of a wide variety of measuring and controlling 

devices: flow controllers, flow meters, manometers, picoamperemeter, etc. The necessity 

of combining all these devices into one system is obvious. For this reason, a data 

acquisition system for facilitation of processes of controlling, monitoring and measuring 

was designed and built. The system is represented as a block diagram in Figure 1.8 for 

better understanding the overall concepts. 

As shown in the figure, the devices are connected to a personal computer (PC) with 

LabVieW
TM

 graphical programming software package installed. The package is used to 

create an environment for data acquisition and instrument control. The PC is also equipped 

with a 12 bit 6 channels D/A PC card for the QMS ion optic system and the QMS spectra 

are monitored by commercial software through PC via RS-232 port.    

The “display/set” box were designed and built by the author of this thesis in the 

laboratory. The box supports eight devises such as flow controllers, flow meters and 

capacitance manometers. It is equipped with three power supplies, 3 LED displays with 
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selector switches and a National Instruments
®

 USB-6008 module. The displays with the 

switches indicate information about an actual pressure, gas flow, flow controller set point 

voltage and supplies voltage. The NI USB-6008 multifunction data module and a 

constructed analogue multiplexer module are used to convert analogue signal from all 

measuring devices into digital for the computer via USB.  

 

 

Figure 1.8. The block diagram of the FALP communication system. Gray rounded 

rectangles indicate measuring and controlling devices.  

 

A TGP 256A MaxiGauge
TM

 controller allows simultaneous measurement from six 

different gauge heads (sensors). Pfeiffer full range Pirani/Cold Cathode Gauges (Pn1, Pn2 

and Pn3, see Figure 1.5) are connected to the controller. The backlit permits monitoring of 

any or all gauges at a time. For communication purposes, the controller includes a RS-232 

port connected to the PC via a RS-232-to-USB converter.   

The heating temperature of the apparatus is controlled with four thermocouples 

plugged to a 6 channel temperature gauge.  

Keithley 6487 picoamperemeter and voltage source is an instrument that can apply 

voltage to the Langmuir probe and measure currents as low as 20 fA. For our purposes, the 

source voltage range is +/10V, with a basic accuracy of +/-0.1% of the programmed value. 

Typically, the measured probe currents are from 10
-10

 to 10
-3

 A. For measuring such low 

currents, considerable attention was given to noise reduction, especially by avoiding loops 
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in wires at the ground potential and to electrostatic shielding of sensitive parts of the 

apparatus.  

A cleaning box is used to read current or to apply a cleaning voltage from a 

cleaning voltage source to the Langmuir probe (for detailed information see Chapter 2). 

The switching between cleaning stages and probe measurements is controlled by the 

computer. The cleaning output voltage can be regulated from 0 to approximately 125 V.  

A step motor with a digital controller allows the probe to move automatically along 

the flow-tube.  

Data processing is a semi-automatic process. The data reading and partially data 

analysis programs are mostly written in LabView. The programs have a real-time data 

interchange and can be separated into three main groups: data reading programs, 

reading/writing programs and processing programs (see Figure 1.9). The data reading 

programs are used for real-world monitoring of measurement parameters, such as pressure, 

temperature, gas flow etc., and saving the data to a disk file. The next group handles 

bidirectional communication between the computer and devices, such as the probe 

movement controller and Keithley picoamperemeter and voltage source. Without going 

into details, the data processing programs are used not only to receive and process data 

flows from device communication programs but also to set and control data for 

writing/reading programs. It means, if the user (“Plasma scientist”) sets some parameters, 

such as a pressure range, reactant flow range, probe movement limit, number of probe 

steps and others, the data processing program will control/process the data and set 

appropriate values for data writing programs in the auto-mode. 

 

 

Figure 1.9.  The block diagram showing high-level design of the FALP communication. 

 

The electron concentration along the flow tube is evaluated automatically from probe 

characteristics and then displayed on a chart of concentration vs. probe position. But, if 

something goes wrong during the measurement, for example a pressure is out of the preset 
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range, the operator will be alarmed to solve the problem. For convenience of the operator, 

all parameters and processing data (pressures, probe current-voltage characteristics, 

concentration decay along the Flow Tube etc.) are displayed on monitors. The next step is 

data analysis which is also a semi-automatic process and described in detail in the next 

section of the thesis.   

 

1.4 Data analysis   

   

The data analysis is the process of looking through and summarizing data acquired 

in an experiment with the intent to extract useful information (recombination rate 

coefficients, electron energy distribution functions and other information) and form 

conclusions.  This section describes the data analysis procedure of determination of rate 

constants of a recombination.  

Balance equation for studied ion (A
+
) can be written in following form:  

[ ]
[ ] [ ][ ] [ ]e a

d A
n A k A B D A

dt
α

+
+ + += − − − ∆     (1.1) 

This balance equation consists of three terms:  

1. Recombination with electrons e with rate coefficient α; 

2. Ion-molecular reaction with reactant B (can be impurities);  

3. Ambipolar diffusion to the wall with diffusion constant Da.   

According to the assumption that the ion A
+
 is dominant and plasma is quasineutral, i.e. 

[A
+
] = ne, we can rewrite the differential equation (1.1) as: 

2 [ ]e
e e a e

dn
n kn B D n

dt
α= − − − ∆     (1.2) 

Hence, the recombination rate coefficient α of the studied ion A
+
 can be determined from 

the electron density decay measured in plasma.  

In contrast to recombination (and ion-molecular reaction), ambipolar diffusion is 

dependent on the chamber geometry. Since the Flow Tube has cylindrical form and the 

length of the tube is assumed to be infinite for simplicity, a Bessel distribution of plasma 

concentration can be assumed. The characteristic diffusion times are shorter for higher 

diffusion modes than for the fundamental mode. Therefore, the fundamental or a zero 

diffusion mode is dominant after a relatively short time. The concentration of electrons in 

the Flow Tube is measured in the centre of the tube, where the zero Bessel function mode 
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has a maximum [Chen et al., 1974] and so we have the following reduced equation for 

diffusion decay: 

2

aDdn
n

dt
= −

Λ
,       (1.3) 

The Λ is called the characteristic diffusion length. The Λ depends on chamber geometry, in 

case of an infinite cylinder we can write: 

0

R
Λ=

J
,      (1.4) 

where R is radius of the cylinder (2.5×10
-2

 m) and J0 = 2.405 is a zero Bessel coefficient.  

So we can rewrite expression (1.2) as  

2

2
[ ]e a

e e e

dn D
n kn B n

dt
α= − − −

Λ
.   (1.5) 

The second and the third terms we can write as: 

2
( [ ] )e a

e

loss

n D
n k B

τ
= +

Λ
.     (1.6) 

Then the equation 1.5 can be rewritten as 

2e e
e

loss

dn n
n

dt
α

τ
= − −      (1.7) 

which leads to the solution  

0

/ /

0

( )
( 1)loss loss

e t t

loss

n
n t

n e e
τ τατ

=
− +

,     (1.8) 

where n0 is an initial electron concentration at t = 0.  

  The equation (1.8) is often used for determination of recombination rate coefficient 

α from measured electron density decays (ne(t)) along the Flow tube.  

In some cases, formation of the studied ions ( H3
+
, D3

+
, KrD

+
, KrH

+
 etc.) can occur 

along considerable part of the Flow Tube, especially with a very low concentration of 

reactant gas (for detailed information see Chapters 3 and 4). The formation is not included 

into the equation (1.8), and it cannot be easily determined. Hence, there is a risk that the 

common method of rate coefficient determination from the slope of a graph of the 

reciprocal of the electron density ne(t) versus decay time will be not accurate enough. 

Therefore, a new advanced data analysis method for calculation of recombination rate 

coefficients was developed. The advanced method is discussed in more detail in the 

attached article [I]. The main idea of the method, without going into detail, consists in 

solving the balance equation and writing the result in the form: 
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e
e

e

( )
ln ( ) / ( ) ( )d
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b

a

t
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b a loss

a t
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t t t n t t

n t
τ α ξ

 
+ − = − 

 
∫ ,    (1.9) 

where ta and tb are integration limits and τloss is expected to be a constant factor 

independent on time. ( )tξ  is the ratio of the studied ion concentration to the total ion 

concentration in the plasma. It is easy to see if the studied ion is dominant ( ( ) 1tξ = ). The 

plot of the left part versus the integral term on the right part of the equation will be a 

straight line with slope -α. An example of experimental data using the advanced analysis is 

plotted in Figure 1.10. A specially written program using Origin
TM

 software and based on 

this method allows the operator to obtain a recombination rate coefficient within several 

minutes and gives him the chance to adjust or change input parameters during experiment.  

The advantages of the new method in comparison with the fitting of ne(t) by means 

of equation (1.8) are: linear fitting is easier and more precise; the “ion formation zone” is 

well visible, especially for very low α with diffusion losses; the diffusion can be easily 

determined also from short decays where ne(t) does not decrease sufficiently .  
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Figure 1.10. An example of the advanced data analysis applied to the determination of 

recombination rate coefficients from measured electron density decay. The data were 

measured for several D2 densities. The obtained effective recombination rate coefficients 

αeff of D3
+
 ions are listed in the bottom left part of the Figure.  

 

1.5 Estimation of gas purity 
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Different plasma experiments call for different levels of gas and apparatus purity. 

Impurities in the plasma can significantly degrade plasma performance. As appears from 

the above, the FALP apparatus is designed to support the highest purity level. Gas purity 

refers to the impurities in gas in ppm (particles per million). The most unwanted impurities 

have been identified as water vapour and hydrocarbons. The purity of the procured gases is 

still not sufficient for our experimental measurements of recombination rate coefficients, 

therefore the gases must be purified using cold and liquid nitrogen cooled zeolite 

molecular traps (see subsection 1.3.3).   

The purity of the apparatus can be estimated from the electron density decay in Ar
+
 

dominated plasma because the decay is caused only due to ambipolar diffusion Ar
+
 ions 

with electrons and losses by reactions with impurities followed by fast recombination. 

 For that, He as a buffer gas flows through glass discharge tube (see Figure 1.4) 

where He
+
 ions and He

m
 metastable exited atoms are formed. Then, in a three body 

association reaction, He
+
 is transformed to He2

+
. In order to remove metastables by 

Penning ionization, argon is added via the port (P1), then Ar reacts with He2
+
 and He

m
 

downstream and Ar
+
 dominated plasma is formed. In the measured region (from P2 up to 

30 cm), Ar
+
 plasma is fully relaxed [Glosik et al., 1999] and we can write T = Ti = Te. In 

such a plasma environment the recombination of Ar
+
 ions is negligible, so for the total 

measured decay time can we rewrite reactions (1.6) as follows: 

1 1 1

loss D impτ τ τ
= + ,      (1.10) 

where Dτ  are diffusion losses and impτ  are losses due to ion molecular reactions Ar
+
 with 

impurities [B]: 

1 1

[B]imp impkτ
≈ ,     (1.11) 

where kimp is rate coefficient for the ion molecular reaction, which is typically around 

2×10
-9

 cm
-3

s
-1

. Note that the influence of recombination of B
+
 ions is neglected in our 

conditions. So, if we know impτ , we can estimate the impurity concentration [B]. According 

to equation (1.10), we also have to calculate the value of diffusion losses Dτ : 

2

1

/
D

aD
τ =

Λ
      (1.12) 

The ambipolar diffusion coefficient for equilibrium plasma [Chen et al., 1974], where the 

electron temperature is equal to ion (Ti) and buffer gas (T) temperatures, is:  
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2a iD D≈       (1.13) 

where iD are diffusion coefficient for ions: 

i
i

kT
D

q

µ
= .       (1.14) 

The mobility of the ion iµ  can be found using the following equation: 

5

0

10 Pa

273.16K
i

T

p
µ µ=      (1.15) 

where 0µ  is reduced zero field mobility in buffer gas (Helium) taken, for example, from an 

experimental work [Lindinger et al., 1975 ], p is the buffer gas pressure, and T is the buffer 

gas temperature. In our experiments, for suppressing the influence of H2O on the 

composition of studied plasma, we usually use T = 250 K.  

The example of measured electron density decay in Ar
+
 dominated plasma is shown 

in Figure 1.11. The curve in the figure displays pure exponential behaviour with lossτ  = 

17.8 ms. Using equation (1.10), we can estimate the value of losses due to ion molecular 

reactions impτ  = 126 ms. Since all parameters are known we can find, in a first 

approximation, that the impurity concentration (see equation (1.11)): [B] ~ 4×10
9 

cm
-3

, 

which for p = 1600 Pa and T = 250 K of Helium buffer gas represents purity of 

approximately 0.01 ppm of the total concentration. Such high purity level shows the 

efficiency of the gas handling system because the purity of the helium from the gas 

cylinder is 10 ppm.  
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Figure 1.11.  Electron density decay in Ar
+
 dominated afterglow plasma for estimation of 

the impurities amount. The decay curve was measured in a He-Ar mixture at T = 250 K. 

The obtained lossτ , Dτ  and impτ  are listed in the bottom left part of the Figure. 
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Figure 1.12 shows the QMS spectra measured in Ar
+
 dominated plasma at the end 

of the Flow Tube approximately 0.61 m (or ~130 ms in such conditions) downstream from 

the reactant port P2. The plasma composition shows a small portion of ions (OH
+
, H2O

+
, 

N2
+
, etc) formed from impurities and confirms our estimation. 
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Figure 1.12. An example of mass spectra of the Ar
+
 dominated plasma. The plasma 

composition displays a small amount of ions produced by ion molecular reactions with 

impurities (mainly H2O and N2) in addition to Ar
+
, He

+
. T = 250 K, pressure 1200 Pa, flow 

rate He - 6500 sccm.   

 

Purity tests using electron density decay in Ar
+
 dominated plasma are always 

performed at the beginning and at the end of measurements due to possibility of plasma 

contamination during the experiment. In case of KrH
+
 recombination rate coefficient 

measurements, the purity test is similar to the test in He/Ar plasma but instead of argon we 

use krypton gas. The purity control can be also performed during experiments using a 

comparison of a diffusion time gained from data analysis and a known or expected value of 

a diffusion of a studied ion.  

 

1.6 Velocity measurement  

 

In the ideal case, the plasma velocity profile for laminar flow of a viscous gas in a 

long cylindrical pipe should be parabolic in the radial direction, but in reality it is not 

always true. Furthermore, the plasma velocity profile in the Flow Tube can be also 

distorted or deviated from the buffer gas velocity distribution due to gradients in plasma 

concentration and the sheath layer around the walls. For the reasons given above, it is 
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complicate to calculate a value of the plasma flow velocity in the centre of the Flow Tube 

just using a flow rate, temperature and pressure of the buffer gas. Therefore, measurements 

of the plasma velocity are required.  

The simplest method for determination of the plasma velocity is a time of flight 

method. It consists in measuring the time that it takes for particle or signal to reach a 

detector while travelling over a known distance. For this purpose, a power modulation of 

the microwave discharge is used. Hence, the plasma concentration is pulsed and we can 

determine time difference between the pulse generation and its arrival at the Langmuir 

probe, which is in a known position from the plasma source. The time dt is measured for 

several probe distances z. The plasma velocity measurements were performed for several 

buffer gas pressures and temperatures. An example of results of the measurement for two 

different temperatures and the same flow rate are shown in Figure 1.13. The slope of a 

linear fit of the plotted data gives us the flow velocity value of along the Flow Tube under 

given conditions.   
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Figure 1.13. An example of velocity determination in Ar
+
 dominated plasma for two 

different temperatures at helium flow rate 5820 sccm. The data for T = 300 K is shifted by 

20 ms. Two measurement ranges for low and high values of dt are shown as yellow and 

blue symbols respectively. 

 

Knowing the flow velocity 0υ  measured in the centre of the Flow Tube at pressure 

p0, temperature T0 and a buffer gas flow rate Q0, in a first approximation, we can easily 



1 Experimental technique  

 

-      31      - 

transform the position of the probe z received from an experiment into reaction time (t) 

using a following conversion formula:  

  0 0

0 0

pT Qz
t

p TQυ
= ,      (1.16) 

where p, T, Q are pressure, temperature and a flow rate of the buffer gas measured during 

the experiment.  

 

1.7 Experimental procedure  

 

The experimental procedure can be divided into the following phases: preparation, 

cleaning and experiment.   

The preparation phase consists of numerical modelling of chemical kinetics of the 

studied ion in the FALP apparatus, which allows us to estimate experimental settings for 

pressure, temperature, reactant gas flows, etc. Also the reactant gas cylinders, required for 

the experiment, must be connected to the gas handling system, and the modification of the 

apparatus or the gas handling system for the corresponding experiment, if necessary, must 

be done.  

The next phase is a cleaning stage. During the stage the Roots pump is 

disconnected, all valves between chambers are opened to provide higher pumping rate. All 

vacuum chambers and injections system are heated and evacuated by turbomolecular 

pumps (see subsection 1.3.5 and 1.3.2). Zeolite molecular traps are heated and periodically 

flushed by helium. The cleaning stage duration depends on the required apparatus purity, 

and it usually takes about two days between experiments but if we open the apparatus for 

some reason for a period of time, it can take more than one week.  

Before each experiment, the heating system is switched off and the FALP is cooled 

down to a suitable temperature. The chambers are disconnected and the Flow tube is only 

pumped out by Roots pump. At the same time, helium is introduced into the Flow Tube via 

injection port to the required pressure level and the discharge is then generated in the glass 

discharge tube (see Figure 1.14).  

At the beginning of the experiment, the first measurement is always performed in 

helium-argon (or helium-krypton) plasma. QMS spectrum is also measured to check 

plasma composition. The decay time is then compared with the expected diffusion value 

(see section 1.5). After the purity test the reactant (reactants) is added via injection ports. A 

measurement of the recombination is performed under different conditions (reactant 
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concentration, temperature, buffer gas pressure etc.). The measured electron density curves 

are fitted by the advanced data analysis (see subsection 1.4). At the end of the experiment, 

the measurement in He/Ar (or He/Kr) plasma is also carried out due to possibility of 

plasma contamination during the experiment.  

 

 

 
 

Figure 1.14. Upper panel: 3D design of the Flowing Afterglow with Langmuir Probe 

(FALP) apparatus. The plasma is generated in a microwave discharge in the narrow glass 

section (the upper-left part) and is carried by the buffer gas along the Flow Tube. Lower 

panel: Vertical mirror image photograph of the constructed FALP apparatus.   
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Chapter 2 
 

Langmuir probe diagnostic  

 

The main aim in experimental determination of afterglow plasma parameters is to 

measure density of electrons, their temperature and Electron Energy Distribution Functions 

(EEDF).  For these purposes, we use a metal electrode of small size in the FALP apparatus, 

which is entered into the investigated part of the plasma. This technique was developed by 

Irving Langmuir as early as 1923 [Swift et al., 1970] and consequently has often been 

called “the method of Langmuir probe”.  The advantage is that we can measure local 

parameters of studied plasma with the probe. Almost all other techniques, such as 

spectroscopy or microwave propagation, give information averaged over a large volume of 

plasma. Another advantage is the simplicity of the used equipment that allows us to receive 

result quickly and without high expenses. The number of measured parameters and ranges 

of measurements is very wide.  In principle, probes can be used to study plasma at 

pressures p ~ 10-5 - 103 Torr and concentration of electrons ne
 ~ 106 - 1015 cm-3. 

 

2.1 Movable Langmuir probe as a powerful measurement tool 

 

The aim of this chapter does not consist of a theoretical description and 

investigation of the behavior of Langmuir probes, but in the practical application of the 

method for measurements in flowing afterglow plasma. A most comprehensive description 

of electrical probes method of plasma diagnostics has been done by Swift et al. [1970].  

The basic principle of the Langmuir probe method lies in the measurement of current-

voltage (I-V) characteristics of studied plasma. The behavior of such I-V characteristics is 

caused by shielding effects at the plasma-probe boundary which are determined by plasma 

parameters such as plasma density, the electron temperature, etc.   

The parameters of plasma in the FALP apparatus are measured by an axially 

movable cylindrical Langmuir probe. The probe is made from a tungsten wire, 14 µm in 

diameter (dpr) and L = 7 mm long.  Connection diagram of the probe is shown in Figure 

2.1. Keithley 6487 pico-amperemeter with power source is used to apply voltage (from -10 

to 10 V) to the Langmuir probe and to measure currents as low as 20 fA.  For measuring 

such low currents, considerable attention has been given to noise reduction, especially by 
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avoiding loops in wires at the ground potential and to electrostatic shielding of sensitive 

parts of the apparatus.  

 

 

Figure 2.1.  Experimental setup scheme of Langmuir probe measurements in the FALP 

apparatus.  

 

During measurements, impurities may accumulate on the probe wire and could 

change probe characteristics. Consequently, to avoid inaccurate results, Langmuir probe 

measurements require periodic removal of this contamination layer from the probe surface. 

In our experiments, the probe wire can be cleaned by two methods: electron current 

cleaning and ion bombardment cleaning. For these purposes, the cleaning voltage can be 

changed in range of -125 to +125 V, typical cleaning current is about 1-2 mA and cleaning 

time is 100–300 ms. We mainly use the positive ion bombardment cleaning (–80 V) in our 

experiments due to the efficiency of the probe surface purification. A specially designed 

cleaning box is applied for switching between current reading periods and cleaning 

periods.  The switching between the stages is automatically controlled by a computer.  

An example of the measured probe V-A characteristic in the helium flowing 

afterglow plasma at position ~80 ms downstream from the discharge is shown in figure 

2.1.,  where Vpl is the plasma (space) potential and Vfl is the floating potential. For accurate 

determination of the plasma potential, the probe voltage at the zero-cross of the second 

derivative of the total probe current is used [Luijendijk et al., 1967]. The electron and the 

positive ion current are equal at the floating potential and the total probe current is zero. If 
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negative ions are not present in the plasma, the typical single-probe characteristic can be 

divided into three main parts: an ion saturation current region (Upr-Vpl< 2(Vfl-Vpl)), a 

transition region (2(Vfl-Vpl) ≤ Upr-Vpl ≤ 0) and an electron saturation current region (0 ≤ 

Upr-Vpl).  
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Figure 2.2. An example of the measured Langmuir probe characteristic (I) and its first (I’) 

and second derivative (I’’) and I2
 in helium afterglow plasma. The first (I’) and the second 

(I”) derivative of the measured probe current (I) are also shown. Plasma and floating 

potential are indicated by Vpl and Vpl respectively.  

 

The ion saturation region and the electron saturation region are usually used for 

determination of ion and electron number density, respectively. The methods for 

determination of plasma electron concentration and EEDFs are discussed bellow. 

 

2.1.1 Determination of electron concentration 

 

To accurately determine the electron number density ne from the Langmuir probe 

characteristics, we must take into account probe dimensions due to possible perturbation of 

the ne by the probe at the distance of about one mean free path length le from the probe (le 

>>rp). Another requirement is le>>λD, where λD is the size of space-charge layer. The 
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calculation of these parameters for the FALP apparatus was done by Novotny [2006]:  le = 

0.040 mm and λD = 0.012 mm for ne = 1010 [cm-3] and concentration of the neutrals N = 

4×1017 [cm-3].  The little dominance of le shows that the Langmuir theory cannot be fully 

applicable to the measured probe data, nevertheless, it gives correct results for 

determination of an electron concentration from the electron saturation region [Alge et al., 

1983]. Therefore, the accurate value of the electron concentration ne can be determined 

from the slope S of linear plot of I2 versus Upr in the electron accelerating region of the 

characteristic using the following equation [Spanel et al., 1995]:   

2
2

pr pl2

2( )
[ (U -V )]e

B e

e

Aqn
I k T q

mπ
= + ,    (2.1) 

where A is the probe surface area, q is the elementary charge,  me is the electron mass, Te is 

the temperature of electrons and kB is the Boltzmann constant . Then, the concentration of 

electrons can be easily obtained without the need to determine accurate values of Vpl and 

Te as: 

2

2 32
e

e

m
n S

A q

π
= .      (2.2) 

This method is often called the I-squared method. The example of the very linear plot of I2 

versus Upr is shown in Figure 2.2.  

 

2.1.2 Calibration procedure of the Langmuir probe 

 

The aim of the calibration of the Langmuir probe is to verify accuracy of the 

I-squared method, especially for measurements at high pressures of the neutral gas, and to 

correct the data if it is necessary. For this purpose, measurements of the recombination of 

any well-known ion can be used because the recombination rate coefficient is proportional 

to the absolute value of electron concentration and, therefore, it is enough to compare the 

well-known value of the recombination rate coefficient of the ion with the value 

determined from an experiment (see equation 1.8). We measured the dissociative 

recombination rate coefficient of the O2
+ ion for calibration purposes in our FALP 

apparatus due to its stability over wide ranges of helium buffer gas pressure and due to its 

well-known temperature dependence [Glosík et al., 1999; Spanel et al., 1993; Johnsen et 

al., 1987]: 

2

7 0.65 3 -1
O ( ) 2.0 10 (300 / ) cm sT Tα −= × .   (2.3) 
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The experiment was performed in plasma formed in the He-Ar-O2 mixture. Oxygen was 

added to fully relaxed Ar+ dominated plasma (see [Glosík et al., 1999]) with already 

thermalized electrons downstream from the discharge via the reactant port. Then, the O2
+ 

ions were produced via ion-molecular reaction of Ar+ ions with O2: 

2

+ +
2Ar  + O  O  + Ark→ ,     (2.4) 

where k = 5×10-11 cm3s-1 [Anicich et al., 2003] is the rate constant of the reaction. O2
+ 

dominated plasma was formed during less than 2 ms at [O2] > 1013 cm-3. In the experiment, 

we have measured the electron density decays along the Flow Tube at different 

concentrations of the O2 gas and at two pressures of the buffer gas. The result of the 

calibration measurement is shown in the Figure 2.3.   
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Figure 2.3.  Calibration of the Langmuir probe. The effective recombination rate 

coefficients has been measured in He-Ar-O2 plasma using the FALP apparatus at two 

different pressures of the buffer gas and for different concentrations of O2. The values of 

the obtained recombination rate coefficient differ from the expected value 

α(250 K) = 2.25×10-7 cm3s-1 (red dashed line) of the recombination of O2
+ ions; K = 1.6 is 

the applicable correction factor.  

 

It is evident that the measured value of the recombination rate coefficient is 1.6 

times higher than expected. Previous calibration measurements at the same apparatus 

showed a lesser calibration factor ~ 1.1-1.2. For more details see [Novotny et al., 2006]. 
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The main reason for this difference is the destruction of the probe.  So, taking into account 

this measurement, we need to multiply the measured electron density values by correction 

factor F = 1.6 or to correct values of the calculated rate coefficients. Finally, it should be 

mentioned that the dependence of the calibration factor on the buffer gas pressure was not 

observed.  

 

2.2 Electron Energy Distribution Function 

 

Electron Energy Distribution Function (EEDF) is one of the most important 

parameters of afterglow plasma because it can give us useful information about electron 

temperature, electron number density, and resonant processes taking place inside the 

studied afterglow plasma. Probe characteristics in comparison with other methods allows 

us to determine the whole EEDF. And the EEDF can be in essence easily calculated from 

the second derivative of the current-voltage characteristics of a Langmuir probe using 

Druyvesteyn formula [Druyvesteyn et al., 1930]:  

2
pr pl

2 2
pr pl

2 (U V ) d2
(

d(U V )
e e

m I
f E

Aq q

−
) =

−
    (2.5) 

where E = -q(Upr-Vpl) is energy of electrons and  Ie  is the electron current of the measured 

I-V characteristics. The electron current can be found by subtracting the extrapolated ion 

current from the total probe current.  For these purposes, it is usually assumed that the ion 

current can be written as [Nuhn et al., 1977]: 

0 (1 )i iI I χη= + ,     (2.6) 

where  Ii0 and χ  are the unknown fitting parameters, which can be estimated by means of 

an experimentally determined dependence of the saturated ion current Ii. η  is the 

normalized dimensionless probe potential in the electron retarding region: 

        pr pl(U V )

B e

q

k T
η

−
=       (2.7)  

In case of measurements in the FALP apparatus, we have low temperature 

equilibrium plasma and the influence of the ion current has the same order of magnitude as 

noise, therefore, the ion current influence on EEDFs, determined from the probe 

characteristics, can be neglected (see figure 2.4). Usually,  these influences are at least 

three orders of magnitude lower than the highest value of the second derivative under our 
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conditions. Savitzky-Golay smoothing filters [Savitzky et al., 1964]are used for finding the 

first and the second derivates and to remove noise spikes from the I-V characteristics .  
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Figure 2.4. Comparison between the second derivative Ipr” (blue squares) of the measured 

characteristic Ipr (red diamonds) in Helium afterglow and the second derivative Ie” (green 

triangles) of the electron current of the probe Ie (yellow circles). Full curve indicates the 

obtained ion current Ii (see equation 2.6). 

 

Assuming, for a particular case, a Maxwellian energy distribution of electrons in 

afterglow plasma, the equation 2.5 can be rewritten as: 

2
pr pl3 3/2

2
pr pl

(U V )d 1
2 ( ) exp

d(U V ) 4
e

e B e

B e

qI
Aq m k T

k T
π − − 

= − −  
  (2.8) 

Hence, if EEDF is Maxwellian, then the second derivative of the probe characteristics will 

be exponential. In other words, it will give straight in semi-logarithmic plot (see Figure 

2.2). The slope of the straight line will give the electron temperature Te  in this case,. 

 

2.2.1 EEDF at high pressures of the buffer gas 

 

Simple Druyvesteyn formula cannot be used at low energy at high pressures of the 

buffer gas because the method was developed for measurement at low gas pressures 
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(< 1 Pa) and a small probe radius, and must meet the following requirement: 

le >> dpr/2 + λD (see also subsection 2.1.1). In our case, this requirement is only partly 

fulfilled: le = 4.5×10-4 cm > dpr/2+ λD = 1.8×10-3 cm for p = 1600 Pa and T = 300 K (the 

value of total cross section for e--He collisions was taken from [Buckman et al., 1986]).  It 

means that the EEDF obtained from the second derivative of probe measurements using 

Druyvesteyn method can be partly distorted due to plasma depletion caused by electron 

sink on the probe surface [Swift et al., 1970]. In order to obtain proper EEDF we evaluated 

accuracy of its determination at pressures used in our experiments. The example of an 

EEDF obtained at 1600 Pa by means of equation (2.5) and then normalized to 1 is shown 

in Figure 2.5. The solid line in Figure 2.5 corresponds to the Maxwellian electron energy 

distribution for the temperature of electrons Te obtained from linear part of the second 

derivative of the probe characteristic. The difference between the obtained and Maxwellian 

EEDF is very large at low energies. We assume here that if part of the obtained EEDF is 

Maxwellian at our experimental conditions in range of 0.15 - 0.4 eV, then the lower 

energetic part will be also Maxwellian due to strong electron-electron interaction at 

energies bellow 1 eV.  In our experiments, the distortion at low energies of the calculated 

EEDF by means of Druyvesteyn method increases with increasing buffer gas pressure. For 

details, see attached article [II].  Such behavior was also observed by Gorbunov et al. 

[2002] and Dimitrova et al. [2006] and they have proposed two different methods for 

proper EEDF calculation at such conditions. We have applied these two different methods 

to our data and no significant differences in the results obtained from them have been 

observed. The first method uses the first I′′ and the second derivative I′′ of measured probe 

characteristics [Gorbunov et al., 2002]: 

2
0 0

3

3
( ) I ( ) I ( )

8 e e

pr

m
f E E E

q U

γ ψ
π

 
′′ ′= −  

 
,     (2.9) 

where  ( )Pr Pr Prln 4 / er l r lψ π γ=  is the diffusion parameter of the probe and γ = 4/3 for 

rPr  << λD. It is obvious that the equation (2.9) consists of two components: Druyvesteyn 

formula for low pressures and a first derivative method for very high pressures.Ttherefore, 

owing to this symbiosis we can calculate the proper EEDF at our conditions. As evident 

from Figure 2.5 the EEDF obtained by means of this method (“correction” method) fits 

good to the Maxwellian EEDF.  

The second method [Dimitrova et al. 2006] uses the relation between probe current 

density and the EEDF obtained by means of equation (2.5). For more detail information 
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about this method and its comparison with the first method see attached work [II]. We can 

say with confidence from these measurements and calculations that the correction of 

EEDFs calculated by Druyvesteyn formula at FALP working pressures is not necessary for 

energies > 3.5 kBTe, but for low energies it must be applied, especially, in case of accurate 

determination of the electron concentration by means of an EEDF.  The main aim of the 

EEDF investigation in this thesis is to study the elementary processes in afterglow 

plasmas; therefore, for simplicity of calculation, the “correction” is not usually used below.  
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Figure 2.5. An example of EEDF in flowing afterglow at pressure 1600 Pa obtained using 

Druyvesteyn method (open circles) and “correction” method (open diamonds). The full 

line indicates Maxwellian fit.  

 

2.2.2 Measurements of  EEDF in He-Ar and He-Kr afterglow plasma 

 

Typical low temperature plasma is the afterglow plasma, which is formed in an 

active discharge, and decays after termination of ionisation or after moving out from the 

region with ionisation. If gas is flowing through a discharge region, e.g. along a tube, it 

takes plasma away from the discharge and the plasma then decays in the gas flow. Such 

“Flowing Afterglow” (FA) is used to study relaxation processes, ion-molecule reactions 

and electron – ion recombination. In principle, decaying plasma in FA is not in 

thermodynamic equilibrium, it can be very close to thermodynamic equilibrium 
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nevertheless. It is usually assumed in FALP experiments that afterglow plasma is 

thermalised, T = Te = Tion = THe. But this assumption is not always fulfilled. The clearly 

misbalancing factor in helium afterglow is presence of internally excited long-lived 

particles formed in He discharge, in ion-molecule reactions, and in recombination (see 

subsection 2.3.3). For detailed information about measurements of EEDF in helium 

flowing afterglow see attached article [II].  

 

He-Ar plasma  

 

In the majority of FALP experiments Ar is added to helium flow immediately 

downstream from the discharge region to quench helium metastables (He(23S) and 

He(21S)) formed in the discharge. After Ar is added, these metastables are removed from 

the plasma by Penning ionisation and plasma relaxes rapidly, this process is clear and well 

described [Glosik et al., 1999]. The evolution of electron energy probability function 

(EEPF) (normalised to electron density) obtained in Ar+ dominated late afterglow plasma 

in He/Ar mixture is plotted in Figure 2.6.  Note that at given conditions, the zero position 

of Langmuir probe z is about 35 ms after discharge, therefore, for simplicity z = 0 

corresponds to time = 0 ms in figures.  The EEPF (fEEPF) is connected with corresponding 

EEDF (fEEDF) by the formula fEEDF(ε) = fEEPF(ε)·√ε. Advantage of EEPF is that for 

Maxwellian EEDF the corresponding EEPF is exponential, i.e. in semilogarithmic plot it is 

a straight line. 

The measured EEPF is nearly Maxwellian over the whole covered range of electron 

energies. The obtained average electron temperature is Te = 360 K i.e. it is slightly higher 

than buffer gas temperature THe , ∆Te ~ +110 K. The increase can be caused by presence of 

excited Ar+ ions in 2P1/2 spin state, with excitation energy ∆ε = 0.18 eV. These ions formed 

in Penning ionisation can transfer energy to electrons in superelastic collisions.  Part of the 

increase of Te is probably also due to systematic error of the measurements, due to 

fluctuation of plasma potential, potential of the probe and inhomogenity of the probe 

surface. The systematic increase given by “apparatus effect” of the used technique is 

supposed to be δTe ~ +70 K. In the inset of Figure 2.6, evolutions of electron density (ne) 

and electron temperature (Te) are plotted. The exponential decay of ne corresponds to 

diffusion losses. Note that Te is higher at low decay time and it is decreasing towards 

higher decay time. From 450 K to 350 K, this corresponds Te = 380-280 K after subtraction 

of δTe ~ +70 K. 
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Figure 2.6. Evolutions of electron energy probability function (EEPF), electron density (ne) 

and electron temperature (Te) along the flow tube in Ar+ dominated plasma. The straight 

dashed lines correspond to Maxwellian electron energy distribution. Te is given by the 

slope of the plot.  

 

He-Kr plasma  

 

If krypton is added instead of Ar to the helium, then Kr+ dominated plasma is 

formed in the following ion molecule reactions and Penning ionisation. Kr+ ions in two 

spin states, 2P3/2 (ground state) and 2P1/2 are present in such plasma. At the position of z = 0 

and further downstream, Maxwellian EEDF was observed but the electron temperature is 

higher than in Ar+ dominated plasma. Examples of measured EEDF in Kr+ dominated 

plasma are shown in Figure 2.7. The measured Te decreases from 600 K to 450 K during 

afterglow. From this, δTe ~ +70 K can be attributed to the already discussed “apparatus 

effect”, but the higher increase is due to transfer of energy from the metastable particles. 

We suppose, that the increase is connected with presence of Kr+(2P1/2), which can in 

superelastic collision transfer excitation energy (∆ε = 0.67 eV) to electrons, and then, in 

electron – electron collisions, the energy is transferred to electron gas. Because the plasma 
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is not recombining we do not see other source of energy, which can heat electrons along 

the flow tube. The electron density gradients and gradients of electric potential are 

comparable with Ar+ dominated plasma, therefore, they cannot be the source of the 

temperature difference between Ar+ an Kr+ dominated plasmas. It should be mentioned that 

due to relatively high electron density in non-recombining plasma (ne ~ 1010 cm-3) and low 

energy of the “produced” electrons (≤ 0.67 eV), the Maxwellisation process is very fast in 

comparison to the time scale of the presented experiments.  

0.0 0.2 0.4 0.6 0.8 1.0
10

-4

10
-3

10
-2

10
-1

10
0

10
1

 7.7

 15.3

 22.8

 

 

E
E
D
F
 [
a
.u
.]

energy [eV]

p = 1600 Pa; T = 250 K 

[Kr] = 1.6×10
13

Time [ms]

T
e
 ~ 600 K

 

Figure 2.7. Electron energy distribution function (EEDF) in Kr+ dominated plasma 

obtained from measured characteristic of Langmuir probe. Full curves correspond to 

Maxwellian electron energy distribution.  

 

 

2.2.3 Measurements of EEDF in recombining plasma 

 

Recombination of ions with electrons and diffusion are two important processes 

controlling degree of ionisation in low temperature plasmas. The processes connected with 

recombination and formation of recombined plasma (KrD+, KrH+, H3
+, D3

+, XeH+, XeD+, 

etc.) were also studied using EEDF method. In these processes, energetic electrons and 

heavy excited particles can be formed. These excited particles can also transfer their 

internal energy to electrons of already cold decaying plasma through Penning ionisation 
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and in superelastic collisions. This subsection describes the study of EEDFs in KrD+ and 

H3
+ dominated plasma. The KrH+ and D3

+ are not mentioned here due to similar results 

with KrD+ and H3
+ respectively.  

 

KrD
+ 
dominated plasma 

 

For measurements of EEDF in KrD+ dominated plasma, deuterium is introduced via 

a port to the above-described Kr+ dominated afterglow plasma (with Maxwellian EEDF). 

The used density of D2 is low in comparison with Kr density (see also Chapter 4), 

[D2]/[Kr] ~ 0.1. KrD+ and D3
+ ions are formed in a sequence of ion-molecule reactions. 

Densities of these two types of ions are in equilibrium and the ratio [KrD+]/[D3
+] = 

KEq[Kr]/[D2], where KEq(THe) is the corresponding equilibrium constant. Because of the 

low value of [D2]/[Kr], the KrD+ ions are dominant in the decaying plasma. The formation 

of KrD+ from Kr+(2P3/2) is exothermic by ~1.2 eV, from Kr+(2P1/2) by ~ 1.9 eV. The excess 

energy gained from exothermicity of reactions can be stored in internal excitation of KrD+ 

and in superelastic collisions transferred to electrons. The measured EEPFs (normalised to 

electron density) are plotted in Figure 2.8. The production of energetic electrons is evident. 

The variation of the high-energy part of EEPF along the flow tube is coupled with decrease 

of electron density and “cut off mechanism” [Arslanbekov et al., 2001]. The high-energy 

group of electrons does not exceed 2% of all electrons. The body of EEPF is Maxwellian 

and can be characterised by temperature. The high-energy group does not directly 

influence the measured recombination rate coefficient ~ 1×10-8 cm3s-1; nevertheless, it 

influences the electron temperature of the recombining plasma. The measured 

experimental data have been compared with EEDF obtained by numerical calculations 

[Donko et al., 2008] assuming source of energetic electrons (assuming εfast = 0.7 eV). The 

numerical simulation describes the temporal evolution of the EEDF in the presence of 

electron – electron (Coulomb) collisions and electron – helium atom collisions. Monte 

Carlo approach is used for electron – neutral collision modelling. The preliminary results 

are in agreement with measured EEDF, further calculations are in progress to improve the 

model. 
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Figure 2.8. Evolution of EEPF in KrD+ dominated recombining plasma. The measured 

electron density and the calculated ion composition are plotted in the inset.  

 

H3
+
 dominated plasma  

 

For H3
+ formation, hydrogen gas is added to Ar+ dominated plasma described in 

subsection 2.2.2. H3
+ dominated plasma is formed within few centimetres from the port. 

Recombination is a fast process in this plasma ( ~ 2×10-7 cm3s-1, see also chapter 3). The 

measured evolution of EEPF together with the calculated ionic composition and measured 

decay of electron density are plotted in Figure 2.9. In the first 10 ms, the EEPF contains a 

high energy group, then the high energetically part  disappears during further decay and 

electrons are nearly thermal. Nevertheless, the temperature is slightly higher than in Ar+ 

dominated plasma. This observation is in qualitative agreement with our recent model of 

multicollisional character of H3
+ recombination (see Chapter 3).  
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Figure 2.9. Evolution of EEPF in H3
+ dominated recombining plasma. The measured 

electron density and the calculated ion composition are plotted in the inset.  

 

Conclusion of EEDF 

 

It should be mentioned that the experimental conditions were identical to those in 

the case of recombination studies of H3
+ (D3

+) and KrD+ (KrH+). The low-energy part of 

the EEDF is close to Maxwellian and the corresponding temperature can be used to 

characterise electron gas in the decaying plasma. Heating due to inelastic processes, 

causing increase of electron temperature, is observed. Only very small fraction of electrons 

is not Maxwellian (< 2%), so the measured rate coefficient can be considered as thermal, 

corresponding to temperature of the body of the EEDF.  
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Chapter 3 
 

Recombination of H3
+
 and D3

+
 ions  

 

3.1 Discovery of H3
+
 ion  

 

H3
+ (protonated molecular hydrogen) is the simplest polyatomic molecular ion. But 

first appearances are often deceptive, and H3
+ is no exception to the rule. This molecule has 

a long history which it is still evolving.  

Protonated molecular hydrogen, H3
+, was discovered by J. J. Thomson in 1911, 

using an early mass spectrometer [Thomson 1911, 1912]. He found a positive ion with 

mass-to-charge ratio of 3 in hydrogen discharge. Thompson was not completely confident 

that this ion is H3
+ because the ratio could correspond to C4+ or to other species. In a short 

time the suggestion about C4+ was rejected;, however, he still refrained from using H3
+ and 

instead he was using X3 in his papers until 1937 [Thomson 1937]. Nevertheless, in 1916 

Dempster  [Dempster 1916] undoubtedly accepted H3
+ and demonstrated prevalence of H3

+ 

over H2
+ and H+ in hydrogen plasma. The mechanism of formation of this ion via ion-

neutral reaction (3.1) was firstly proposed by Hognes and Lunn in 1925 [Hognes et al., 

1925].    

HHHH 322 +→+ ++      (3.1) 

This reaction is extremely efficient with high exothermicity of 1.7 eV, lack of an activation 

barrier [Oka et al., 1983] and a large rate constant k(300 K) = 2×10-9 cm3s-1 [Glosík et al., 

1994 ]. In 1935 Coulson predicted in his study [Coulson et al., 1935] that the equilibrium 

structure of H3
+ should be an equilateral triangle with a bond length of 0.85Å (0.87Å - 

modern value). Lately, this prediction was experimentally confirmed by the method of foil-

induced dissociation by Gaillard et al [1978].   

 

3.2 Per aspera ad astra 

 

About 92% of all nuclei in the universe belong to hydrogen and majority of the 

remaining 8% to helium, but it is not chemically active. That’s why hydrogenic species are 

the most important species in the chemistry of interstellar medium. In the 60s of the past 
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century it was predicted that protonated molecular hydrogen should be present in the 

interstellar medium [Martin et al., 1961]. The prediction is based on experimental works 

which have shown that H3
+ ions are dominant in hydrogen plasma.  Watson [1973] and, 

independently, Herbst and Klemper [1973] applied this experimental result into detailed 

models for the gas-phase chemistry of dark clouds based on cosmic-ray driven ion-neutral 

reaction. Because proton affinity of a hydrogen molecule (4.4 eV) is lower than that of 

almost all atoms and molecules (X), the H3
+ ion acts as an universal proton donor through 

the proton transfer reaction:  

+
3 2H X HX H+ + → +        (3.2) 

thereby initiating a network of ion-neutral reactions for the production of most molecules 

in interstellar medium (ISM) (see Figure 3.1).  The vast amount of H2 is continuously 

ionized by the omnipresent cosmic rays ζ   

−+ +→ eHH 2
ζ

2      (3.3) 

to produce H3
+ via ion-neutral reaction (3.1). 

 For the detection of protonated molecular hydrogen in the ISM, it was necessary to 

determine its spectrum. H3
+ has no ultraviolet or visible line spectrum due to lack of well-

bond exited electronic states. Despite the simplicity of this ion the infrared spectrum has 

was observed only no sooner than in 1980 by Oka using laser spectroscopy [Oka et al., 

1980] after four years of research. Fortunately, this absorption spectrum lies in a 

wavelength region, which does not have strong spectra of most other known molecules. 

The first extra-terrestrial spectroscopic detection of H3
+ was in emission from 

Jupiter’s aurora (infrared region) [Trafton et al., 1989]. The H3
+ emission has also been 

observed in Uranus and Saturn [Geballe et al., 1993; Trafton et al., 1993; Miller et al., 

2000] and has been used to study their planetary ionospheres. It was established that these 

ions play an important role in planetary physics [Miller et al., 2006].  

H3
+ ion was discovered not long ago both in molecular clouds [Geballe et al., 1996] 

and in the diffuse interstellar medium [McCall et al., 1998]. The destruction mechanism 

for H3
+ differs in dense and diffuse clouds. Dense clouds have number density of 105-103 

cm-3 and, hence, stellar radiation can weakly penetrate the clouds and ionize gas (H2, CO). 

Diffuse clouds have a number density of 103-101 cm-3 and stars are visible through the 

clouds (carbons stays atomic and ionized by star radiation because of the lowest ionization 

potential among abundant species) [Oka et al., 2003]. It follows from this that in dense 
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clouds, H3
+ is mainly destroyed by proton hop reaction to CO while in diffuse clouds it is 

destroyed by recombination with electron released from a photoionized C: 

-
3H e products+ + →      (3.4)  

 
Figure 3.1. The schematic diagram showing the vital role of H3

+ ions in interstellar 

chemistry;  reprinted from McCall at al. [2006]. 

 

The overall picture of chemistry of H3
+ ions in dense clouds seems to be well understood 

and it is in agreement with recent scientific observations [McCall et al., 2006]. It should be 

mentioned that the reaction with HD, in such clouds, may become the main destruction 

process of H3
+ ions [Roberts et al., 2003; Roberts et al., 2004]   

223 HDHHDH +→+ ++ + 230 K    (3.5)  

because most molecules other than H2 and its isotopologues may be frozen into grains. 

Under given conditions, this reaction can proceed mainly in one direction (the barrier of 
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the reverse reaction is 19meV), giving the right answer to the ultrahigh abundance of 

isotopes like H2D
+, D2H

+ and others in some dense clouds. It follows from this that the 

deuterated species are good probes of the cold phases of molecular clouds prior to star 

formation in the ISM [Roberts et al., 2006].   

The discovery of H3
+ in diffuse clouds was a great surprise owing to discrepancy 

between the expected value of H3
+ density, predicted from chemical model calculations, 

and extensive observation [McCall et al., 2002]. The high column density of protonated 

molecular hydrogen is a big puzzle – so-called “Enigma of H3
+”  This alleged 

contradiction can be explained by using 10 times higher ionization rate ζ ~ 3×10-17
 s

-1 or 

by decreasing recombination rate constant for the H3
+ ion. For more detailed information 

and estimations for cosmic-ray ionization rateζ see [Indriolo et al., 2007]. The laboratory 

measurements of the dissociative recombination rate coefficient are discussed below.   

Indeed! It’s unbelievable how many amazing secrets the seemingly simplest 

polyatomic molecule keeps. Uncovering the secrets of this ion will grant us a chance to 

better understand stellar evolution.  

 

3.3 The puzzle of an experimental study of recombination of H3
+ 

 

Experimental studies of dissociative recombination of H3
+ ions began little more 

than a half century ago. The first measurement of the recombination rate coefficient in 

hydrogen plasma was performed using the stationary afterglow with microwave discharge 

technique [Biondi et al., 1949a] by Biondi et al. [1949b], but the data from the 

measurements cannot be taken as truthful due to lack of ion identification. The next two 

decades of years of investigations of the recombination rate of H3
+ are also to be omitted 

because of high possibility of mixtures of H3
+ and H5

+ ions in the plasma. In the early 70s, 

the stationary afterglow apparatus with mass analysis system was constructed and the rate 

coefficient was measured by Leu et al. [1973].  The results before 1984 were in agreement 

with each other (see Table 3.1). However, 1984 brought changes to the agreement between 

the measurements. New value for the rate coefficient was measured by Adams et al. 

[1984], and the experimental value was reduced by one order of magnitude. The low value 

of the recombination rate coefficient was explained by Mitchell and Hobs [1984]. Their 

calculations showed that the ionic ground potential curve of H3
+ does not cross the 

repulsive curve leading to neutral products. According to this estimation, the 
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recombination rate of H3
+ ion in the vibrational ground state should be much lower than 

predicted before and it could also increase for higher vibrational states (v>2) owing to the 

curve crossing possibility. This explained the cause of the discrepancy between 

experiments. Therefore, further experiments were performed to determine not only the rate 

coefficient, but also the vibrational state of the recombining ions. Nevertheless, the 

experiments have shown two different groups of values.   

Using infrared absorption spectroscopy, Amano et al. [1990] has measured the 

higher value of the recombination, but in the experiment he assumed that density of 

electrons is equal to the H3
+ density without a purity test that could influence the results. 

The first merged beam experiments have shown lower values [Hus et al., 1988], but there 

is also the problem with ion vibrational state determination and further similar experiment 

have not confirmed these lower values [Yousif et al., 1995]. Further, the merged beam 

technique has been greatly developed using the ion storage rings. This new technique 

allows vibrationally exited H3
+ ions to relax to a ground vibrational state by spontaneous 

emission due to a long storage time (up to several tens of second). The thermal rate 

coefficient α(300 K) = 1.15×10-7 cm3s-1 taken from cross sections measurements for H3
+ by 

means of storage ring technique [Sundström et al., 1994; Larsson et al., 1995] was in 

agreement with the single-pass merged-beam experiment performed by Yousif et al. 

[1995], see Table 3.1. In the next subsequent merged beam experiments in ions storage 

rings the value of α(300 K) was decreased to ~ 0.7×10-7 cm3s-1 [Tanabe et al., 1999; 

Schneider et al., 1999]; the ground vibration state of H3
+ was expected here. We should 

remember that at that time, theory was predicting very low value of the recombination rate 

coefficient for H3
+ ions.    

The next major improvement of storage rings technique was an external cold ion 

source allowing to study rotationally cold H3
+ ions. The rotationally cold H3

+ were 

produced in Stockholm using a supersonic expansion source [McCall et al., 2003] and in 

Heidelberg, cryogenic 22-pole ion trap was used as the ion source [Kreckel et al., 2005]. 

As can be clearly seen from Table 3.1, the recent value of rate coefficient for the 

dissociative recombination of rotationally cold H3
+ ions with electrons measured with Test 

Storage Ring (TSR) [Kreckel et al., 2005] is in a very good agreement with the value 

obtained by McCall et al. [2003] (α(300 K) = 0.68×10-7 cm3s-1). Moreover, in the TSR 

experiment, the dependence of recombination rate coefficient on nuclear spin of H3
+ was 

observed at very low collision energies: the para H3
+ has a lager rate than the ortho H3

+. 

Recent theoretical calculations [Santos at al., 2007] are also in good agreement with the 
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recent storage ring experiments; the thermal rate coefficient at 300 K obtained from this 

calculation is 5.6×10-8 cm3s-1.  

 

Table 3.1. Recombination rate coefficients of H3
+ ions for 300 K measured by different 

techniques, chronologically ordered.   

αααα    [[[[10
-7 

cm
3
 s

-1
] Method Year Comment Reference 

2.3 SA 1973  [Leu et al., 1973] 

2.5 inc. beam 1974  [Peart et al., 1974] 

2.1 
merged 
beam 

1977  [Auerbach et al., 1977] 

1.5 ion trap 1978  [Mathur et al., 1978] 

2.1 
merged 
beam 

1978  [McGowan et al., 1978] 

≤ 0.2 FALP 1984  [Adams et al., 1984] 

1.5 SA 1984  [Mac Donald et al., 1984] 

≤ 0.0001 FALP 1987 estimation [Adams et al., 1987] 

0.2 
merged 
beam 

1988 v = 0 [Hus et al., 1988] 

1.8 v = 0 

1.5 
IR spectr.. 1990 

v ≤ 2 
[Amano et al., 1990] 

1.1 v = 0 

1.5 
FALP-MS 1991 

300 K, v ≤ 2 
[Canosa et al., 1991] 

1.1 650 K, v = 0 

1.3 v ≥ 3 

0.3 

FALP-MS 1992 

v = 1-2 

[Canosa et al., 1992] 

0.1 – 0.2 FALP 1993 v = 0 [Smith et al., 1993a; Smith et al., 1993b] 

1.15 Storage ring 1994  
[Sundström et al., 1994; Larsson et al., 

1995] 

< 2 
IR laser. 

spectrosc. 
1994  [Fehér et al., 1994] 

1.2 
merged 
beam 

1995  [Yousif et al., 1995] 

1.4 do 2 FALP 1995  [Gougousi et al., 1995] 

0.78 FALP-MS 1998  [Laubé et al., 1998] 

0.7 Storage ring 1999  [Tanabe et al., 1999] 

0.7 CRYRING 1999  [Schneider et al., 1999] 

>0.4 - 1.4 AISA 2000 Dependent on [H2] [Kudrna et al., 2000; Glosik et al., 2000] 

1 ASTRID 2001  [Jensen et al., 2001] 

0.03 – 1.4 AISA 2002 Dependent on [H2] [Plasil et al., 2002] 

0.68 CRYRING 2003 Cold ion source [McCall et al., 2003] 

1.6 SA, CRDS 2004  [Macko et al., 2004] 

0.1 to 1.4 AISA-VT 2005 Dependent on [H2] [Glosík et al., 2005] 

0.7 TSR 2005 Cold ion source [Kreckel et al., 2005] 
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As it probably already appeared from the above, the discrepancy problem seems to 

be solved, but there remains one big catch – the plasma experiments. The disagreement 

between multi- and single-collisional experiments is evident from Table 3.1 and it has not 

been solved until now.  

Note that D3
+ ions have suffered the same fate as H3

+ (for more detail information, 

see [Poteya et al., 2002] and Table 3.2). Therefore, in order to solve the problem, the 

recombination of both H3
+ and D3

+ ions has been investigated using different experimental 

techniques in our laboratory.  

 

Table 3.2. Recombination rate coefficients of D3
+ ions for 300 K measured by different 

techniques, chronologically ordered.   

α α α α [[[[10
-8 

cm
3
 s

-1
] Method Year Comment Reference 

< 2 FALP 1984 95 and 300K [Adams et al., 1984] 

8 
2 

FALP 1993 
v >0    300K 

v=0 
[Smith et al., 1993a]  

7.5 to 14 FALP 1995 dependent on [D2] [Gougousi et al., 1995] 

2.7 CRYRING 1997  [Larsson et al., 1997] 

2.7 CRYRING 1998  [Le Padellec et al., 1998] 

6.7 FALP-MS 1998 300 K [Laube et al.,  1998] 

0.6 to 7 AISA 2002 dependent on [D2] [Poterya et al., 2002] 

 

 

3.3.1 A short overview of the experimental investigation of H3
+
 and D3

+
 ions in Prague  

 
The history of investigation of H3

+ and D3
+ dissociative recombination in our 

laboratory started in 1999. The first experiments were performed using an Advanced 

Integrated Stationary Afterglow (AISA) experimental system equipped with a large 

discharge chamber to reduce diffusion losses. In an AISA apparatus, a pulsed microwave 

discharge ignited plasma in He-Ar-H2 gas mixture. After switching off the discharge, the 

evolution of the electron number density was measured by Langmuir probe and time 

resolved mass spectra were obtained by means of a differentially pumped mass 

spectrometer. Detailed information regarding the AISA apparatus can be found in [Plasil et 

al., 2003; Poterya et al., 2003, Poterya et al., 2002]. The measurements were performed 

over a broad range of H2 number density (see Figure 3.2). The αeff in Figure 3.2 represents 

the overall rate coefficient of the deionization processes in the studied plasma. Unexpected 
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results were observed in AISA experiment: strong dependence of the obtained effective 

recombination rate coefficient on hydrogen number density at [H2] < 2×1012 cm-3 [Glosík et 

al., 2000; Plasil et al., 2002].  This dependence indicates that observed deionization 

process is not governed only by simple binary DR process.  
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Figure 3.2. Measured effective recombination rate coefficients αeff  obtained as a function 

of H2 partial pressure using AISA, HFPA and TDT-CRDS apparatuses. The appropriate 

temperatures and He pressures are indicated.  

 

A question then arises: what value of the H3
+ recombination rate coefficient must 

be taken as the proper? There is a problem with determination of the internal state of 

recombining H3
+ ions, which can not be determined from the Langmuir probe or mass 

spectroscopic measurements , but can be estimated from calculation of kinetics of the de-

excitation processes. In order to confirm these estimations, the Test Discharge Tube - 

Cavity Ring Down Spectroscopy (TDT-CRDS) apparatus [Macko et al., 2002; Hlavenka et 

al., 2007] was built for spectroscopic identification of recombining ions in afterglow 

plasma. In this stationary afterglow experiment, the decays of H3
+(v=0) were monitored, in 

particular rotational excitation (para-H3
+ or ortho-H3

+),  and αeff were obtained (see Figure 

3.2). These experiments showed that the internal excitation and kinetic energy distribution 
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of H3
+ ions in the afterglow correspond with buffer gas temperature. This confirmed results 

of our calculation of de-excitation processes (vibrational and rotational quenching) in 

stationary afterglow in conditions corresponding to conditions in AISA experiment. The 

obtained recombination rate coefficients are in a very good agreement with values from 

AISA at H2 densities > 4×1013 cm-3 [Macko et al., 2004; Plasil et al., 2005]. The 

measurements at H2 < 4×1013 cm-3 were not performed due to a very long time period of 

H3
+ ions formation in TDT-CRDS at such extremely low [H2].  

Nevertheless, the data from AISA and TDT-CRDS experiments do not give enough 

information about the character of the H3
+ recombination process. Also, the plasma is 

ignited in a mixture of gases in these stationary afterglow experiments, thus, the possibility 

of complicated formation of H3
+ ions cannot be excluded. Therefore, the experiments were 

also carried out using flowing afterglow techniques where the reactant gases are introduced 

separately to the already relaxed plasma.  

The High Pressure Flowing Afterglow (HPFA) apparatus has been constructed for 

measurement of large recombination rate coefficients at relatively high densities of 

reactant gas [H2] >1013 cm-3, where H5
+ ions can be formed and play an important role in 

plasma [Glosík et al., 2003; Pysanenko et al., 2002]. The results of these measurements are 

also in a very good agreement with AISA and TDT-CRDS data.   

To have even better control over experimental condition, a new Ultra High Vacuum 

Flowing Afterglow with Langmuir probe apparatus (UHV-FALP) was designed and 

constructed to reinvestigate αeff  at [H2] < 1013 cm-3. The detailed description of the FALP 

is given in Chapter 1. The results of these measurements and their interpretation are 

discussed below.   

It should be mentioned that the of recombination of D3
+ ions using the AISA 

apparatus showed a similar dependence of αeff on reactant gas number density as observed 

for H3
+ (see Figure 3.3) [Poteya et al., 2002]. Note: the spectroscopic measurements of D3

+ 

ions by means of CRDS have not yet been done. In order to better understand the processes 

taking place in such plasma, the measurements of the DR of D3
+ ions were therefore also 

performed with the FALP technique. Experiments at high deuterium number density ([D2] 

> 4×1012 cm-3) were carried out using the FALP apparatus (VT-FALP, for detailed 

information, see [Novotny et al., 2006]). The results are discussed in the attached work 

[III]. In the following subsections, the measurements in low reactant number density region 

[D2] < 4×1012 cm-3 are described and discussed.  
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Figure 3.3.  Effective recombination rate coefficients measured with AISA and VT-FALP 

apparatus in He-Ar-D2 mixture as a function of D2 partial pressure.  

 

3.4 Flow Tube study of recombination of H3
+
 and D3

+
 ions  

 

3.4.1 Formation of H3
+
 and D3

+
 dominated plasmas in flowing afterglow  

 

The construction of the FALP apparatus used for measurements of recombination 

rate coefficients of H3
+ (or D3

+) ions at very low hydrogen (or deuterium) number 

densities, < 2×1012 cm-3, is described in detail in Chapter 1. The schematic of the reactant 

gases injection ports of the FALP apparatus for these measurements is shown in Figure 3.4. 

Helium as a buffer gas flows through the glass discharge tube where He+ ions and Hem 

metastables are formed. Downstream from the discharge region argon gas is added to 

quench helium metastables and to form Ar+ dominated plasma. Further, downstream from 

the Ar reactant port, hydrogen or deuterium is added to already relaxed plasma and H3
+ or 

D3
+ dominated plasma is formed via the reaction sequence:   

     2 2H H+ + + +
2 3Ar (ArH , H ) H→ →  or 

2 2D D+ + + +
2 3Ar (ArD , D ) D→ → . 

The kinetics of formation of H3
+ and D3

+ ions in hydrogen and deuterium containing 

plasmas is sufficiently well understood and has been described several times: H3
+ in 

[Glosík et al., 2002; Plasil et al., 2002;  Smith et al., 1993; Glosík et al., 2000] and D3
+ in 

[Giles et al., 1992; Poterya et al., 2002; Plasil et al., 2002], respectively. 
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Figure 3.4. Reactant gases injection scheme for measurements of recombination rate 

coefficients of H3
+ (or D3

+) ions in the FALP apparatus. Plasma decay along the Flow Tube 

can be monitored by means of a movable Langmuir probe up to 35 cm from the hydrogen 

(deuterium) port.   

 

Numerical modeling is an essential step to gain a better understanding of details of 

processes in the Flow Tube and to optimize experimental conditions. Examples of 

calculated plasma evolutions in the Flow Tube are shown in Figure 3.5 and Figure 3.6. 

Data was obtained by solving a set of partial differential equations corresponding to the set 

of reactions given in Table 3.3. The actual experimental conditions (temperature, plasma 

velocity, partial densities of the gasses, etc.), diffusion and recombination loss processes 

are also included in this model. The H2 reactant entry port was considered as “time zero”. 

Therefore, the processes upstream from the port have “negative time”. The formation of 

H3
+ and D3

+ ions was calculated for different partial pressures of hydrogen and deuterium. 

At high number densities of reactant (H2 or D2), complex/cluster ions (H5
+ or D5

+) are also 

formed; the calculated evolutions of ions are shown in Figure 3.7. The experiments and 

results of the measurement in the range of “high reactant pressure” where H5
+ and D5

+ play 

important roles are described in detail in [Glosík et al., 2003; Pysanenko et al., 2002; 

Novotny et al., 2006; attached work [III]]. It is evident from Figure 3.5 and Figure 3.6, that 

the influence of these cluster ions on electron density decay is negligible at relatively low 

number density of hydrogen (5×1012 cm-3) and deuterium (3×1012 cm-3). The measurements 

at these particular densities are discussed below. The calculation also showed that even if 

hydrogen (deuterium) density is ~2×1011 cm-3, the electron density decay for time > 10-15 

ms will be caused by recombination of H3
+ or D3

+ ions. This is partly because the Ar+ and 

ArH+ ions recombine very slowly and H2
+ (or D2

+) recombines slowly in comparison with 

H3
+ (or D3

+) [Florescu-Mitchell et al., 2006]. Nevertheless, the influence of an ion 

formation zone should be also taken into account for a low reactant number density range 



3 Recombination of H3
+ and D3

+ ions   

 
-      59      - 

2-10×1011 cm-3 due to high possibility of an erroneous determination of H3
+ and D3

+ 

recombination rate coefficients. Therefore, the advanced data analysis was applied (see 

Chapter 1) in our experiments (discussed bellow). 
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Figure 3.5. Calculated ion-formation and plasma decay in Flowing Afterglow in He-Ar-H2 

mixture. The positions of the injection ports (vertical arrows) and densities of reactants are 

indicated. The right panel shows the detail of transition from Ar+ dominated to H3
+ 

dominated plasma after addition of hydrogen.  
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 Figure 3.6.  Left panel: the calculated plasma formation and decay along the Flow Tube 

after addition of Ar and D2. Right  panel: Detail of calculated dependencies at low decay 

time corresponding to vicinity of the D2 port.    
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 Table 3.3. Main reactions taking place in the formation and destruction of H3
+(10a-18a) 

and D3
+(10b-18b) ions. Reactions 1-9 occur in conversion of the helium plasma to Ar+ 

dominated plasma. 

N Reaction 
Rate coef.  

[cm
3
s

-1
][cm

6
s

-1
] 

Reference 

1  He+ + He + He → He2
+ + He  1×10-31 [Ikezoe et al., 1987] 

3 
 Hem + Hem → He+ + He + e- 

                    → He2
+ + e- 

5×10-9 

5×10-9 
[Deloche et al., 1976] 
[Urbain et al., 1999] 

4  He2
+ + e-  → 2He <3×10-10 [Ferguson et al., 1965] 

Ar  

5  He+ + Ar → Ar+ + He 1×10-13 [Ikezoe et al., 1987] 

6  Hem + Ar →Ar+ + He + e- 7×10-11 [Glosík et al., 1999] 

7  He2
+ + Ar → Ar+ + 2He 2×10-10 [Ikezoe et al., 1987] 

8  Ar+ + Ar + He → Ar2
+ + He 1.3×10-31 [Bohme et al., 1969] 

9  Ar2
+ + e- → 2Ar  8×10-7 [Okada et al., 1993] 

H3
+
 formation and destruction 

10a 
 Ar + H2 → ArH+ + H 
              → Ar + H2

+  
8×10-10 

1×10-10 
[Dotan et al., 1982]  

11a  H2
+ + Ar → ArH+ + H 2.3×10-9 [Glosík et al., 1994] 

12a  H2
+ + H2

 
→ H3

+ + H 2.1×10-9 [Glosík et al., 1994] 

13a  ArH+ + H2
 
→ H3

+ + Ar 1.5×10-9 [Villinger et al., 1982] 

14a  H3
+ + H2 + He → H5

+ + He <1×10-29 [Smirnov et al., 1984] 

15a  H5
+ + He → H3

+ + H2 + He  <1×10-13 [Glosík et al., 2003] 

16a  H3
+ + H2 + H2 → H5

+ + H2 4.6×10-30 [Johnsen et al., 1976] 

17a  H3
+ + e- → products  f([H2], [He]) This work 

18a  H5
+ + e- → products 2.5×10-6 [Glosík et al., 2003] 

D3
+ 

formation and destruction  

10b 
 Ar + D2 → ArD+ + D 
              → Ar + D2

+  
7.5×10-10 [Anicich et al., 2003] 

11b  D2
+ + Ar → ArD+ + D 1.5×10-9 [Anicich et al., 2003] 

12b  D2
+ + D2

 
→ D3

+ + D 1.6×10-9 [Anicich et al., 2003] 

13b  ArD+ + D2
 
→ D3

+ + Ar 6×10-10 [Anicich et al., 2003] 

14b  D3
+ + D2 + He → D5

+ + He <1×10-29 * 

15b  D5
+ + He → D3

+ + D2 + He  <1×10-13 * 

16b  D3
+ + D2 + D2 → D5

+ + D2 6×10-30 Estimation 

17b  D3
+ + e- → products  f([D2], [He]) This work 

18b  D5
+ + e- → products 3.0×10-6 * 

 
* Calculated from measurements, see discussion in [Novotny et al., 2006]  
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Figure 3.7.  Ion formation and destruction in the FALP apparatus calculated with a kinetic 

model.  Because of high H2 density, H5
+ ions are formed. The plasma decay depends on 

partial densities of both ions. 

 
3.4.2 Measurements of recombination rate coefficients of H3

+
 and D3

+
 
 
 

 

 Measurements with hydrogen and deuterium as reactant gas were performed using 

the FALP apparatus. As mentioned before, the main goal of the present experiments was to 

reinvestigate the dependence of the measured effective recombination rate coefficient αeff
 

on hydrogen and deuterium number density under experimental conditions similar to AISA 

(H2 and D2 densities in range ~ 0.1-20×1012 cm-3). Such low number density of reactant 

gases cannot be controlled and maintained by means of a flow controller used in the 

apparatus. Therefore, the reactants were mixed with helium in the required ratio before 

injection into the Flow Tube (see Figure 1.5). The examples of measured electron density 

decays along the Flow Tube at several concentrations of H2 and D2 are shown in Figure 3.8 

and Figure 3.9 respectively. The indicated values of effective recombination rate 

coefficients (αeff) were calculated from the decay curves by means of advanced data 

analysis (see attached work [I]). 

The influence of the formation of H3
+ and D3

+ plasmas on electron density was 

considered in the analysis. Hence, it is obvious that the measured decay rate depends on 

hydrogen or deuterium partial pressure.  In Figure 3.10 and Figure 3.11, the obtained 

effective recombination rate coefficients are plotted as a function of hydrogen and 

deuterium concentration. The previous AISA data were also included in these figures for 

comparison purposes. 
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Figure 3.8. Decays of the electron density in H3
+ dominated plasma at several 

concentrations of hydrogen measured with FALP apparatus. The decay curve measured in 

Ar+ dominated plasma is also included. Hydrogen densities and obtained recombination 

rate coefficients are indicated. 
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Figure 3.9.  Measured electron density (ne) decays along the Flow Tube plotted as a 

function of decay time. The decays were measured in He-Ar-D2 plasma at several 

concentrations of D2 reactant gas. The pressure and temperature of the buffer gas and used 

density of argon are indicated. 
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Figure 3.10. Effective recombination rate coefficient (αeff) measured in the Flow Tube as a 

function of hydrogen partial number densities [H2]. The data from previous AISA 

experiments are also shown for comparison.  
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Figure 3.11. Dependence of the measured effective recombination rate coefficient in D3
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dominated plasma.  
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The present FALP experiments showed dependence of effective recombination rate 

coefficient on hydrogen or deuterium concentration similar to the AISA measurements: at 

[H2] (or [D2]) below ~1012 cm-3 the measured value of αeff decreases with decreasing [H2] 

(or [D2]), and the value is nearly constant at reactant densities 1012-1014 cm-3. Hence, 

owing to the FALP operation principle, possible complications were excluded concerning 

the above-expressed ion formation and the possible influence of dissociation of H2 on 

hydrogen atoms during discharge in AISA experiments. The obtained dependence on 

hydrogen (deuterium) density in the FALP and AISA has similar form but  the results 

differ in absolute value of the rate coefficients. The detailed interpretation of these results 

is given below.   

 

3.5 Results and discussion   

 

3.5.1 Dependence of measured αeff  for D3
+
 and H3

+
 ions on helium density 

 

Taking into account the result of subsection 3.4.2, the observed difference between 

absolute values of measured rate coefficients in AISA and FALP experiment (see Figure 

3.10, 3.11) is given by different buffer gas pressures used in these experiments. Therefore, 

to clearly confirm the influence of helium buffer gas on αeff, measurements of αeff in He-

Ar-D2
 and He-Ar-H2 plasma were performed at different buffer gas pressures in the Flow 

Tube. Examples of effective recombination rate coefficients of D3
+ measured in FALP 

experiments at several buffer gas pressures are shown in Figure 3.12. 

In our previous investigations of αeff  in He-Ar-H2 (D2) plasma we have shown that 

at “very high”  densities of reactant [H2] > 1×1014 cm-3 ( D2 > 2×1013 cm-3 ) the increase of 

overall recombination rate coefficient is given by formation of rapidly recombining H5
+ 

(D5
+) ions [Glosík et al., 2003; attached article III]. Therefore, we omit from the discussion 

the measurements where the influence of recombination of H5
+ and D5

+ ions on overall 

recombination rate coefficient is possible. 

In He-Ar-H2 (D2) plasma, H3
+ (D3

+) ions can collide with H2 (D2) before 

recombining with electron.  In our experiments, the number of these collisions (N) depends 

mainly on hydrogen (deuterium) number density (see estimation in attached work [III]). If 

an ion (e.g. H3
+ ) has several collisions with H2  (that corresponds to [H2] > 2×1012 cm-3), 

i.e. if N > 1, the internal excitation of the ion will be quenched prior to recombination and 
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we can expect that the recombining  ion is vibrationally and rotationally thermalized. 

Similar reasoning will give the [D2] > 2×1012 cm-3 condition for D3
+. 

Taking into account this estimation, we omit in this subsection the measurements at 

low deuterium density region (< 1012 cm-3), where αeff increases with [D2] until it reaches 

saturation (see Figure 3.11). Figure 3.13 shows the measured recombination rate 

coefficients versus helium number density. The plotted rate coefficients were measured in 

different experiments at deuterium density corresponding to the “saturated region” (1012 

cm-3 < [D2] < 2×1013 cm-3). Figure 3.13 also includes the calculated value of the 

recombination rate coefficient for binary dissociative recombination of D3
+ at 250 K 

[Kokoouline et al., 2008]. The linear dependence of αeff on helium density is obvious. 

Therefore, the dependence of measured αeff on helium buffer gas density at THe = 250 K 

can be written as: 

D
eff 3 eff 0 3 He(D , 250 K) (D , 250 K) [He]Kα α+ += + ,   (3.6) 

where HeK is the slope of the linear fit. The value of eff 0 3(D , 250 K)α +  is determined by 

extrapolating the linear fit to [He] = 0. The values of the constants obtained from the plot 

are: +
eff 0 3(D ,250 K)α ~ 4.1×10-8 cm3s-1 and D

HeK ~ 2.1×10-25 cm6s-1.   
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Figure 3.12. Effective recombination rate coefficient measured in He-Ar-D2 plasma at 

several buffer gas pressures over wide range of D2 number densities. 
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It should be mentioned that we have also measured the dependence of αeff on 

helium density at THe  ~ 200 K. The results of the measurements are included in Figure 

3.13, but there is not enough data to obtain the temperature dependence of HeK . These 

results are not discussed in the thesis. The temperature dependence of  HeK  will be 

measured in a new experiment with cryogenic flowing afterglow – CryoFALP. 
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Figure 3.13. Effective recombination rate coefficients of D3
+ measured in He-Ar-D2 

afterglow experiments. The data measured at T ~ 200 K are also included. The dashed lines 

show linear fit of measured data.  The arrow “Theory” indicates calculated values for 250 

K. The arrow “Cryring” indicates the value of recombination rate coefficient obtained from 

the cross section measurements in CRYRING experiment [Le Padellec et al., 1998; 

Larsson et al., 1997]. 

 

In study of recombination of H3
+ ions in He-Ar-H2 plasma, the linear dependence of 

αeff on helium density has also been observed. Figure 3.14 shows results of measurements 

in H3
+ dominated plasma measured at several helium pressures at conditions corresponding 

to the “saturated region” (2×1012 cm-3 ≤ [H2] ≤ 1014 cm-3). The figure includes the 

theoretical value of the rate coefficient for binary recombination of H3
+ ions with electrons 
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[Santos et al., 2007; Kokoouline et al., 2008]. Results obtained in other laboratories where 

helium-hydrogen mixture was used are also plotted. It should be noted that the data 

obtained at different temperatures ( close to 250 K) were adjusted assuming T 
-0.5 

dependence [Glosík et al., 2008].  
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Figure 3.14. Effective recombination rate coefficients measured in different afterglow 

experiments. The values of αeff for H3
+ ions were measured at conditions corresponding to 

the “saturated region” (2×1012 cm-3 ≤ [H2] ≤ 1014 cm-3). A straight dashed line is plotted 

through the AISA and Pittsburg data points. The αeff of D3
+ are also included for 

comparison purposes.  

 

Brief discussion about rate coefficients plotted in Figure 3.14: 

Pittsburg – a stationary afterglow technique [Leu et al., 1973]. Measurements were 

carried out at 18.7 Torr of helium pressure and obtained αeff (300 K) is 2.3×10-7 cm3s-1
 

Smith&Spanel – FALP. The data were taken at the beginning of decay (Figure 4 of 

[Smith et al., 1993a]) - αeff (300 K) ~ 8×10-7 cm3s-1 at 2 Torr. Note that for sufficiently 

long decay time the recombination coefficient becomes very small (see table 3.1).  
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Laube   - FALP: αeff (300 K) = 7.8×10-8 cm3s-1 at 0.5 Torr [Laubé et al., 1998]. 

Adams&Smith -  FALP: Figure 2 of  [Adams et al., 1984] shows fast decay at the 

beginning  where  αeff (300 K) ~ 7.8×10-8 cm3 at 1.2 Torr and a slower decay at the end 

of a flow tube (see table 3.1). 

Rings – Storage rings with cold ion sources: [McCAll et al., 2004; 

Kreckel et al., 2005].  

 

Assuming linear dependence of H3
+ effective recombination rate coefficient on 

helium buffer gas pressure, using equation (3.6) we obtained: +
eff 0 3(H ,260 K)α ~ 7.5×10-8 

cm3s-1 and H
HeK ~ 2.8×10-25 cm6s-1. It should be noted that the values of +

eff 0 3(H , 260 K)α  

and +
eff 0 3(D ,250 K)α  agree well with the values calculated for dissociative recombination 

(DR) of the corresponding ions [Santos et al., 2007; Kokoouline et al., 2008] and 

+
eff 0 3(H , 260 K)α is also in good agreement with storage ring experiments (see table 3.1). 

Hence, it is obvious that the recombination of H3
+ and D3

+ ions has not only binary 

channels , but also a ternary channel in plasma with buffer gas the recombination. 

Therefore, values H
HeK  and D

HeK  can be used as ternary recombination coefficients. The 

obtained values H
HeK  and D

HeK  correspond to ternary channel where helium serves as the 

third body. 

 

3.5.2 Dependence of recombination rate coefficient of H3
+ 

and D3
+
 ions on electron 

density 

 

As mentioned before, four apparatuses and their modifications were used in our 

laboratory for the study of recombination of H3
+ and D3

+ ions with electrons.  The plasmas 

in these experiments have very different parameters, especially electron and ion number 

densities. Examples of decay curves obtained in these apparatuses are shown in Figure 

3.15 in the log-log scale. It can be clearly seen that the recombination of H3
+ ions was 

studied over four orders of magnitude of the electron number density. Owing to different 

working pressures (200-1600 Pa) and characteristic diffusion lengths in these apparatuses, 

the difference between measured electron decay curves is also given by different rate of 

diffusion losses. If we assume here that plasma decays are governed only by 

recombination, then for electron density decays we can write:    
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 eff

0

1 1

e e

t
n n

α= + ,     (3.7) 

where ne0 is initial electron density. For higher t in log-log scale we can simplify the 

equation by neglecting the 1/ 0en  term and if we take the logarithm of each side we obtain:  

effln( ) (ln( ) ln( ))en t α≈ − + .     (3.8) 

Thus, according to equation (3.8), we should observe a linear dependence of ne on t in log-

log graph (see Figure 3.15). The value of ln(αeff) gives a vertical shift. The small shift 

between data is given by different buffer gas temperatures and pressures.  

Taking all of the above consideration into account, we could not see any evidence 

that  αeff  depends on electron density.   
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Figure 3.15. Log-log plot of the measured decay curves of H3
+ dominated recombination-

governed plasma. The deviations from linearity at the end of the decays are due to 

diffusion losses which are considered in the data analysis. The used experimental 

techniques are indicated. Hydrogen number density is [H2] ~ 1014 cm-3. The buffer gas 

temperatures in the FALP, AISA, HFPA, TDT-CRDS are 250 K, 260 K, 250 K and 300 K 

respectively. The dashed line corresponds to αeff  =  1.8×10-7 cm3s-1. 
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3.5.3 Discussion. A new view on recombination of H3
+
 and D3

+
 ions  

 

Three-body recombination processes have been previously observed and described 

by Thomson and later by Bates [Bates at al., 1964]. Rates of recombination of electrons 

with simple molecular ions in the presence of helium were measured by Cao et al. [1990], 

Bates et al. [1964]. The values of three body rate coefficients from these experiments are 

~10-27 cm6s-1, which are about 100 times lower than the rate coefficients of the processes 

observed for H3
+ and  D3

+ (see also subsection 3.5.1).   

There can be several eventual explanations for this phenomenon.  

In experiments, the formation of (H3
+·He) ions in a three body association can lead 

to He-enhanced recombination. This process gives quadratic dependence of measured 

recombination rate on helium concentration. In the discussed experiments (see Figures 

3.13 and 3.14) we have observed linear dependencies on helium density, but the possibility 

of a three-body association cannot be excluded due to the limited extend of helium 

densities in the measurements. Therefore, for a quantitative analysis of the influence of 

formation of H3
+·He ions, further ab initio calculations are needed.  

Formation of long-lived H3
* molecules in recombining afterglow plasma can give 

another explanation. This idea is discussed in detail below due to semi-quantitative 

agreement between the theory and our experiments. We will consider neutral highly 

excited H3
* molecules formed in collision of H3

+ with electrons: 

+ *
3 3H e H neutral products−+ →�      (3.9) 

It should be mentioned that H3
+ ions have ortho and para states which give different 

neutral states of H3
* when recombining with electrons. Therefore, the neutral H3

* are also 

divided into two groups: ortho-H3
* and para-H3

*. Recent calculations by Kokoouline et al. 

[2008] show that at temperature around 250 K, high amount (~ 50 %) of para-H3
* are in 

long-living autoionisation states, and, hence, they have relatively long lifetime τp  ~ 10-

1000 ps. Note that H3
* molecules in a long lived Rydberg state have also been observed in 

the single-pass merged beam experiments [Yousif et al., 1995]. On the other hand, the most 

of ortho-H3
* formed in this temperature range have a significantly shorter life time τ o < 1 

ps (see explanation in attached article [IV]). The calculated lifetimes for ortho- and para- 

H3
* states formed at low collision energies are shown in Figure 3.16. Furthermore, the 

symbols pH3
* and oH3

* are used for simplicity and easy explanation to denote para-H3
* and 
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ortho-H3
*, respectively. Hereon we will also assume that τ p ~ 50 ps (the average value 

from calculation at T = 250 K).  

In this subsection, we discuss the measurements of αeff  in the “saturated region” 

(2×1012 cm-3 ≤ [H2] ≤ 1014 cm–3). As mentioned in subsection 3.5.1, H3
+ ion has enough 

time in this region to collide with H2 prior recombination with electron. Thus, para-H3
+ 

and ortho-H3
+ are in equilibrium in this He-Ar-H2 plasma due to the following reaction:  

+ +
3 2 3 2-H +H -H + H

k
op

k
po

ortho para
→
← ,     (3.10) 

where kop ~  kpo ~ 2×10-10 cm3s-1 are the rate constants of the forward and reverse reaction 

(values are estimated, see also ref. [Cordonier et al., 2000]). 

 

Figure 3.16. The calculated lifetime of the ortho- and para- H3
* states formed in collision 

of ortho-H3
+ and para-H3

+ ions with electrons, respectively [Kokoouline et al., 2008]. 

Energy conversion: 1 cm-1 
≈  1.44 K. 

 

 As mentioned above, pH3* has a long lifetime τ p ~ 50 ps and if there is no external 

perturbation, the two most probable processes (predissociation and autoionisation) can 

occur with their respective probabilities given by lifetimes τ2 and τ3 (see Figure 3.17). If 

lifetime of H3
* is long, then this highly excited molecule can eventually collide with buffer 
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gas atom, affecting the recombination process . In this case, the electronic state of pH3
* can 

be changed by the collision (most probably l-changing collision) to the new pH3
# state: 

#* #
3 3H He H + Hekp p+ → ,     (3.11) 

where k# is the rate coefficient of the reaction. The states of pH3
# molecule should be stable 

with respect to predissociation and most probably have a long autoionisation time. The 

proposed schema of the overall process of recombination is shown in Figure 3.17.  

The recombination of ortho-H3
+ is more simple. Due to the short lifetime τ o < 1 ps 

of oH3
* states, the collisions with helium can be neglected at pressures used in the 

discussed experiments. The process of ortho-H3
+ recombination can be described only by 

the binary rate coefficient. Note that the recombination of H3
+ is a multi-state and multi-

step process and, therefore, the given scheme is just a simplification. 

 

Figure 3.17. Proposed reaction scheme of the overall process of recombination of H3
+ in 

He-Ar-H2 plasma. The corresponding rate coefficients and time constants are indexed from 

1 to 9.  

 

Without going into details, the estimation of effective rate coefficient of plasma 

recombination : 

rec bin ter bin He[He]Kα α α α= + = +     (3.12) 
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using the presented scheme (Figure 3.17) is in good agreement with experimental values 

for H3
+ recombination calculated from equation (3.6). The estimation is described in detail 

in attached article [IV]. This simple model can be used for semi-quantitative description of 

the observed dependence of plasma recombination rate coefficients on helium density at 

[H2] > 2×1012 cm-3 where ortho- and para- H3
+ are in equilibrium.  

Recent calculations [Kokoouline et al., 2008] have shown that long-lived D3* states 

are also formed in collisions of D3
+ with electrons. The situation with respect to the 

recombination of D3
+ ions is quite similar to H3

+ recombination and, therefore, it is not 

described in the thesis. 

 

3.5.4 Discussion. Recombination of H3
+
 and D3

+
 ions at low reactant densities  

 

 At low hydrogen densities (< 2×1012 cm-3), the description of H3
+ recombination is 

quite different and rather complicated compared to what is mentioned in section 3.5.3. 

These complications are mainly due to disequilibrium between ortho-H3
+ and para-H3

+ 

ions. Note that collisions with He do not change nuclear spin (ortho/para) state of ion. 

Owing to ternary channel the para-H3
+ ions recombine more rapidly at high [He] than 

ortho-H3
+ ions and, therefore, reaction (3.10) cannot maintain the equilibrium at low [H2].  

In order to understand details of recombination in H3
+ dominated plasma at low 

hydrogen densities in FALP, a simple numerical model based on the reaction scheme 

(Figure 3.17) was constructed. Balance equations for ortho-H3
+ and para-H3

+ used in the 

model are written in attached article [IV] (see equations (6), (7) and (8) of [IV]). The 

diffusion losses are also included in the model. The rate coefficients for ortho-H3
+ and 

para-H3
+ were taken from theoretical calculations [Santos et al., 2007] (see Figure 3.18), 

and from the already discussed experimental results (see section 3.5.1 and attached article 

[IV]).  

Examples of calculated decay curves are shown in Figure 3.19 and Figure 3.20. At 

high hydrogen densities (corresponding to the “saturated region”), there is equilibrium 

between ortho-H3
+ and para-H3

+ ions (Figure 3.19), the situation is well described in 

subsection 3.5.3. Because ortho-H3
+ and para-H3

+ ions are coupled by collisions with H2 

their densities decay simultaneously. At high densities of ambient He and low 

concentration of [H2] < 2×1012 cm-3, collisions with H2 are not frequent enough and they 

cannot maintain the equilibrium between ortho-H3
+ and para-H3

+. The reason is, that the 

para-H3
+ recombine due to ternary channel (at [He] > 1017 cm-3) within few milliseconds 
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(see Figure 3.20). After the recombination of para-H3
+ the plasma is dominated by 

ortho-H3
+ and recombination is considerably slower.  

 

Figure 3.18. Theoretical thermal rate coefficient for dissociative recombination of H3
+ ions 

and rate coefficients for dissociative recombination of para-H3
+ and ortho-H3

+. 

Experimental rate coefficient deduced from the storage ring experiment of McCall et al. 

[2003] are also included. Reprinted from [Santos et al., 2007]. 
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Figure 3.19.  Calculated plasma evolution due to recombination of H3
+ ions with electrons 

at [H2] = 1×1013 cm-3. Initial conditions: [ortho-H3
+] = [para-H3

+] = [e-]/2 = 2.5×1010 cm-3. 
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Figure 3.20. Calculated plasma evolution due to recombination of H3
+ with electrons at 

[H2] = 1×1012 cm-3. Initial conditions: [ortho-H3
+] = [para-H3

+] = [e-]/2 = 2.5×1010 cm-3.  

 

The obtained results clearly indicate that plasma decay at low hydrogen densities 

(< 2×1012 cm-3) cannot be described by single recombination rate coefficient. Densities 

ortho-H3
+ and para-H3

+ ions have to be considered as independent species in description of 

plasma decay at high pressure of the ambient gas and low hydrogen density. The results 

also indicate that in experiment with identification of ortho-H3
+ and para-H3

+ ions (e.g. by 

laser absorption spectroscopy) it is possible to measure recombination rate coefficients of 

both species.  

The electron density decay curves calculated for particular hydrogen densities are 

also plotted in Figures 3.19 and 3. 20 (together with decay of densities of ortho-H3
+ and 

para-H3
+). If we fit the calculated electron density decay curves with the standard formula 

(advanced analysis, see section 1.4) used for the evaluation of the effective recombination 

rate coefficients from experimental data, we will obtain αeffCALC. In this fitting procedure, 

the first 5 ms of the calculated decays were omitted due to presence of “formation/mixing” 

zone in real experiments. In order to compare the values of αeffCALC and the measured 

values αeff we plotted them together in the graph as functions of hydrogen density, see 

Figure 3.21.  

The calculations were performed for several pairs of values αo
bin and αp

bin of binary 

recombination rate coefficients for ortho-H3
+ and para-H3

+, respectively. From plots in 

Figure 3.21, it is evident that at low hydrogen densities (< 2×1012 cm-3), the calculated 
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values αeffCALC decrease down to the limit given by value of αo
bin. The best agreement with 

experimental data was obtained for the lowest value of α
o

bin. Nevertheless, for clear 

interpretation of the measured low value of the recombination rate coefficient (down to αeff 

~ 1×10-8 cm3s-1) at hydrogen densities < 2×1012 cm-3, state-selective experiments and 

additional calculations are needed. 
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Figure 3.21. Effective recombination rate coefficients αeff measured in He-Ar-H2 plasma in 

the Flow Tube (red circles) and αeffCALC obtained from the calculated electron density 

decays for several pairs of values of αp
bin and αo

bin (color curves).   

 

It should be mentioned that we have also some preliminary evidence of the 

existence of the long-lived H3
# and D3

# molecules and their collisions with H2 and D2, 

respectively. We assumed: if H3
# exists and collisions with H2 influence the recombination, 

then the addition of Xe gas into such plasma will provoke exothermic Penning ionization: 

# + -
3 2H Xe XeH + e (ε) + H+ → ,    (3.13) 

and the emitted electron -e (ε)  will have energy ε  up to 0.75 eV. Fast electrons produced 

in the plasma can be in principle detected by measuring EEDF. The examples of measured 

EEDFs along the Flow Tube in He-Ar-H2(D2) and He-Ar-D2 plasmas are shown in Figure 

3.22 and Figure 3.23. In quantitative agreement with our assumption, the experiments 

showed production of a small amount of electrons with energy ~ 0.65-0.75 eV in 

recombination dominated plasma.    
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Figure 3.22. Evolution of EEDF in He-Ar-H2-Xe plasma obtained from measured 

characteristics of Langmuir probe. The full color curves correspond to Maxwellian electron 

energy distribution. In low energy region (<0.15 eV), the EEDFs are expected to be 

Maxwellian (see Chapter 2).  
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Figure 3.23. Evolution of EEDF in He-Ar-D2-Xe plasma. The full color curves correspond 

to Maxwellian electron energy distributions. We expect Maxwellian distribution in low 

energy region (for more detailed information see Chapter 2).  
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The measured EEDF are in qualitative agreement with our expectation, quantitative 

agreement will require more complex analysis including non-local character of EEDF 

under our experimental conditions.  
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Chapter 4 
 

Dissociative recombination of KrH
+
/KrD

+
 and XeH

+
/XeD

+
 ions   

 

4.1 Introduction 

 

This chapter briefly describes the results of an experimental investigation of the 

dissociative recombination of KrH
+
/KrD

+
 and XeH

+
/XeD

+
 ions.     

The study of dissociative recombination of rare-gas hydride ions (HeH
+
, NeH

+
, 

ArH
+
, KrH

+
 and XeH

+
) and its deuterated analogues is very attractive from both a 

theoretical and experimental point of view due to its practical application and possibility of 

precise theoretical analysis. For example, the KrH
+
 and XeH

+
 ions play an important role 

in processes in krypton and xenon lasers respectively. The theoretical calculations for all 

these ions were published in several papers [Jungem et al., 1999; Petsalakis et al., 2003; 

Ree at al., 2007]. One of the interesting features of these ions with exception of  

XeH
+
/XeD

+
 is no potential curve crossing between the ion ground state and the repulsive 

neutral state, therefore they recombine more slowly than majority of other molecular ions 

[Florescu-Mitchell et al., 1999].  

The spectroscopic studies of these ions were reported by Odashima et al. [1998], 

Linnartz et al. [1997] and others. Regarding the experimental studies, recombination of 

HeH
+
, NeH

+
 and ArH

+
 ions with electrons was measured in storage ring experiments 

[Stromholm et al., 1996; Mitchell et al., 2005; Mitchell et al., 2005a], but unfortunately, 

nowadays, KrH
+
 and XeH

+
 ions are too heavy for such experiments, therefore we decided 

to use the FALP apparatus for measurements of the recombination rate of these ions in our 

laboratory. Two previous FALP studies of the recombination of the KrH
+ 

ion give just the 

upper limit for the recombination rate coefficient [Padellec et al., 1997; Geoghegant et al., 

1991] and they also have an inexplicable discrepancy between the values of the measured 

recombination rate coefficients of the XeH
+
 ion.  In contrast to these experiments, our 

FALP apparatus, due to its low measurable limit (~5×10
-9

 cm
-3

s
-1

) and high purity, is able 

to measure rate coefficients of these ions with better accuracy.  Also, owing to difficulties 

of the isotope effect prediction when hydrogen is substituted with deuterium, we measured 

values of recombination rate coefficients of KrD
+
 and XeD

+
 ions.   
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The KrH
+
(KrD

+
) and XeH

+
(XeD

+
) dominated plasma in the FALP apparatus is 

formed in different ways, therefore, this section is divided into 2 separate parts.    

 

4.2 Recombination of KrH
+
/KrD

+ 

 

4.2.1 Formation of KrH
+
 and KrD

+
 ions in the FALP apparatus 

 

The measurements of  recombination rate coefficients of KrH
+
 (KrD

+
) ions in the 

FALP apparatus were performed using the mixture of He, Kr and H2(D2) gases. The 

schematics of the reactant gases injection in the FALP apparatus is shown in Figure 4.1. 

The principle of the FALP technique is described in detail in Chapter 1. The plasma is 

generated by a microwave discharge in pure helium in the upstream part of the Flow Tube 

and then driven by the buffer gas along the Flow Tube. He
+
 ions, electrons, and helium 

metastables are created in the discharge. The Kr
+
 dominated plasma is formed in a 

sequence of ion molecule reactions including the Penning ionization process (see Table 

4.1) after addition of krypton gas.. Hydrogen (deuterium) is then added into the already 

relaxed plasma [Glosík et al., 1999] via the second reactant port.  In the following ion 

molecule reactions, the KrH
+
/H3

+
 plasma is formed (for detailed information see also 

attached works [VI] and [V]). 

  

 

Figure 4.1. Reactant gasses injection scheme for measurements of recombination rate 

coefficients of KrH
+
 or KrD

+
 ions in the FALP apparatus. The Langmuir probe is movable 

from the hydrogen (deuterium) port up to the end of the Flow Tube and plasma decay can 

be monitored up to 60 ms.   

 

The process of formation of the ions is predicted using a numerical kinetic model. 

In Figure 4.2, calculated time evolution of the He/Kr/H2 plasma is plotted, describing 

kinetics of the KrH
+
 ions formation. The ambipolar diffusion of all ions was also taken into 

account. It should be also mentioned that the difference between proton affinities of Kr and 

Microwave 

discharge 

Kr H2 (D2) 

He
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H2
 
is only ~0.02 eV and therefore, at used densities of krypton and hydrogen, both KrH

+
 

and H3
+
 ions are presented (ions are in thermodynamic equilibrium) in the Flow Tube (see 

Figure 4.2). Similar results are also obtained for KrD
+
/D3

+
 plasma (see attached work 

[VI]). It’s easy to see from Table 4.1 that the partial densities of these ions are regulated by 

the following reaction:   

3 2H Kr KrH H+ +
+ ←→ +      (4.1) 

Hence, the ratio of these ions densities along the Flow Tube is mainly given by the ratio of 

[H2] to [Kr].  

 

Table 4.1. The main reactions which are taking place in the formation of KrH
+
 and KrD

+
 

ions.  Reaction 1-4 represent conversion of the helium plasma to Kr
+
 dominated plasma.  

Formation and destruction of KrD
+
 and KrH

+ 
ions occurs through reactions 5a-11a and 5b-

11b respectively.   

№ Reaction 
Rate coef. 

[cm
3
s

-1
] or [cm

6
s

-1
] 

References 

1 He
+
 + 2He → He2

+
 + He 1×10

-31
 [Ikezoe et al., 1987] 

2 He
M

  + He
M

 → He2
+
+e  5×10

-9
 [Urbain et al., 1999] 

3 He
M

  + Kr → Kr
+
 + He + 

e 

9.9×10
-11

 [Schmeltekopf et al., 

1970]  4 He2
+
 + Kr → Kr

+
 + 2He 2.0×10

-11
 [Ikezoe et al., 1987] 

KrD
+
 formation 

5a Kr
+
 + D2 → KrD

+
 + D 1.5×10

-10
 [Anichich et al., 1993] 

6a KrD
+
 + D2 → D3

+
 + Kr 2.6×10

-11 
* 

7a D3
+
 + Kr → KrD

+
 + D2 0.8×10

-9
 * 

8a D3
+
 + D2 + He → D5

+
 + 

He 

1×10
-29

 [Novotny et al., 2006] 

9a KrD
+
 + e

-
 → Kr + D 0.9×10

-8
 ** 

10a D3
+
 + e

-
 → products 1.3×10

-7 
*** 

11a D5
+
 + e

-
 → products 3×10

-6
 *** 

KrH
+
 formation 

5b  Kr
+
 + H2 → KrH

+
 + H 2×10

-10
 [Anicich et al., 2003] 

6b KrH
+
 + H2 → H3

+
 + Kr 3.8×10

-11 [Bohme et al., 1980] 

7b H3
+
 + Kr → KrH

+
 + H2 1.1×10

-9
 [Bohme et al., 1980] 

8b H3
+
 + H2 + He → H5

+
 + <1×10

-29
 [Smirnov et al., 1984] 

9b KrH
+
 + e

-
 → Kr + H 2.0×10

-8
 ** 

10b H3
+
 + e 1.7×10

-7
 *** 

11b H5
+
 + e 2.5×10

-6
 *** 

* Estimation using measured rate coefficients [see reactions 8b, 9b] 

** Present experiment  

*** Data are taken form our previous experiments 
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In order to study recombination of KrH
+ 

(or KrD
+
), it is obvious that we had to find proper 

values of densities of Kr and H2 (or D2) reactant gases to reach the required ratio of KrH
+ 

(or KrD
+
) where the influence of other ions on the measured recombination rate coefficient 

is negligible. Therefore, the hydrogen (deuterium) density was set very low in the 

experiments to prevent formation of H3
+ 

(or D3
+
) by the reverse reaction 4.1. At first 

glance, it can be also reached using the very high values of the krypton density, but here 

we must take into account the possibility of complex ions (clusters) formation via the 

three-body association process due to high pressure of the buffer gas.  
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Figure 4.2. The calculated ion formation and plasma decay along the Flow Tube in the 

He/Kr/H2 afterglow plasma in the FALP apparatus. Conditions T = 250 K and p = 1600 Pa, 

initial concentration of electrons is 3×10
10

 cm
-3

. The lower panel depicts calculated 

fraction f for [KrH
+
]/[e

-
] and [H3

+
]/[e

-
]. The considered processes and corresponding rate 

coefficients used in the model are listed in Table 4.1. 

 

4.2.2 Experimental studies of the recombination of KrH
+
 and KrD

+
 ions 

 

The main aim of this subsection is a brief description of the results of the 

measurements which are mainly described in attached papers [V] and [VI], therefore we 

will go into details just regarding some interesting aspects of those experimental results 

which were not the in the centre of attention of these papers. 
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As mentioned before, for measurements of dissociative recombination rate 

coefficients of KrH
+ 

and KrD
+
 ion, the very low hydrogen (deuterium) densities are 

required. Examples of electron decay curves measured at several reactant number densities 

are shown in Figure 4.3. Owing to the slow decays and a comparatively long 

“mixing/formation zone” due to such low reactant concentration, the rate coefficients were 

obtained by an advanced data analysis procedure. Examples of plots for the rate coefficient 

determination using this method are given in attached paper [VI]. 
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Figure 4.3. The measured electron density decays along the Flow Tube at several number 

densities of hydrogen or deuterium. Full lines indicate fit of the data obtained using the 

advanced data analysis procedure. Left panel: KrH
+
/H3

+
 dominated plasma. Right panel: 

KrD
+
/D3

+
 dominated plasma.   

 

The obtained effective recombination rate coefficients αeff measured in KrH
+
/H3

+
 

and KrD
+
/D3

+
 dominated plasmas at several number densities of reactant gas are shown in 

Figure 4.4. It is obvious that the decay of the plasma depends on H2 and D2 concentration 

mainly due to ion molecular reaction 4.1, so we can write:  

3 Eq 2[H ] / [KrH ] K [H ] / [Kr]+ +
=      (4.2) 

where KEq = kr/kf is the equilibrium constant for reaction 4.1, kr and
 
kf  are reverse and 

forward rate coefficients of  this reaction respectively.   

Hence, from the limit towards low concentration of [H2] and [D2] we can obtain the 

recombination rate coefficient for KrH
+
 or KrD

+
 ion, but we have to take into account the 

possibility of cluster ions formation for used concentrations of krypton. Therefore, 

dependences of αeff on [Kr] were measured for several low and fixed values of [H2] and 

[D2] – see Figure 4.5. 
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Figure 4.4. The effective recombination rate coefficients αeff measured in KrH
+
/H3

+
 (upper 

panel) and KrD
+
/D3

+
 (lower panel) dominated plasmas. Full and dashed lines indicate 

calculated αeff from the kinetic model with equilibrium constants KEQ = 29 and KEQ = 5.5 

respectively.    
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Figure 4.5. The dependence of the effective recombination rate coefficient αeff on Kr 

concentration. The measurements were carried out for two hydrogen and one deuterium 

fixed number densities. 
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The linear behavior of αeff makes it clear that a three body association reaction is taking 

place. Hence, during the experiment, low Kr densities were deliberately used to suppress 

the formation of Kr containing cluster ions and the dependences on [Kr] were considered 

in final determination of αKrH+ and αKrD+ rate coefficients. The binary recombination rate 

coefficients αKrH+(250 K) = (2.0±0.6)×10
-8 

cm
3
s

-1
 and αKrD+(250 K) = (0.9±0.3)×10

-8
 cm

3
s

-1
 

were obtained  after taking into account  all the mentioned dependences. 

 The dependence of αeff on hydrogen (deuterium) number density was also 

calculated by the kinetic model, the results are shown in Figure 4.4 (full lines). The 

disagreement between measured and calculated data is evident. The unexpected growth of 

αeff 
 
can be due to fast formation of rapid than KrH

+
 (KrD

+
) recombining species (H3

+
 or 

D3
+
). As mentioned before, the ratio between H3

+ 
(D3

+
) and KrH

+ 
(KrD

+
) is described by 

equation 4.2. Hence, there are two most probable causes of the observed discrepancy:  the 

erroneous determination of the reactant concentration value due to the inaccuracy of flow 

meter or the value of KEQ = 29 taken from [Bohme et al., 1980] is incorrect.  

To ensure that equipment worked correctly during the experiments, the calibration 

of reactant gas flow controllers was performed. For these purposes, the reservoir for the 

gas mixing was filed with the reactant gas passing through the tested flow meter/controller 

during a fixed period of time. The flow was maintained by needle valve at a constant value 

throughout the test run. The reservoir pressure was measured using the Baratron 

capacitance manometer. All these parameters were being controlled and saved with special 

software written for this purpose. Hence, knowing the value of the reservoir volume, the 

accuracy of the Kr flow meter and the H2 (D2) flow controller can be estimated. The 

obtained approximate values for the H2 (D2) flow meter and Kr flow controller are ~1 % 

and ~ 3 % respectively. Therefore, the possibility of incorrect measurements of reactant 

gas density were excluded 

As it appears from the above, the equilibrium constant used in the model is 

incorrect. Therefore, we estimated the proper value of KEQ from the experimental data and 

then this value was used in the model. The calculated dependence of the effective 

recombination αeff on [H2] ([D2]) using the kinetic model with equilibrium constants KEQ = 

5.5 is shown in Figure 4.4.  As can be seen in the figure, the curve of αeff calculated with 

the new value of the equilibrium constant is very close to the experimental data.  

It should be also mentioned that the disagreement between measured and calculated 

data does not influence the determination of αKrH+ and αKrD+   
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4.2 Recombination of XeH
+
/XeD

+ 

 

The FALP apparatus was also used to measure recombination rate coefficients of 

XeH
+
 and XeD

+
 ions.  

The method of the formation of XeH
+
 and XeD

+
 ions differs from the method used 

for formation of KrH
+
 and KrD

+
 ions. The schematic of the reactant gases injection in the 

FALP apparatus for XeH
+
 (XeD

+
) ions formation is shown in Figure 4.6. 

 

 

 Figure 4.6. The reactant gasses injection scheme for measurements of recombination rate 

coefficients of XeH
+
 and XeD

+
 ions in the FALP apparatus. The Langmuir probe is 

movable along the flow tube from the position of H2 (D2) and Xe port up to the end of the 

flow tube (~35 cm). 

 

In this experiment, helium is also used as a buffer gas flowing through a glass 

section of the flow tube where plasma is generated by microwave discharge. Argon is then 

added via the first reactant port to form the Ar
+
 dominated and relaxed plasma (see Chapter 

2). H2/Xe (D2/Xe) mixture is introduced into the Flow Tube via the second reactant port 

and the XeH
+
 (XeD

+
) dominated plasma is formed. The flow rates of the reactant gasses H2 

(or D2) and Xe are controlled and regulated independently of each other. The reactions 

taking place in the formation of XeH
+
 (XeD

+
) ions are listed in Table 4.2. The reactions 

identical to reactions taking part in H3
+
 (D3

+
) ions formation are not included in the table. 

Since the proton affinity of Xe is lager than the proton affinity of hydrogen (the difference 

is nearly 0.7 eV), XeH
+
 ions cannot react with H2. Hence, they are removed from the 

afterglow plasma only by diffusion and dissociative recombination.  

In order to optimize the conditions of the experiment, a numerical model was 

created and used. The calculated evolution of ionic composition during the afterglow in 

He-Ar-Xe-H2 plasma is shown in Figure 4.7.  

  

Microwave 

discharge 

Ar H2 (D2) +Xe 

He



4 Dissociative recombination of KrH
+/KrD

+
 and XeH

+
/XeD

+
 ions   

 

-      87      - 

Table 4.2 The main reactions which are taking place in the formation of XeH
+
 and XeD

+
 

ions in He-Ar-Xe-H2 (D2) plasma.  

№ Reaction 
Rate coefficients 

[cm
3
s

-1
] or [cm

6
s

-1
] 

Reference 

1 Ar
+
 + Xe → Xe

+
 +Ar 4×10

-13
 [Anicich et al., 2003] 

XeD
+
 formation 

2a ArD
+
 + Xe → XeD

+
 + Ar 5×10

-10
 * 

3a D3
+
 + Xe → XeD

+
 + D2 1.7×10

-9
 ** 

4a XeD
+
 + e

-
 → products 8×10

-8
 *** 

XeH
+
 formation 

2b ArH
+
 + Xe → XeH

+
 + Ar 5×10

-10
 * 

3b H3
+
 + Xe → XeH

+
 + H2 2.4×10

-9
 [Padellec et al., 1991] 

4b XeH
+
 + e

-
 → products 8×10

-8
 *** 

* Estimation based on Langevine rate coefficient. 

** Estimation using data for reaction of H3
+
 with Xe [Padellec et al., 1991] 

*** Present experiment, the value measured at 1600 Pa  

 

More complex ions can be formed through three-body association processes at high 

densities of Ar and Xe. The formation of these ions was not included into the model due to 

lack of experimental data. Therefore, to prevent the formation of complex/cluster ions 

which can significantly influent the determination of recombination rate of XeH
+
 and 

XeD
+
 ions using the electron density decays, the measurements at several densities of Ar 

and Xe reactant gasses in the He/Ar/Xe plasma were performed. Examples of measured 

electron density decays are shown in Figure 4.8. At high densities of reactant gasses 

[Ar]+[Xe] > 6×10
13

 cm
-3

, the rapidly recombining complex ions (such as ArXe
+
, etc) are 

formed over a relatively short period of time < 20 ms and their presence can influence the 

measurements of recombination rate coefficient of XeH
+
 and XeD

+
 ions. The electron 

density decays are mainly given by ambipolar diffusion of electrons with Ar
+
 (see Figure 

4.8) at low reactant densities due to relatively long time period of formation of complex 

ions. To prevent formation of these clusters, the further measurements were performed at 

[Ar]+[Xe] < 3×10
13

 cm
-3

.  

Examples of measured electron density decays in XeH
+
 and XeD

+
 dominated 

plasma are shown in Figure 4.9. The obtained rate coefficients (α) for the recombination of 

XeD
+
 are plotted in Figure 4.10. The measured values of the recombination rate 

coefficients do not depend on Xe and D2 (H2)
 
densities. Therefore we can say with 
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confidence that the measured recombination rate coefficient is the rate of the dissociative 

recombination of XeD
+ 

(or XeH
+
) ion.  

 

-20 0 20 40
10

7

10
8

10
9

10
10

Ar
+

 He
+

 He
*

 He
+

2

 ArH
+
  H

+

2

 H
+

3
      e

-

 

 

n
[c
m

-3
]

time [ms]

[Ar] = 1.0x10
13
 cm

-3

[H
2
] = 2.8x10

12
 cm

-3

[Xe] = 3.3x10
12
 cm

-3

T  = 250 K, p  = 1600 Pa

XeH
+

Ar H
2
+Xe

0 1 2 3

Ar
+

XeH
+

  

 

time [ms]

Detail

 

Figure 4.7 The calculated plasma formation and decay along the Flow Tube in He-Ar-

Xe-H2 mixture. Data was obtained by solving the set of partial differential equations 

corresponding to the set of reactions. The diffusion and the recombination losses are also 

included in the model.  
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Figure 4.8. The examples of measured electron density decays along the Flow Tube in 

He/Ar/Xe mixture. 
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Figure 4.9. Examples of measured electron density decays along the Flow Tube, plotted as 

a function of decay time. The decays were measured in the afterglow plasma with different 

dominant ions: XeH
+
 in He-Ar-Xe-H2 mixture - left panel and XeD

+
 in He-Ar-Xe-D2 

mixture - right panel. 
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Figure 4.10. The recombination rate coefficients measured in XeD
+
 dominated plasma with 

different Xe densities. The filled red circle indicates recombination rate coefficient 

αeff(D3
+
) measured in D3

+
 dominated plasma (without addition of Xe) in otherwise identical 

experimental conditions.  

 

The obtained rate coefficient are: αXeD+(250 K) = (8±2)×10
-8 

cm
3
s

-1
 and αXeH+(250 K) = 

(8±2)×10
-8 

cm
3
s

-1
. For more information about these experiments see attached articles [V] 

and [VI]. 
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Chapter 5 
 

Dissociative recombination of HCO
+
 and DCO

+
 ions  

 

5.1 Introduction  

 

HCO
+
 ion is the most common and observable tracer in interstellar gas clouds 

usually used to determine the interstellar ionization rate, the cosmic ray flux, etc. 

Deuterated molecules, such as DCO
+
, are also powerful probes of physical conditions in 

star forming regions.  

HCO
+
 and DCO

+
 ions were first detected by Buhl et al. [1970] and Hollis at al. 

[1976], respectively.  Since then, these ions have been observed in different parts of the 

universe. For example, the HCO
+
 ions have also been discovered in the interstellar medium 

[Ziurys et al., 1995], in the coma of Comet Hale-Bopp [Lovell et al., 1999] and others. A 

relatively high fraction of DCO
+
 ions has been detected in: a circumstellar disk [Dishoeck 

et. al., 2003], interstellar clouds [Wootten et al., 1982] and dense cloud cores 

[Butner et al., 1995].  

Carbon monoxide is the most abundant molecule after hydrogen; therefore the 

formation of HCO
+
 (DCO

+
) ions is mainly caused by the proton (deuteron) transfer 

reaction of H3
+ 

(D3
+
, H2D

+
, etc) ions with the CO molecules:  

+ +

3 2H CO HCO +H+ →      (5.1) 

2 2H D CO DCO H+ ++ → +      (5.2) 

In the space plasma environment, one of the main removal processes for HCO
+
 and 

DCO
+
 ions is dissociative recombination. Hence, the recombination of HCO

+ 
ion and its 

deuterated analogue DCO
+
 plays an important role in the chemistry of astrochemical 

plasma. Therefore, experimental measurements and theoretical calculations have been 

performed to study this process. However, despite the extensive studies, the difference 

between the measured (around 2×10
-7

 cm
3
s

-1
 at 300 K for most experiments) and 

calculated values of recombination rate coefficients is at least one order of magnitude 

[Larson et al., 2005]. The discrepancy is probably caused by the imperfection of 

theoretical calculations due to lack of knowledge about modeling the dissociative 

recombination processes of triatomic ions. The most recent calculations 
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[Mykhaylov et al., 2006] have a tendency to decrease the distinctions between theory and 

experiment. But nevertheless, in some experiments, the possibility of the vibrationally 

exited HCO
+
(DCO

+
) ions presence, which have sufficiently rapid recombination in 

comparison with ions in the ground vibration state, cannot be excluded.  

The pathway of dissociative recombination of these ions is believed to be indirect 

due to stronger than T
-0.5 

(typical for the direct mechanism) temperature dependence 

evaluated from majority of experiments, and the overwhelming number of theoretical 

calculations also supports this assumption. But some recent afterglow experiments 

[Poterya et al., 2005] cast doubt on such strong dependence. The experiments showed that 

the rate coefficients of dissociative recombination of HCO
+
 and DCO

+
 ions are slightly 

decreasing with decreasing temperature below 300 K. Therefore, in order to confirm or 

disprove such unexpected temperature dependence, the flowing afterglow technique 

(FALP) for measurement of recombination rate coefficients of these ions under well-

defined conditions was used.   

 

5.2 HCO
+
 and DCO

+
 dominated plasmas formation  

 

For the formation of HCO
+
 and DCO

+
 ions, the reacting gases in the FALP 

apparatus are injected separately (see figure 5.1). Helium as a buffer gas flows through the 

glass discharge tube where plasma is generated by microwave discharge (~15-20 W) and 

He
+
 ions and He

m
 metastables excited atoms are formed.  The plasma is then driven by the 

buffer gas into the stainless flow tube.  Due to high buffer gas pressure (1200-1600 Pa) 

He
+
 ions are converted to He2

+
 in a three body association process. To remove helium 

metastables by Penning ionization and create relaxed plasma, Ar reactant gas is added to 

the helium flow downstream from the discharge region. The reactant gasses mixture of 

hydrogen (deuterium) and CO is introduced via the next entry port and the flow rate of 

each of the connected gases is controlled independently.  

 

Microwave 
discharge 

  Ar   H2 (D2)+CO 

 He 
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Figure 5.1 Principle of the FALP method. The Langmuir probe is movable from the 

hydrogen port up to the end of the flow tube.  

The HCO
+
 (DCO

+
) ion formation is more complicated than that of H3

+
 ions. There 

are several possible reaction pathways to create the studied ions, see Table 5.2. It is easy to 

see that through these reactions the metastable HOC
+
 (DOC

+
) isomers are formed as well. 

Nevertheless, they cannot be present in a high amount in comparison with HCO
+
(DCO

+
) 

ions due to the effect of catalytic isomerization (for more detailed information see 

[Freeman et al., 1987] and [Smith et al., 2002]). Since the rates of isomerization of HOC
+
 

(DOC
+
) in the reactions    

HOC
+
 + H2  → HCO

+
 + H2,    (5.3) 

HOC
+
 + CO → HCO

+
 + CO    (5.4) 

are relatively large,  the HOC
+ 

(DOC
+
) ions will be converted into the lowest energy 

isomers in a few milliseconds under our conditions and therefore they cannot influence the 

measurement results.      

 

Table 5.2. Formation and destruction of HCO
+
 ions. The main considered reactions and 

corresponding rate coefficients used in the model. 

N Reaction 
Rate coef.  

[cm
3
s

-1
] 

Ref. 

1 
ArH

+
+CO → HCO

+
+Ar 

                 → HOC
+
+Ar 

1.25×10
-9

 [Villinger et al., 1982] 

2 Ar
+
+CO    → CO

+ 
+ Ar 4×10

-11
 [Laube et al., 1998] 

3 
CO

+
 + H2  → HOC

+
 + H        48% 

                  → HCO
+
+H 

1.5×10
-9

 [Freeman et al., 1987]  

4 H2
+
 + CO  →HCO

+
 + H >1×10

-9
 [Leu et al., 1973] 

5 
H3

+
 + CO  →HOC

+
 + H2         6% 

                 →HCO
+
 + H2 

1.4×10
-9

 [Leu et al., 1973] 

6 HOC
+
 + H2  → HCO

+
 + H2 4.7×10

-10
 [Freeman et al., 1987] 

7 HOC
+
 + CO → HCO

+
 + CO 6×10

-10
 [Freeman et al., 1987] 

8 HCO+ + e
-
 →H+CO 2.5×10

-7
 Present experiment  

9 CO
+
 + e

-
      →C + O 7×10

-7
 [Mitchell et al., 1985] 

10 HOC
+
 + e

-
    →H + CO 1.3×10

-7
 [Liszt et al., 2004 ] 

 

In order to optimize the experimental conditions and understand details of 

processes in the FALP apparatus, the evolution of plasma along the flow tube from the 

discharge up to the end of the Flow Tube is calculated using a numerical kinetic model. 
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The main reactions taking place in the formation of HCO
+
 ions are listed in table 5.1. The 

reactions identical to the H3
+
 ion formation were not included in the table. The actual 

experimental conditions (plasma velocity, flow rates, partial pressures of reactants, 

geometry of the flow tube, temperature etc.), ambipolar diffusion and recombination loss 

processes were also taken into account in the model. Some results of the numerical kinetic 

model are given in Figures 5.2 and 5.3. For better comparison with experimental 

measurements, the processes upstream from the port (H2 + CO) have “negative time” in the 

figures. The numerical model of plasma formation for DCO
+
 ions is similar and gives 

similar results, therefore this model and its results are not presented here.  
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Figure 5.2.  Left panel: the calculated ion-formation and plasma decay in Flowing 

Afterglow along the Flow Tube. Right panel: detail of calculated dependencies at low 

decay time near the H2+CO reactant port. Conditions: T = 250 K, p = 1600 Pa.  

 

Figure 5.2 indicates that there is an influence of other than HCO
+
 ions (H3

+
, HOC

+
 

etc) on electron concentration between 0-5 ms for given initial conditions.  Therefore, to 

avoid an erroneous estimation of recombination rate coefficients during the experimental 

data analysis procedure we should take into account this influence (formation zone). 

Furthermore, the influence is increased mainly due to presence of high amount of rapidly 

recombining CO
+
 ions for low concentration of hydrogen reactant gas (see Figure 5.3).  
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Figure 5.3. The plasma decay in Flowing Afterglow calculated with the kinetic model. The 

formation of HCO
+
 ions is slow for the used reactant concentrations and electron 

concentration is also affected by recombination of CO
+
 ions.  

 

For determination of reactant gas concentration limits for experimental measurement of 

recombination rate coefficients of HCO
+
 or DCO

+
 in the FALP, the effective 

recombination rate coefficients were obtained from the electron density decays (after 5-7 

ms from H2+CO port) taken from the numerical kinetic model for several concentrations of 

reactant gasses. The result of the estimation is shown in Figure 5.4.  Hence, at low 

concentrations of hydrogen (deuterium) ≤ 2×10
12

 cm
-3

, the electron density decay is 

affected by both HCO
+
 and CO

+
 recombination, so a decrease of reactant concentration 

causes an increase of αeff
 
due to a decreasing  HCO

+
/CO

+
 ratio. It is evident from the model 

that the influence of CO
+
 ions can be also significantly suppressed in this hydrogen 

concentration range by using a low concentration of CO gas ≤ 5×10
12

 cm
-3

.  High 

concentration of hydrogen ≥ 1-5×10
14

 cm
-3

 can also affect measurements because of the 

possibility of cluster/complex ion formation.  

It should be mentioned that the model does not include the effect of mixing of the 

reactant gasses with plasma. Therefore, the real formation/mixing zone can increase up to 

10-15 ms, but nevertheless, it can be easily determined by means of the advanced data 

analysis (for more detailed information see Chapter 1 and attached article [I]).    

The estimated experimental conditions for dominated HCO
+
 plasma are:   
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Figure 5.4. Effective recombination rate coefficients αeff estimated from the calculated 

electron density decays over a wide range of hydrogen number densities and two densities 

of carbon monoxide in the FALP apparatus. The patterned square shows the estimated 

reactant concentration thresholds for experimental measurements of the recombination of 

HCO
+
 or DCO

+
 ions, where the influence of other ions including HCO

+
 or DCO

+
 is 

negligible.  

 

5.3 Experimental results and discussion  

 

The main goal of the present experiments was to measure the temperature 

dependence of α for DR of HCO
+
 and DCO

+
 ions. The measurements of HCO

+
 and DCO

+
 

recombination rate coefficients were performed in He-Ar-H2-CO and He-Ar-D2-CO 

mixtures respectively at several temperatures in the range of 140-270 K. The flow rates of 

the reactant gasses were controlled and regulated independently of each one. The total 

buffer gas pressure was maintained at 1200 Pa and 1600 Pa.  

In the experiments, the electron density decays were measured along the Flow Tube 

from the H2(D2)+CO reactant port up to 30 cm (~ 60 ms). Examples of measured electron 
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decay curves in HCO
+
 and DCO

+
 dominated afterglow for several densities of H2 and D2 

respectively are plotted in Figure 5.5 and Figure 5.6. 
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Figure 5.5. Examples of electron density decays measured in HCO
+
 dominated plasma at T 

= 250 K for several concentration of reactant [H2]. The solid color lines represent fits of 

the applicable color data sets.   
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Figure 5.6. Examples of electron density decays measured in DCO
+
 dominated plasma 

along the Flow Tube. The corresponding Ar, D2 and CO densities are denoted.  
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It should be mentioned that measurements in the He-Ar-H2(or D2) mixture were 

performed before measurements of the HCO
+ 

(or DCO
+
) recombination to check the probe 

calibration factor and the apparatus purity, because the value of the H3
+
 (D3

+
) is well-

known for our conditions from vast variety of measurements (see Chapter 3). An example 

of the measured electron density decay in H3
+
 dominated plasma is shown in Figure 5.5 

(purple stars).  

The measurements were carried out over a wide range of CO and H2 (D2) densities 

and temperatures. The used partial pressures of the reactants were selected on the grounds 

of the numerical kinetic model (see subsection 5.2). To obtain the recombination rate 

coefficients, an advanced data analysis procedure was used (see Chapter 1). The method 

allows us to determine precisely the formation/mixing region and calculate the proper 

value of the recombination rate coefficient. It is evident from Figure 5.5 and Figure 5.6 that 

the mixing/formation region is about 10-12 ms (compare the experimental data with fitted 

solid color lines) and it is in good agreement with our preliminary estimations. The 

obtained rate coefficients for the recombination of HCO
+ 

and DCO
 +

 ions at two different 

temperatures and two buffer gas pressures are plotted in Figure 5.7.   

 Within the accuracy of the FALP measurements, the dependence of measured 

recombination rate coefficient on helium buffer gas pressure was not observed. Therefore, 

we can expect that the obtained values of rate coefficients of recombination HCO
+
 and 

DCO
+
 ions with electrons at temperature 250 K correspond to the binary rates: αHCO+(250 

K) = (2.5±0.7)×10
-7

 cm
3
s

-1  
and  αDCO+(250 K) = (1.9±0.6)×10

-7
 cm

3
s

-1
.  The obtained 

values of these rate coefficients at temperature 180 K are evidently greater than at 250 K 

(see Figure 5.7): αHCO+(180 K) = (3.7±1.1)×10
-7

 cm
3
s

-1  
and  αDCO+(180 K) = (2.8±0.8)×10

-7
 

cm
3
s

-1
. Hence, the decrease of the rate coefficients at temperatures below 300 K [Poterya 

et al., 2005] was not observed.  In order to obtain the temperature dependence more 

precisely and due to the lack of experimental data about DCO
+
 dissociative, the 

measurements in He-Ar-D2-CO plasma were performed.  

  The dependence of the recombination rate coefficient of DCO
+
 on temperature is 

plotted in Figure 5.8. Over the studied temperature range (150-270 K), the αDCO+(T) 

variations seem to obey the power law of T
-β

. Therefore, the experimental data were fitted 

using the following equation in order to determine β:   

300( ) ( / 300)KT T βα α −=      (5.5) 

where 300Kα  and β are fitting parameters.  
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Figure 5.7. The recombination rate coefficients measured in HCO
+ 

(lower panel) and 

DCO
+
 (upper panel) dominated plasmas at different H2 and D2 densities, buffer gas 

pressures and temperatures. The gray triangles indicate recombination rate coefficients 

measured in D3
+
(upper panel) and H3

+
(lower panel) dominated plasmas (without addition 

of CO).    

After fitting the experimental data, the following β and  300Kα  were determined for 

HCO
+
 and DCO

+ 
dissociative recombination:  

DCO
+
:
 

300Kα  = (1.65±0.3)×10
-7

 cm
3
s

-1
 and β = 1.1±0.2; 

HCO
+
: 300Kα  = (1.95±0.3)×10

-7
 and cm

3
s

-1
 β = 1.25±0.2.  

The 300Kα  can be used as estimated values for dissociative recombination of HCO
+
 and 

DCO
+
 ions at temperature 300 K.  

In both cases (HCO
+
 and DCO

+
 recombination), the temperature dependence is 

evidently stronger than T
-0.5

. It should be noted that such strong dependence is usually 

found when the dissociative recombination is driven by the indirect mechanism.     
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Figure 5.8.  The temperature dependence of the αeff rate coefficient of dissociative 

recombination of DCO
+
 ions measured in FALP experiment within different experimental 

sets Nexp. The corresponding buffer gas pressure is denoted. 
 
 

 

It is evident that the DR rate coefficients for DCO
+
 ions with electrons are 

somewhat lower than for HCO
+ 

ions. This distinction between the rates is caused by the 

influence of an isotope effect. The obtained αHCO+(T)/αDCO+(T) ratio for temperature range 

150-300 K is about 1.2-1.3 and is in good agreement with the previously obtained value by 

Poterya et al. [2005].   

 AISA experiment  

It should be mentioned that the recombination of HCO
+
 was also measured in our 

laboratory using the stationary afterglow experiment AISA at temperature 260 K. The 

experiment is sufficiently well described in [Poterya et al., 2003]. Therefore, only the 

results relating to the determination of the DR rate coefficient are presented here. The 

examples of measured decreases of the electron density are plotted and their reciprocal 

values are shown in Figure 5.9. The obtained rate coefficient value is αeff = (2 ± 0.3)×10
-7

 

cm
3 

s
-1

. The time resolving mass spectra obtained from the AISA measurements is shown 

in Figure 5.10.  
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Figure 5.9. Left panel: Decays of electron number density obtained for different number 

densities of reactant gasses (H2, CO). Decays of He2
+
 and Ar

+
 dominated afterglow are also 

included. Lines drawn through the data points represent a fit of experimental data for 

determination of recombination rate coefficient. Right panel: reciprocal of ne vs. t. 

Obtained from the fit, the average value of αeff  is denoted together with corresponding 

experimental conditions . (Reprinted from [Poterya et al., 2003])  
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Figure 5.10. Time resolved spectrums indicating relative ionic composition, reprinted from 

[Poterya et al., 2003]. The sum of the ions is indicated by solid line. Helium buffer gas 

pressure is 360 Pa and T = 260±40 K.  

 

At low pressure of buffer gas in AISA experiment, the slow recombining C
+
 ions 

are produced via ion-molecular reactions of He
+ 

with CO and they can have sufficient 

influence on the determination of recombination rate coefficient. Therefore, to minimize 

the effect of C
+
 ions, the buffer gas pressure was taken 2.7 Torr (360 Pa) (see Figure 5.10) 

because the He
+
 ions can be easily destroyed via a three body association reaction with He 
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in the afterglow experiments. Note that the problem does not exist in the FALP experiment 

due to high buffer gas pressure and the separate injection of reactant gases.  

Figure 5.11 presents results of temperature dependence measurements of HCO
+
 and 

DCO
+
 dissociative recombination rate coefficient from different experiments. It is easy to 

seethat our results are in contradiction with recent FALP study by Poterya et al. [2005] at 

low temperatures. Additionally, we have not obtained an agreement with recent 

calculations [Mikhailov et al., 2006]. But nevertheless, our measurements are in a very 

good agreement with the majority of previous experimental results.  

Taking into account the calculated temperature power law, measured recombination 

rate coefficients at temperature range 150-300 K can be presented as: 

7 1.25 3 -1

HCO
( ) 2.0 10 ( / 300) cm sT Tα +

− −= ×  and +

7 1.1 3 -1

DCO
( ) 1.7 10 ( / 300) cm sT Tα − −= × . We 

expect the rate coefficients correspond to rate coefficients of binary dissociative 

recombination of the studied ions.  
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Figure 5.11. Dependence of the recombination rate coefficient of HCO
+
 and DCO

+
 ions on 

temperature measured from different experiments.  
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Conclusions 

 

The thesis describes a study of recombination of molecular ions with electrons 

using a new modification of flowing afterglow apparatus. This new FALP apparatus has 

been designed and built during the author’s PhD study. The brief descriptions of the 

apparatus and analysis procedure for measured data are given in Chapter 1 and [Korolov et 

al., 2008a].  In the thesis we have established a method of evaluation of Langmuir probe 

data to obtain reliable EEDF in Flowing Afterglow plasma [Korolov et al., 2008b], which 

is used for recombination studies. The experimental conditions in these studies were 

identical to conditions used in recombination studies of H3
+
 and KrD

+
 ions. It was proved 

that the low energy part of EEDF is close to Maxwellian distribution and corresponding 

temperature can be used to characterize electron gas in the studied plasma. Heating due to 

inelastic processes causing increase of electron temperature has also been observed, e.g. in 

the afterglow in pure helium. Only a very small fraction of electrons is not Maxwellian (< 

2%) in recombination dominated plasmas used for the measurements of the recombination 

rate coefficients so the measured rate coefficients in these plasmas can be considered as 

thermal with temperature given by the body of the corresponding EEDF.  

The main attention was focused on measurements of recombination rate 

coefficients of H3
+
 and D3

+
 ions in well defined conditions of afterglow plasma in a FALP 

experiment. The experiments confirm the dependence of the effective recombination rate 

coefficients (αeff) on [H2] and [D2] number densities measured in AISA experiments [Plasil 

et al.,  2002;  Poterya et al., 2002]. In addition, we have also observed the dependence of 

αeff on helium density, indicating strong ternary recombination of both ions in plasma in 

ambient gas. For plasma in thermal equilibrium in He/H2 and He/D2 mixtures, the binary 

and ternary rate coefficients were obtained: +

eff 0 3(H ,260 K)α
 

~ 7.5×10
-8

 cm
3
s

-1
, H

HeK
 

~ 

2.8×10
-25 

cm
6
s

-1
 and +

eff 0 3(D , 250 K)α  ~ 4.1×10
-8

 cm
3
s

-1
, D

HeK  ~ 2.1×10
-25 

cm
6
s

-1
. The 

binary recombination rate coefficients ( eff 0α ) of H3
+
 and D3

+
 ions with electrons are in 

good agreement with recent theoretical and experimental values. The simple reaction 

scheme of H3
+
 recombination in He-Ar-H2 plasma is presented. The existence of ternary 

channels is coupled with long-lived highly excited Rydberg molecules H3
*
 and D3

*
 formed 

in the interaction of electrons with H3
+
 and D3

+
 ions. The measured value of ternary rate 

coefficient H

HeK is in very good agreement with the value obtained if the recently calculated 
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lifetime for long-lived para-H3
*
 at 260 K is used [Kokoouline et al., 2008; Glosik et al., 

2008]. The contribution of different rotational and nuclear spin states of H3
*
 into overall 

recombination of H3
+
 ions are discussed. The observed dependence of the effective rate 

coefficient on the H2 density at [H2] < 2×10
12

 cm
-3

 can  indicate that different rotational 

and nuclear spin states of H3
+
 (and H3) are not at the equilibrium on the timescale of the 

present experiment. Further state selective experiments are needed. The calculations for 

D3
+
 are in progress, preliminary results indicate agreement with measured value of D

HeK .  

The observed ternary process is a new phenomenon, which is 100 times faster than 

previously observed three-body recombination processes [Cao et al., 1991]. It is related to 

an  extraordinary process of H3
+
 and D3

+
 recombination. The results of our study overcome 

the contradiction and connect theoretical calculations with storage rings and plasma 

experiments. Further study of temperature dependence of the ternary channel of H3
+
 and 

D3
+
 recombination process are in progress.    

 Several experiments were dedicated to KrH
+
 (KrD

+
) and XeH

+
 (XeD

+
) ions 

[Korolov et al., 2006; Plasil et al., 2008]. The rate coefficients were measured from the 

decay of electron densities in KrH
+
 (KrD

+
) [Korolov et al., 2008c] and XeH

+
 (XeD

+
) 

dominated plasmas in helium afterglow at 250 K. The dependence of plasma decay on Kr 

partial density in He-Kr-H2(D2) plasma was also observed and taken into account in data 

analyses. To avoid formation of other ions, low partial densities of reactant gases were 

used. The obtained values αKrH+(250 K) = (2.0±0.6)×10
-8 

cm
3
s

-1 
and αXeH+(250 K) = 

(8±2)×10
-8 

cm
3
s

-1
 are in agreement with previous studies [Padellec et al., 1997]. The 

obtained rate coefficients for deuterated ions are: αKrD+(250 K) = (0.9±0.3)×10
-8

 cm
3
s

-1
 

αXeD+( 250 K) = (8±2)×10
-8 

cm
3
s

-1
. Note that “isotope effect” on recombination rate 

coefficient between XeD
+ 

and XeH
+ 

ions was not observed.  

 The last part of this work presents the result of temperature dependence 

measurements of recombination rate coefficients of HCO
+
 and DCO

+
 ions. The measured 

recombination rate coefficients (at temperature range 150-300 K) are: 

7 1.25 3 -1

HCO
α ( ) (2.0 0.6) 10 ( / 300) cm sT T+

− −
= ± ×  and +

7 1.1 3 -1

DCO
α ( ) (1.7 0.5) 10 ( / 300) cm sT T− −

= ± × .  

The calculated rate coefficients [Mikhaylov et al., 2006] are lower than our experimental 

data by factor of at least 10 in the low temperature region. The measured temperature 

dependencies of rate coefficients of HCO
+
 and DCO

+
 ions are in contradiction with a 

recent FALP study by Poterya et al. [2005]. Nevertheless, our results for HCO
+
 are in a 

good agreement with other of previous experimental results (see Figure 5.11 in Chapter 5).  
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The results presented in the thesis have been or are going to be published in papers 

and proceedings of conferences (see appendix A).  
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APPLICATION OF LANGMUIR PROBE IN RECOMBINA-
TION DOMINATED AFTERGLOW PLASMA
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New advanced data analysis method for calculation of recombination rate coefficients from the decay of electron
density during the afterglow (along the flow tube) in a Flowing Afterglow Langmuir Probe (FALP) experiment
is presented. The method is advantageous for measurements of recombination rate coefficients of slowly recom-
bining ions in conditions where formation of the studied ions is slow, decaying plasma contains several types
of ions and the ion formation and recombination proceed simultaneously. The new method is demonstrated on
the analysis of the data obtained from plasma decay in He/Kr/H2 and He/Kr/D2 gas mixtures. In a limit for
[Kr]/[D2] � 1, the recombination rate coefficients forKrD+ ionsα(KrD+, 250 K) = 1 × 108cm3s−1 was
obtained.

Copyright line will be provided by the publisher

1 Introduction

Electron ion recombination, diffusion and ion−molecule reactions are key ion loss processes in low temperature
plasma. In an experimental study of these processes, one usually creates such conditions that losses due to the
process under study are dominant or can be clearly distinguished from other loss processes. For fast recombina-
tion processes with rate coefficient larger than10−7cm3s−1, Flowing Afterglow (with Langmuir Probe− FALP)
is the suitable technique [1, 2] with direct determination of thermal recombination rate coefficients. For slow
recombination with rate coefficients below10−7cm3s−1, FALP can be used but only with certain restrictions [3].
In this paper we discuss the FALP study of recombination processes with rate coefficients as low as10−8cm3s−1.
For such slow recombination rates, diffusion losses and losses due to ion-molecule reactions have to be consid-
ered in data analysis as well. For some ions, e.g. D+

3 , KrH+, KrD+, XeD+, which are formed in the afterglow
in a sequence of ion molecule reactions, the formation process has to be included in the data analysis as well
because recombination is not the dominant process any more.For these studies, a new method of probe data
analysis was developed. To improve analysis, kinetic models have to be used for data interpretation and Electron
Energy Distribution Functions (EEDF), plasma potential and electron temperature together with electron number
densities have to be determined. Details of the new advanceddata analysis are presented and discussed. The
application of the new data analysis is demonstrated on measured data obtained during recombination studies of
D+

3 , KrH+ andKrD+ions.

2 Experiment

The flowing afterglow technique was developed by Ferguson [4] over forty years ago. It is a very powerful tool
for ion kinetics studies. This technique employs the principle of a chemical reactor with flowing buffer gas and
reactants. The buffer− carrier gas flows through the discharge and the created plasma is carried along the flow
tube, the decay of the plasma is given by the flow rate of the buffer gas. Pure helium is used as a buffer gas in
majority of experiments. Reactant gases can be injected into decaying plasma by entry ports downstream from
the discharge and thus the plasma composition can be changed. For plasma diagnostics, an axially movable
Langmuir probe and downstream mass spectrometer are used [5, 6]. The probe is used to measure the electron

∗ Corresponding author: e-mail:juraj.glosik@mff.cuni.cz
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density concentration at different positions along the flowtube, i.e. at different times of the plasma decay. The
relation between position and decay time is given by the buffer gas velocity. The velocity on the axis of the flow
tube can be determined by modulation technique. The Langmuir probe technique is well known and widely used
and will not be discussed here in details [5, 7].
The schema of FALP used in the presented experiments is shownin Fig. 1. Our flow tube is a stainless-steel
tube with 5 cm in diameter and length over 70 cm. The carrier gas, helium at pressures1300 − 1700 Pa and
temperature near 250 K, flows through the upstream glass section of the flow tube and plasma is generated by
a microwave discharge (10 − 30 W of microwave power). The flowing helium then carries the plasma into the
stainless-steel section of the flow tube, where reactants are introduced via injection ports (P1, P2). In the time
scale: the port P1 is ∼ 3 ms downstream from the discharge region and port P2 is another 35 ms downstream.
Because the discharge is ignited in pure He, formed plasma contains electrons, He+ ions and helium metastables.
Long lived metastable atoms He(23S) and He(21S) are present in early afterglow. We will use a simple Hem

symbol for both of them. Atomic He+ ions react immediately with He atoms and in the three-body association
reaction molecular He+2 ions are formed. The measurements are performed at high pressure of the buffer gas
and at low temperatures to enhance He+

2 formation and to prolong plasma decay. The typical electrondensity at
position of port P1 is ne ∼ 5 × 1010 cm−3. Density of helium metastables is higher by at least a factorof 10,
i.e. [Hem] ∼ 5 × 1011 cm−3 [8]. Krypton can be added via port P1 to remove the helium metastables from the
decaying plasma by Penning ionisation.

Fig. 1 The basic principle of the Flowing Afterglow with Langmuir Probe− FALP technique. Buffer gas flows from the
discharge region towards the Roots pump (right side). The Langmuir probe is on the axis and it is movable from the position
of the port P2 up to the end of the flow tube.

3 Ion formation

The method is based on the creation of well-characterised plasma that contains only desired ion species. We
will discuss ion formation for a particular case, the formation of KrH+ dominated plasma. The formation of ion
KrD+ that is also used in present study, is nearly identical and will not be discussed separately. When Kr is
added via port P1 as mentioned before, Kr+ dominated plasma is formed in reaction of Kr with He+

2 and Hem.
After removing metastables from the plasma, electrons relax in collisions with buffer gas and a Maxwellian
electron energy distribution is established [8]. The decayof the plasma can be calculated by solving a set of
balance equations that include ion molecule reactions, Penning ionisation, ambipolar diffusion and recombination
processes. The solution is straightforward, because electrons are thermalised (with average energy∼ 0.03 eV)
and excited species with high internal energy are not present. An example of results from the numerical model
of chemical kinetics in the flow tube is given in Fig. 2.

The list of processes included in the model and the corresponding rate coefficients are given e.g. in reference
[9]. Lower panel of Fig. 2 shows fraction corresponding to the partial density ofKrH+ ions,f =[KrH+]/ne.
Note that in the interval between 0 and 15 ms there are severalions present in the decaying plasma andKrH+ is
not the dominant ionic species. Fort > 15 ms,KrH+ and H+

3 are in equilibrium, which is given by the partial
pressures of Kr andH2. Nevertheless, theKrH+ ion is dominant,f ∼ 0.99, and the decay of plasma is governed
by its recombination. The numerical model helps to find the right experimental conditions for which the ion or
ions to be studied are dominant in the reaction zone. The results are also used in data analysis.

Copyright line will be provided by the publisher
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Fig. 2 The plasma decay in Flowing Afterglow
calculated with the kinetic model. Kr is added via
port P1 andH2 is added via port P2. For the used
reactant concentrations the formation of desired
ions is slow. In lower panel, ratio of the formed
KrH+ to the electron concentrations is plotted,
ξ(t) = [KrH+]/ne.

4 Plasma decay and data analysis

Numerical modelling ofKrH+ formation presented in the previous section has shown that the transformation of
Kr+ to KrH+ can proceed along a considerable part of the flow tube, especially with a very low concentration
of reactants Kr andH2 (see Fig. 3). In that case there is a risk that the common methods of rate coefficient
determination from the slope of a graph of the reciprocal of the electron densityne(t) versus decay time will be
not accurate enough. For this reason, an advanced data analysis procedure has been developed. Low reactant
densities are used to avoid formation of fast recombining cluster ions, which would substantially enhance the
overall recombination process. When recombination is the dominant loss process in the afterglow, the balance

108

109

10 20 30 40 50 60

[H2]

[Kr] ~ 5.5×1013 cm-3

 

    [H2]             
[1013 cm-3] [10-8 cm3s-1]
    0.5           2.7
    2.0           2.6
    5.0           4.6
    5.4           5.8  
    8.9          121

t [ms]

n e [c
m

-3
]

p = 1600 Pa, Tg = 250 K

Kr+

0 4 8 12 16 20

0.6

0.8

1.0

 2×1012cm-3  4×1012cm-3

 1×1013cm-3  8×1013cm-3

 

 

[K
rH

+ ]/n
e 

t [ms]

Fig. 3 Upper panel:A selection of electron den-
sity decays measured in a He/Kr/H2 mixture at
T = 250 K for several concentrations ofH2 and
constant Kr density. The indicated fits consider
only recombination and diffusion; see discussion
below. Lower panel: The calculated fraction of
KrH+ in the decaying plasma for[H2] changing
from 1012 cm−3 to 1014 cm−3. Note the different
time scales in upper and lower panel.

equation for electron concentrationne in quasineutral plasma and the analytical solution for recombination of
one dominant ion are:

dne

dt
= −αn+ne = −αn2

e ;
1

ne(t)
=

1

ne(t = 0)
+ αt, (1)

wherene ≡ [e−] =
∑

[Ai
+] andA+

i
represents all ion types in the flow tube. The commonly used method for

determining recombination rate coefficient is based on fitting the plot of1/ne(t) versust with a linear function,
α is obtained as the slope.
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4 I. Korolov et al.: APPLICATION OF LANGMUIR PROBE IN RECOMBINATION DOMINATED PLASMA

When plasma decays due to reaction with species B and diffusion losses are not negligible with respect to
recombination losses, the balance equation has to be extended to

dne

dt
= −αn2

e − kne[B] −
Da

Λ2
ne = −αn2

e − ne/τ ; where 1/τ = k[B] −
Da

Λ2
, (2)

wherek is the reaction rate coefficient,Da ambipolar diffusion coefficient,Λ is given by the geometry of the flow
tube andτ is characteristic time of reaction and diffusion losses [10, 11]. In this case, the following analytical
solution exists:

1

ne(t)
=

1

ne(t = 0)
et/τ + α(et/τ

− 1)τ (3)

Fig. 4 shows a sub-set of data sets from those in Fig. 3 plottedas1/ne versus decay timet. This projection
is often used for the determination of recombination rate coefficient using formula (1). It is obvious that the
plot is far from being linear and such a simple analysis cannot be applied in this case. The formula (3) is used
to fit the data in the upper panel in Fig. 3. Note that at low decay time the fits are very problematic. It is not
surprising, because in the discussed case the ion under study (KrH+) is not dominant during first 15 ms of the
decay after port P2. Nevertheless, we can use the fact that Kr+ recombine very slowly, so the losses due to Kr+

0 5 10 15 20 25 30
0

1

2

3

 

 

1/
n e [1
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3 ]

t [ms]

p = 1600 Pa, Tg = 250 K

    [H2]
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     0.5
     5.0
     8.9

[Kr] = 5.5×1013 cm-3

Fig. 4 Reciprocal of the electron densityne(t)
versus decay time for constant Kr and severalH2

densities. The data come from the data sets used
in Fig. 3.

recombination can be neglected in comparison with recombination ofKrH+ ions. In this sense, we can write the
balance equation:

dne

dt
= −αξ(t)n2

e − ne/τ, where [KrH+] = ξ(t)ne, 0 ≤ ξ ≤ 1. (4)

Using simple integration we obtain

ln

[

ne(tb)

ne(ta)

]

+ (tb − ta)/τ = −α

∫ tb

ta

ξ(t)ne(t)dt, (5)

whereta andtb are integration limits andτ is expected to be a constant factor independent on time. If the desired
ion is dominant in the afterglowξ(t) = 1, then a plot of

ln

[

ne(tb)

ne(ta)

]

+ (tb − ta)/τ versus

∫ tb

ta

ne(t)dt (6)

should give straight line with slope−α. This is assured only if the correct value of the constantτ is used;
otherwise the graph is curved. The correct value ofτ is determined by minimizing theχ2 of the linear fit where

Copyright line will be provided by the publisher



cpp header will be provided by the publisher 5

τ is the varied parameter. The analysis requires further discussion whenξ(t) < 1. Formula (5) can be expanded
to

ln

[

ne(tb)

ne(ta)

]

+ (tb − ta)/τ = −α

∫ tb

ta

ne(t)dt − α

∫ tb

ta

(ξ(t) − 1)ne(t)dt. (7)

Let ta be a fixed parameter andtb > ta the variable parameter scanning over all data points starting from ta,
then the second integral term on the right side increases with increasingtb as long as(1 − ξ(t)) > 0. For
highertb the studied ion becomes dominant andξ = 1 and thus the integral does not increase. In another words,
the second integral term does not differ fortb scanning over the zone where the studied ion is dominant and
acts only as a constant. Then the plot described by (6) is again a straight line with−α as slope. They-axis
term ln[n(tb)/n(ta)] + (tb − ta)/τ can also be interpreted as the normalization of data ton(ta) and subtraction
of diffusion losses. The remaining part yields extracted recombination losses. An example of data plotted using
formula (6) is given in Fig. 5. The data were obtained in studyof recombination ofKrD+ for different mixtures of
D2 and Kr. As was already mentioned, formation kinetics ofKrD+ ions is similar to the just discussed formation
of KrH+ ions, so it will be not repeated here. The example withKrD+ is given because the recombination rate
coefficient for this ion is smaller than the coefficient forKrH+ by a factor of two. The data inKrD+ study were

2 4 6 8 10 12 14
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3

 1.22              3
 1.16              0.5
 0.23              8
 0.10              3
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 (t
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p ~ 1600 Pa, Tg ~ 250 K 

                   D
2
       

[10-7 cm3s-1]     [1012cm-3]

D+
3 Fig. 5 Advanced analysis:Plot of ln[n(tb)/n(ta)]

+(tb − ta)/τ versus
∫

ne(t)dt. The data were mea-
sured for twoD2 densities forKrD+ and D+

3 ions.
The rate coefficients of recombination ofKrD+ and
D+

3 ions are noted in the figure.

measured for several differentD2 densities. In these measurements Kr was added via port P1, [Kr] = 2.3 ×

1013cm−3. The increase of the measured recombination rate coefficients with increasingD2 density indicates
formation of faster recombiningD+

3 ions. The lowD2 density limit gives binary recombination rate coefficient,
α(KrD+, 250 K) = 1×10−8cm3s−1. The data inD+

3 study were measured for two differentD2 densities. They
are ploted in Fig. 5 for demonstration. In these measurements Ar was added via port P1, [Ar] = 1.4×1013cm−3.
Obtained is effective recombination rate coefficient,αeff(D+

3 , 250 K) = 1.2 × 10−7cm3s−1. We are using
attribute “effective” to emphasize the fact thatD+

3 recombination in afterglow plasma is pressure dependent,
similar to H+

3 recombination, and it is not pure binary process [12].

5 Conclusion

A new advanced data analysis method for calculation of recombination rate coefficients from the decay of elec-
tron density along the flow tube in FALP experiment was developed. The advantages of this data analysis in
comparison with the standard fitting ofne(t) with equation (3) are:

- Linear fitting is easier and more precise than fitting by a nonlinear equation (3) with 3 fitted parameters
(ne(t = 0), α, τ ).

- The “ion formation zone” is visually more distinguishable, especially for very lowα.

- The diffusion losses (τ ) can be easily determined from decays wherene(t) decrease due to recombination
is negligible with respect to diffusion (long timet, late afterglow).
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6 I. Korolov et al.: APPLICATION OF LANGMUIR PROBE IN RECOMBINATION DOMINATED PLASMA

The effective recombination rate coefficients in the mixture of Kr and D2 were obtained using the here described
advanced analysis method. The values of measured effectiverecombination rate coefficients are dependent on
the relative population ofD+

3 andKrD+ ions (onξ), which is given by ratio[Kr]/[D2]. In equation (7)ξ is
constant butξ < 1, the effective recombination rate can be then measured as a function of [Kr]/[D2] and the
rate coefficient forKrD+ ion can be obtained by extrapolation towards[Kr]/[D2] � 1. In the present study,
for [Kr]/[D2] � 1 we have obtained the recombination rate coefficient,α(KrD+, 250 K) = 1 × 10−8cm3s−1.
Detailed FALP studies of several slowly recombining ions using the presented data analysis are in progress and
are reported elsewhere [2, 12].

Acknowledgements This work is a part of the research plan MSM 0021620834 financed by the Ministry of Education of
the Czech Republic.
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MEASUREMENTS OF EEDF IN HELIUM FLOWING AF-
TERGLOW AT PRESSURES 500−2000 Pa
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For measurements of recombination rate coefficients of slowly recombining ions with rate coefficients below
10−7cm3s−1 in Flowing Afterglow Langmuir Probe (FALP) experiment the plasma decay time has to be long
and this requires buffer gas (helium) pressures in range500 − 2000 Pa. Application of Langmuir probe for
measurements of electron energy distribution function, EEDF (f(ε)), at these pressures is not trivial. The
Druyvestein formula for calculatingf(ε) from the second derivative of the electron current to the probe (I ′′

e )
cannot be used. More complex analyses of measured probe characteristic are required to obtain reliable EEDF .
To characterize the extent of the required corrections, theprobe characteristics in well-defined flowing afterglow
plasma were measured and two different methods were used to obtain EEDF. In the first method, the first and
second derivative of probe characteristics were used to obtain EEDF [1]. In the second method, numerical
correction was calculated [2] and applied to values obtained from Druyvesteyn formula. By comparison of
obtained EEDF with Maxwell distribution we determine a region of electron energies where advanced analysis
is necessary. It was found that in a helium afterglow at 250 K,with pressure600 − 2000 Pa, where plasma is
nearly Maxwellian withTe ∼ 250− 600 K, the correction is necessary for electron energiesε ≤ 3.5 kBTe. At
higher electron energies correction is negligible and is not necessary.

Copyright line will be provided by the publisher

1 Introduction

For over 40 years, Flowing Afterglow (FA) [3] has been a leading technique for study of elementary processes in
thermal and near thermal plasmas. Different modifications of FA are used for particular studies. To study recom-
bination and relaxation processes, FA is equipped with axially movable Langmuir probe to monitor plasma decay
along the flow tube (Flowing Afterglow Langmuir Probe− FALP) [4]. The validity of obtained rate coefficients
and product branching ratios was many times demonstrated [5]. In these experiments, He was used as a buffer gas
and it was assumed that in good approximation the decaying plasma is thermalised andT = Te = Tion = THe.
Only very rarely the temperature or electron energy distribution functions (EEDF) were measured [6, 7]. The level
of thermalisation depends on balancing of equilibrium in otherwise clearly non-equilibrated decaying plasma.
The misbalancing factor in helium afterglow is the presenceof long lived He metastables He(23S) and He(21S)
(with excitation energy 19.8 eV and 20.6 eV, respectively),which are formed in He discharge. In a chemi-
ionization or in superelastic collisions, the metastablescan transfer energy to electrons and as a result, electron
gas is heated and relaxation to the equilibrium is slowed down. Fast electrons formed in decaying plasma [8] can
influence diffusion and can be connected with non-local character of electron energy distribution function [9, 10].
In majority of FALP experiments, argon is added to the flow tube shortly after the discharge region and metasta-
bles are removed from the afterglow by Penning ionization [11]. This significantly suppresses eventual heating of
afterglow plasma and enhances relaxation. In some very fine and complex experiments relaxation processes have
to be investigated and degree of relaxation in decaying plasma has to be characterized. Such characterization is
required in the studies of recombination of slowly recombining ions with rate coefficients below< 10−7cm3s−1,
e.g.H+

3 ,D
+
3 ,KrH+,KrD+ [5, 12, 13, 14]. In FALP experiments long decay time can be achieved if buffer gas

pressure is high [4]. In the presented experiments, the pressure was kept within the rangepHe ∼ 500 − 2000 Pa.

∗ Corresponding author: e-mail:juraj.glosik@mff.cuni.cz
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The problem is that using the Langmuir probe at these pressures is not trivial. Simple Druyvesteyn formula can-
not be used for determination of EEDF from probe characteristics and more advanced analysis is required [15].

Fig. 1 Principle of FALP method. Buffer gas flows through the discharge region towards the Roots pump (right side). Plasma
formed in the discharge is carried along the flow tube. The reactants are added via ports P1 and P2 to already cold plasma.
The Langmuir probe is movable from the position of portP2 up to the end of the flow tube. Relation between decay time and
position is given by buffer gas velocity.

2 Experiment

The principle of the Flowing Afterglow (with Langmuir Probe- FALP) method used in the presented experiments
is shown in Fig. 1. Helium buffer gas flows through the glass discharge tube and plasma is generated. The flowing
buffer gas then drives plasma into the flow tube, where reactants can be introduced via injection ports (P1, P2).
The parameters of plasma on the axis of the flow tube are measured by an axially movable Langmuir probe.
Further details are described in [12].

3 Plasma decay along the flow tube

The evolution of the plasma along the flow tube downstream from the discharge region (after port P1) is governed
by elementary processes in the plasma and by diffusion to thewall. Because the decaying plasma is cold and
number of relevant processes is limited, evolution of plasma can be described by a simple kinetic model consid-
ering geometrical parameters of the flow tube, helium pressure and velocity, partial pressures of reactants and
position of their injection. It is assumed that heavy particles have temperature of the buffer gas (Tg). The electron
temperature is set according to experimental data. Anotherinput parameter of the model is also the density of
metastables at position of port P2. The density of metastables can be derived from the increaseof the electron
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Detail Fig. 2 Calculated evolutions of number den-
sities of electrons, He+ and He+2 ions and
metastables Hem in He afterglow. Timet = 0

is assigned to position of entry port P2. The
detail on the left side showes fast formation
of He+

2 . In the calculation, energies of elec-
trons formed in chemi-ionization are not con-
sidered and, for simplicity, just one type of
metastables is considered He(23S). The used
ambipolar diffusion coefficient was calculated
for electron temperaturesTe = 600 K and He
temperatureTg = 250 K. For comparison the
measured decay of electron density is also in-
cluded.
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density due to Penning ionization after injection of Ar via port P2 [4, 6]. The calculated evolution of the electron
density in the region downstream from port P2 is compared with measured data. The essential information from
the calculation is that the density of metastables in the late afterglow can be considerably higher than electron
density. This is reflected in plasma decay and can influence measurements of recombination rate coefficients. The
influence of metastables on the decaying helium plasma is evident from the data plotted in Fig. 3. The electron
temperature measured in relatively late afterglow at position of port P2 (at t = 0 i.e.∼ 38 ms from the discharge
region) isTe ∼ 600 K and it is decreasing only very slowly along the flow tube. Simple calculation of time con-
stant for electron energy relaxation due to collisions withHe at 1300 Pa givesτε ∼ 1 µs (see also more precise
calculation in ref. [16]). The electron temperatures plotted in Fig. 3 were obtained from the second derivative of
corresponding probe characteristic (from linear part of the semilogarithmic plot, see ref. [6]). This can be done
if body of measured EEDF is Maxwellian or close to Maxwellian. How this is fulfilled we will discuss below
together with measurements of EEDF. In the first approximation, the information on character of EEDF can be
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Fig. 3 Plasma decay along the flow tube in pure helium.Up-
per panel: Measured evolution of plasma and floating po-
tential along the flow tube (UPl and UFl). Middle panel:
Measured difference of plasma and floating potentials∆U =

(UPl − UFl), full points. The difference∆UT is calculated
from the measuredTe under assumption of Maxwellian EEDF,
open symbols.Lower panel: Measured evolution of electron
temperature. The electron temperature is obtained from the
slope of linear part of the semilogarithmic plot of the second
derivative of corresponding probe characteristic.

obtained from difference of plasma and floating potentials,∆U = (UPl − UFl). If EEDF is Maxwellian than in
He+

2 dominated plasma∆UT ≈ 4.0 kBTe/q (see e.g. ref. [17]). For early afterglow, the measured differences
∆U are higher by factor of two than the corresponding values∆UT. This can indicate that EEDF differs from
Maxwellian distribution. The discrepancy can be explainedwhen considering high density of metastables (see
Fig. 2). More precise description of plasma decay in helium flowing afterglow requires direct measurement of
EEDF.

4 Electron energy distribution function in late afterglow in He

The degree of relaxation of the afterglow plasma is characterized by EEDF and its deviation from Maxwellian
distribution. Primarily the EEDF (f(ε)), is calculated from the second derivative of the probe characteristics
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using Druyvesteyn formula (fD(ε)) [14]. Strictly speaking, only electron partIe of the probe currentIPr has to
be considered. For(UPl − UPr) > 0

fD(ε) = fD(−q(UPl − UPr)) =
2
√

2me

neq3A

√

UPl − UPr

d2Ie
dU2

Pr

, (1)

whereUPr is probe potential andfD(ε) is EEDF at energyε = q(UPr−UPl). We will further assume that plasma
potential at the probe position is zero (UPl = 0), so in formulasUPr can be used instead of(UPr −UPl). Because
of the large difference in electron and ion masses and because of the character of the dependence of ion current
on the probe potentialI+(UPr) we can, in rather good approximation, useI ′′Pr = I ′′e + I ′′+ ≈ I ′′e . The plasma
(UPl) and the floating (UFl) potentials are given by the conditionsI ′′Pr = 0 andIPr = 0, respectively [14]. More
detailed description of Langmuir theory is given elsewhere[18]. In order to obtain real EEDF, we have to evaluate
accuracy of its determination, in particular at relativelyhigh pressures used in experiments. A set of EEDFs and
corresponding EEPFs measured at different pressures (660− 2000 Pa) are plotted in Fig. 4 (see also comment to
EEPF). The linear sections of EEPF plots (in semilogarithmic plot) are fitted withfPM(ε) = A exp(−ε/kBTe).
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Fig. 4 Dependence of measured EEPF and EEDF on He
pressure.Upper panel: The EEPF,fPD(ε), obtained by us-
ing Druyvesteyn formula. The straight lines are fitted Max-
wellian fPM(ε). Dashed line indicatesfPM(ε) correspond-
ing to Te = 250 K. Lower panel: The corresponding EEDF,
fD(ε). The full lines are fitted by MaxwellianfM(ε), corre-
sponding to straight linesfPM(ε) in upper panel.Comment to
EEPF: In order to simplify discussion, electron energy prob-
ability function EEPF is introduced by relation:fP(ε) =

f(ε)/
√

(ε). If EEDF is Maxwellian with temperatureTe,
f(ε) ≡ fM(ε) = A

√
ε exp(−ε/kBTe), then Electron Energy

Probability Function (EEPF) isfP (ε) = A exp(−ε/kBTe),
whereA is a constant given by the normalization. If the for-
mula (1) is applicable, then for plasma with Maxwellian EEDF
the second derivative of the probe characteristic is also expo-
nential,I ′′

Pr(UPr) ≈ I ′′

e (UPr) = Bne exp(−ε/kBTe), where
B is a constant given by probe geometry. The corresponding
Te can be determined simply from the linear part of the semi-
logarithmic plot ofI ′′

Pr.

The differences between the obtainedfPD(ε) (EEPF derived by using Druyvesteyn formula) andfPM(ε)
(Maxwellian EEPF) are very large at lowε. Because of very strong negative velocity dependence of cross section
of electron−electron collisions, these collisions are dominant in Maxwellization of EEDF at energies below
1 eV. Because of the strong electron−electron interaction at lowε, we can assume that if EEDF is under our
experimental conditions in rangeε = 0.2 − 0.4 eV already Maxwellian, lower energy part of EEDF will be also
Maxwellian. The reason for the difference betweenfPD(ε) andfPM(ε) is in invalidity of Druyvesteyn formula
at higher pressures and lowε. This behaviour was observed several times and correctionswere proposed [1, 2].
To manifest the dependence offD(ε) andfPD(ε) on helium pressure and to find the extent of corrections, we
carried out measurements at several pressures in otherwisevery similar conditions. The obtainedfD(ε), fPD(ε)
and fittedfM(ε) andfPM(ε) are plotted in Fig. 5. From the plotted data it is obvious thatat low ε the deviation
of fD(ε) from fM(ε) is increasing with increasing pressure. To obtain proper EEDF we applied two different,
more advanced, methods (for details see refs. [1, 2]). In thefirst method we have used first and second derivative
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of measured probe characteristics to calculate EEDF according to formula [1]:

f(ε) =
1

C0

(

I ′′e (ε) −
Ψ

UPr

I ′e(ε)

)

, (2)

whereC0 is the normalization constant,Ψ = rPrln(πlPr/4rPr)/γλ is the diffusion parameter of the probe,λ is
the electron mean free path, andγ = 4/3 (for rPr � λ).

Examples of obtained EEPF for two different pressures are plotted in Fig. 6. In the second method we used
relation between probe current density and EEDF [2]:

Ie(ε) = neC

∫

∞

ε

K(ξ, ε)fP (ξ)dξ ; C =
q

γ
√

8me
, K(ξ, ε) =

ξ − ε

1 + ξ−ε
q ψ

(3)

Note that value ofK in our experimental conditions isK ∼ 1. EEPF obtained by both methods are plotted in
Fig. 5. Numerical methods were used to obtain EEDF fromI ′′Pr(UPr) using formula (3).
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Fig. 5 EEPF in the Flowing Afterglow
at two different pressures. Left pan-
els: EEPF obtained by using three dif-
ferent methods of data evaluation: “un-
corrected” - Druyvesteyn formula; “cor-
rected I” - Formula (2) with first and sec-
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II” - numerical integration using formula
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panel. Right panels: The deviation of
“measured” EEDF from Maxwellian dis-
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these plots is given inkBTe units.

Some features of obtained EEPF are evident already from the plotted data. The straight lines corresponding
to Maxwellian distribution fit perfectly to the measured data (obtained by advanced methods) over three orders
of magnitude. The Druyvesteyn formula is not giving proper EEDF at pressurespHe > 600 Pa for energies
ε < 3.5 kBTe. In high energy region (ε > 3.5 kBTe), the correction is not necessary and observed deviation at
high energies, the tail of EEPF, is real. We expect that the high-energy tail of measured EEPF (at 2000 Pa) with
excess of fast electrons is connected with production of fast electrons in superelastic collisions and in chemi-
ionization. To characterize the role of metastables in helium afterglow, argon gas was introduced via port P1 to
remove metastables by Penning ionization and EEDF was measured. The EEDFs measured (at the position P2)
with and without addition of argon in otherwise identical conditions are plotted in Fig. 6. Both EEDFs are close
to Maxwellian, but the electron temperature in plasma without metastables is lower,Te = 320 K. The obtained
value ofTe is slightly higher than buffer gas temperature (250 K). The difference +70 K can be considered
as inaccuracy of the method. The slightly elevated temperature can be explained by the fluctuation of plasma
potential and probe potential and also by inhomogenity of plasma around the probe. These effects will cause
flattening of the probe characteristic and increase of measured temperature. Inhomogenities of the probe surface
(work function) can also contribute to increase of the measured apparent temperature. In any case, the increase
of electron temperature in He afterglow is significantly higher than 70 K observed inAr+ dominated plasma.
We cannot exclude that part of the increase in Ar+ dominated plasma can be due to internal excitation of small
fraction ofAr+ ions. Here we consider the presence of excited Ar+ in 2P1/2 spin state with excitation energy
∆ε ∼ 0.18 eV.

Copyright line will be provided by the publisher
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Fig. 6 The influence of He metastables on
EEDF in afterglow plasma. The data were
measured in afterglow plasma in He with and
without addition of Ar in otherwise identical
conditions. Ar was introduced via portP1;
measurements are made 35 ms downstream
the position ofP2. Contributionsa(I′′) and
b(I′) from first and second term in formula (2)
are indicated respectively. The full curves in-
dicate Maxwellian fit to measured EEDF.

5 Conclusion

We have established a method of evaluation of probe data to obtain reliable EEDF in Flowing Afterglow plasma
used for recombination studies. We have found the effect of presence of helium metastables on He afterglow,
electron temperature, EEDF and on difference of plasma and floating potential,∆U = (UPl − UFl).
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Abstract
The recombination of D+

3 and D+
5 ions with electrons in a He–Ar–D2 flowing

afterglow plasma is reported. Low temperature (T = 130–300 K) and high
pressure of the He buffer gas (900–1200 Pa) was used to enhance the formation
of D+

5 ions in the afterglow plasma. The deuterium partial number density
was varied over a large range ([D2] = 1 × 1012–3 × 1015 cm−3) to study its
influence on plasma decay. At low [D2], D+

3 ions dominate in the afterglow and
the plasma decay is controlled by the recombination of D+

3 ions (rate coefficient
α3). At high [D2] and lower temperatures, D+

5 ions are effectively formed and
the plasma decay is controlled by the recombination of D+

5 ions (α5). In the
intermediate region, the rate of recombination is given by the partial densities
of both ions, D+

3 and D+
5. These partial densities are influenced by conditions in

the plasma and they are controlled by ion–molecule reactions
(
D+

3 +D2 ↔ D+
5

)
.

If the ion–molecule reactions are fast in comparison with the recombination
processes the plasma decay can be characterized by the equilibrium constant
KC and by recombination rate coefficients α3 and α5. By monitoring of the
plasma decay, all three constants α3 (190 K) = (1.4 ± 0.5) × 10−7 cm3 s−1, α5

(190 K) = (3 ± 1) × 10−6 cm3 s−1 and KC (190 K) = (3.8 ± 2.0) × 10−16 cm3

are determined.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It has been recognized for a long time that H+
3 ions play important roles in the kinetics of media

of astrophysical interest (interstellar molecular clouds [1, 2], planetary atmospheres [3]) and
also in laboratory hydrogen containing plasmas. Recently it was recognized and observed that
deuterated ions H2D+, D2H+ [4–7] are also very important. Very probably D+

3 ions also play an
important role in astrophysics but up to now they have not been observed. These deuterated
molecular ions are potential donors of deuterons to other molecules and their presence can

0953-4075/06/112561+09$30.00 © 2006 IOP Publishing Ltd Printed in the UK 2561

http://dx.doi.org/10.1088/0953-4075/39/11/019
mailto:juraj.glosik@mff.cuni.cz
http://stacks.iop.org/JPhysB/39/2561


2562 O Novotný et al
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QMS
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t

Figure 1. The schematic view of the flowing afterglow Langmuir probe–variable temperature
(FALP-VT) apparatus. The large flow of helium buffer gas is moving along the flow tube under
the action of a large roots pump. The plasma created in the microwave discharge is carried along
the flow tube.

explain the high abundance of deuterated molecular species. The abundance of deuterated
molecules is high, in some cases reaching more than 10% of their nondeuterated analogues
[5, 8, 9]. This is a very high number if we consider that the general cosmic abundance
of D is about 10−5 that of H. These observations have caused increased interest in further
laboratory and theoretical studies of H2D+, D2H+ and D+

3. Very important, for hydrogen and
deuterium containing plasmas, is understanding the processes of formation and destruction
of these ions in ion–molecule reactions and in recombination with electrons. Because of
the fundamental character of these processes, they are also very important from a theoretical
point of view. The kinetics of the formation of D+

3 ions in deuterium containing plasmas is
reasonably well understood (see [10–12] and references therein). Real studies of state-to-state
reaction dynamics are far to be complete. Important, but difficult to study, are ortho to para
transitions in collisions with D2, H2 and HD. The recombination of H+

3, H2D+, D2H+ and D+
3

has been studied basically in two groups of experiments, in afterglow plasmas [11, 12] and in
storage rings [13]. Recently it was recognized that the ions in storage ring experiments were
rotationally hot and only in very recent experiments have H+

3 ions been rotationally cooled prior
to injection to the storage ring [14, 15]. These recent storage ring experiments are also now in
good agreement with very recent theory [16, 17]. There is still disagreement with afterglow
experiments, but there are indications that the multicollisional character of afterglows can play
an essential role in the ‘effective recombination’ of H+

3. Similar problems are found in D+
3

recombination studies [11, 18–21].
In our previous stationary and flowing afterglow experiments it was observed that the decay

of D+
3 [11, 12, 22] and H+

3 [12, 22, 23] dominated plasmas is dependent upon the deuterium and
hydrogen partial pressures, respectively. The present study is focused on the recombination
in a D+

3–D+
5–e− afterglow plasma in order to separate the role of the recombination of the

particular ions and that of the forward and reverse ion–molecule reactions exchanging D+
3 to

D+
5 and back again. In order to enhance the role of D+

3 or D+
5, the pressure and temperature are

varied over a large range.

2. Experimental details

The flowing afterglow Langmuir probe (FALP) technique used in the present experiments is
based on a simple principle: a buffer gas flowing along a tube (50 mm diameter) carries the
plasma created upstream in the microwave discharge in pure He; see figure 1 for details. The
plasma decays along the tube through diffusion and recombination losses. The composition
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Table 1. The main considered ion–molecule reactions, corresponding rate coefficients k (300 K)
and typical reaction times (τ ). The reaction times were calculated for the following number
densities: [He] = 3 × 1017 cm−3, [D2] = 1 × 1014 cm−3 and [Ar] = 7 × 1013 cm−3.

Reaction k (300 K) (cm3 s−1) or (cm6 s−1) τ (ms)

He+ + 2He → He+
2 + He 1 × 10−31 0.1

He∗ + He∗ → He+
2 + e 5 × 10−9 20

He∗ + Ar → Ar+ + He + e 7 × 10−11 0.2
He+

2 + Ar → Ar+ + 2He 2 × 10−10 0.07
Ar+ + D2 → ArD+ + D (≈0.9) 7.5 × 10−10 0.01

→ D+
2 + Ar (≈0.1)

D+
2 + Ar → ArD+ + D 1.5 × 10−9 0.01

D+
2 + D2 → D+

3 + D 1.6 × 10−9 0.006
ArD+ + D2 → D+

3 + Ar 4.6 × 10−10 0.02
D+

3 + D2 + He → D+
5 + He ≈1 × 10−29a ≈3b

a The rate coefficient deduced from equivalent reaction with hydrogen.
b The reaction time is considerably shorter at lower temperatures.

of the plasma is changed by ion–molecule reactions. For ion identification and ion formation
studies, we use a quadrupole mass spectrometer placed downstream behind the differentially
pumped section. Considering the constant velocity of the flowing gas (or plasma respectively)
one can convert the position along the flow tube to the duration of the studied reaction. We
have built a high-pressure version of this apparatus—FALP-VT. The output nozzle at the end
of the flow tube allows the working pressure in the flow tube to be increased up to 2.5 kPa,
without a significant increase of the buffer gas flow, and the whole flowtube can be cooled
down to 130 K in a bath of cold ethanol or liquid nitrogen.

For electron concentration measurements, an axially movable Langmuir probe [24]
(tungsten wire 18 µm in diameter and 7 mm long) is used. For recombination studies,
the validation and the Langmuir probe calibration was performed by measuring the rate of the
well-understood recombination of O+

2 with electrons. For studying the recombination of D+
3

and D+
5, ions we have to be able to measure rate coefficients down to 5 × 10−8 cm3 s−1. This

limit requires minimizing non-recombination losses in comparison to recombination losses.
The diffusion losses are fixed by the unchanged flow rate of the buffer gas and they can be
taken into consideration. The whole apparatus was built with UHV technology and the most
important parts were baked out. Helium and other injected gases were cleaned by passing
them through liquid nitrogen traps.

3. Ion formation

In the D+
3–D+

5–e− experiment, the plasma is prepared in the following way: pure helium
is ionized in a microwave discharge. He+ ions thus formed are converted in three-body
association reactions to He+

2 under high pressure conditions. Further downstream, Ar is added
to the flow tube to convert long-lived helium metastables (He∗) and He+

2 to Ar+ ions. In this
way, downstream of the Ar entry port, an Ar+–e− plasma is created. Further on downstream,
deuterium is added and a D+

3–D+
5–e− plasma is formed in a sequence of ion–molecule reactions.

The kinetics of these processes is well understood and the rate coefficients are known (see
table 1 and the references in [10, 11]). Calculations show that for our experimental conditions
(T = 300 K, pHe ≈ 1200 Pa, [D2] ≈ 1014 cm−3, initial electron number density ne0 ≈ 1010 cm−3),
the D+

3

/
D+

5 formation time is a few milliseconds (corresponding to a few cm along the tube).
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Figure 2. Ion-formation in FALP-VT, calculated with a kinetic model (T = 300 K, pressure
1200 Pa, flow rate He: 6500 sccm ([He] = 3 × 1017 cm−3), flow rate Ar: 1.5 sccm (introduced at
t = −7.5 ms, [Ar] = 7 × 1013 cm−3), flow rate D2: 50 sccm (introduced at t = 0 ms, [D2] = 2 ×
1015 cm−3). The diffusion, recombinations (α3 = 1 × 10−7 cm3 s−1 and α5 = 3 × 10−6 cm3 s−1

are used for recombination rate coefficients of D+
3 and D+

5 , respectively) and 18 ion–molecule
reactions are included in the model. The main considered ion–molecule reactions are listed in
table 1.

For more details see table 1 and the calculated evolutions of ion number densities plotted in
figure 2. Here one can see one of the advantages of the flowing afterglow technique in
comparison with the stationary afterglow technique. Individual reactants are added separately
which allows reactions to be segregated and reactants are not in contact with energetic electrons
that are thermalized downstream from the discharge in collisions with He. The formation
process is thus simpler and very transparent. During the afterglow, prior to recombination,
the ions make hundreds of collisions with D2 and thousands with He (dependent on partial
pressures), so we can assume that both D+

3 and D+
5 ions are in thermal equilibrium with the

buffer gas and with D2.
The advantage of the high-pressure version of the flow tube is the long decay time

observable along the flow tube (at least three times longer than in standard flow tubes; see e.g.
[20]). This is very important for the study of relatively slow recombination processes.

4. Data analysis

If D+
3 ions are the dominant ions in the decaying plasma, the determination of the recombination

rate coefficient is straightforward [22]. In the FALP-VT at a relatively low temperature and
at high pressures of He and D2, the formation of cluster ions D+

5 via a three-body association
reaction (k3) and their destruction by collision-induced dissociation (CID, with a binary rate
coefficient k−3) in collisions with He atoms [25, 26] have to be considered. The considered
reaction scheme is

D+
3 + D2 + He

k3−−−−→←− −−−
k−3

D+
5 + He. (1)

If these reactions are dominant (in comparison with recombination) then the equilibrium
between D+

3 and D+
5 will be established and the ratio R = [

D+
5

]/[
D+

3

]
remains constant along

the flow tube and can be expressed as

R =
[
D+

5

]
[
D+

3

] = k3[D2]

k−3
= KC[D2], (2)

where KC is the equilibrium constant (related to the entropy and the enthalpy change by
the Van’t Hoff equation [27, 28]). Such equilibria can be studied e.g. in ‘high pressure
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mass spectrometers’ [29], in SIFDT [28] and SIFT [30] experiments. However in plasma
experiments, and the FALP-VT is a plasma experiment, both ions recombine with electrons:

D+
3 + e− α3−−−−→ products, (3)

D+
5 + e− α5−−−−→ products. (4)

Here α3 and α5 are corresponding recombination rate coefficients. When considering processes
(3) and (4) and diffusion losses, the balance equation for electrons is

dn

dt
= −α3n

[
D+

3

] − α5n
[
D+

5

] − n/τD, (5)

where n = ne = ([
D+

3

]
+

[
D+

5

])
is the electron concentration and τD characterizes losses by

ambipolar diffusion. Using the ratio R equation (5) can be rewritten as

dn

dt
= −(α3 + Rα5)

n2

1 + R
− n/τD = −αeffn

2 − n/τD. (6)

Equation (6) is indicating that even in the presence of two type of ions recombining
with different rate coefficients, the decay of the plasma can be characterized by a single
constant αeff = (α3 + Rα5)/(1 + R); assuming constant R. The introduction of the effective
recombination rate coefficient αeff significantly simplifies the data analysis. As shown above,
such a state occurs if the equilibrium described by equation (1) is not violated by recombination
of the studied ions, that is, the recombination loss rates are negligible in comparison to the
rates of ‘exchange’ between D+

3 and D+
5. Such a condition can also be expressed in term of

time constants for particular processes:
We have made calculations for the experimental conditions: p = 1200 Pa, T = 190 K

([He] ≈ 4 × 1017 cm−3) and [D2] =1015 cm−3. The time constant for association (forward
reaction) is τ as = 1/(k3[D2][He]) ≈ 0.25 ms (the rate k3 ≈ 10−29 cm6 s−1 is taken to be similar
to that for the comparable reaction in hydrogen; see table 1). For higher [D2] the τ as is even
shorter. The ‘time constant’ for recombination of D+

3 is τα3 = 1/(α3ne) ≈ 5 ms when using
values α3 ≈ 1 × 10−7 cm3 s−1 and n ≈ 2 × 109 cm−3. For the evaluation of the reverse process,
it is necessary to estimate the rate k−3 for the CID. This can be calculated from the equilibrium
constant defined as KC = k3/k−3 (taken e.g. from [31]). If KC (190 K) = 2 × 10−16 cm3 then
k−3 = k3/KC ≈ 5 × 10−14 cm3 s−1. The time constant is then τCID = 1/(k−3[He]) ≈ 50 µs.
For the recombination of D+

5: τα5 = 1/(α5n) ≈ 170 µs for α5 ≈ 3 × 10−6 cm3 s−1. The value
used for α5 will be discussed below.

Obviously τα3 � τ as and the recombination of D+
3 will not affect the equilibrium. For D+

5
processes τα5/τCID ≈ 4.5. The ratio 4.5 is not sufficiently high to fully neglect the effect of
recombination of D+

5. However, at this point, we have assumed equilibrium conditions between
D+

3 and D+
5 in the flow tube. The possible effect of recombination at different temperatures

and pressures is discussed in section 5. The kinetic model also verified the assumption of
equilibrium (see the data plotted in figure 2).

In the case of equilibrium between D+
3 and D+

5, αeff = (α3 + Rα5)/(1 + R) can be written
as

αeff = (α3 + α5KC[D2])/(1 + KC[D2]). (7)

This formula shows the influence of [D2] on the measured effective recombination rate
coefficient in a D+

3–D+
5–e− plasma. For KC[D2] � 1 (‘low pressure limit’, for the terminology

see e.g. [27]) equation (7) collapses to

αeff = α3 + α5KC[D2] (8)
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Figure 3. The decay of a D+
3 –D+

5 –e− plasma (at 190 K and 1000 Pa). The decay curves were
measured at several deuterium number densities. The dashed line indicates expected diffusion
losses of D+

3 . The solid lines represent the fits by (9) (see e.g. [22] for more details) to the
individual data sets.

and in the limit case αeff ([D2] → 0) = α3. On the other hand, for high densities where
KC[D2] � 1 (high pressure limit) the limit is αeff → α5. This conclusion is obvious: for low
[D2] the formation of D+

5 is negligible and recombination of D+
3 is dominant. For high [D2],

D+
3 is transformed to D+

5 and the recombination of D+
5 dominates.

For constant αeff, equation (6) can be solved analytically:

n(t) = n0

(
αeffτDn0

(
exp

t

τD
− 1

)
+ exp

t

τD

)−1

, (9)

where n0 is the initial electron concentration at t = 0. Formula (9) is suitable for fitting the
measured decay curves.

5. Results

We have measured the plasma decay in a He–Ar–D2 mixture at several temperatures in the
range 130–300 K. The total He pressure was maintained at 900–1200 Pa and a partial pressure
of argon at ≈0.2 Pa. The deuterium number density was varied systematically from 2 × 1012

to 2 × 1015 cm−3. This large variation allowed us to cover different plasmas regimes, from
one dominated by the recombination of D+

3 ions to one controlled by the recombination of a
mixture of D+

3 and D+
5. Figure 3 shows an example of electron density decays measured at

190 K but at several deuterium number densities. It is obvious that the decay of the plasma
depends upon the deuterium number density.

The values of αeff obtained at four different temperatures are plotted in figure 4. The
decay of plasma at T = 130 K is very fast in our time scale (see figure 3) and as a result the
scatter of αeff obtained is too large for further data analysis. The trend is obvious nevertheless.

In section 4, we demonstrated that at 190 K and other conditions comparable with the
present experiment, the D+

3 and D+
5 ions are very close to equilibrium. From the data plotted

in the sub-panel of figure 4 we can see that at T = 190 K, the values of αeff are proportional to
[D2] as predicted by equation (8). In this case we can obtain the product α5KC but we cannot
obtain α5 and KC separately.

In order to simplify the discussion at this point, we assume that D+
5 has similar

recombination rate coefficients as H+
5 [32], i.e. we assume that for the temperature range,

190–300 K, α5 = 3 × 10−6 cm3 s−1. Using this value, we can fit the data for particular
temperatures with function (7) to obtain α3(T) and KC(T).
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Figure 4. The effective recombination rate coefficients αeff as a function of deuterium number
density measured in a D+

3 –D+
5 –e− decaying plasma. The data indicated by open symbols were

obtained in stationary afterglow—AISA experiments [11]. The closed symbols indicate current—
FALP-VT data. Data obtained by Laubé et al [18] (300 K, 70 Pa) and Gogousi et al [19] (295 K,
130 Pa) are also included in the plot. Sub-panel: selected datasets plotted in a linear scale for
D+

3 –D+
5 –e− and H+

3 –H+
5 –e− plasmas.

The values of α3(T) (see figure 4) were obtained as the limit of αeff ([D2] → 0), actually
towards 1013 cm−3, where error bars are typical for afterglow experiments (∼30%) and their
main contribution arises from electron density measurement using the Langmuir probe. It can
be seen that values of αeff correspond very well to those measured in the AISA experiment
[11] at similar T and [D2]. The difference between values obtained in storage rings techniques
and in afterglow techniques is not yet understood. For a detailed discussion, see e.g. [11, 12]
for the H+

3 case respectively.
The values obtained for the equilibrium constant will be indicated as KCexp. The value

for 190 K is KCexp (190 K) = (3.8 ± 2.0) × 10−16 cm3. The obtained KCexp (T) are depicted
in figure 5 in the Van’t Hoff plot together with thermodynamic data measured for D+

3

/
D+

5 and
H+

3

/
H+

5 equilibria by Hiraoka and Mori [31]. The values of KCexp (T) for H+
3

/
H+

5 obtained in
our previous study [22] are also included in the plot.

The previous measurements of KC [31] show almost the same values for both the hydrogen
and deuterium case. Our KCexp(T) for the reactions D+

3 + D2 ↔ D+
5 and H+

3 + H2 ↔ H+
5 are

also overlapping; however, they differ from the values obtained by the group of Hiraoka. The
difference is due to the influence of recombination on the equilibrium between D+

3 and D+
5 (and

similarly between H+
3 and H+

5). Both sets of data overlap at ≈190 K. This is not surprising
because, as calculated and mentioned above at T ≈ 190 K, the D+

3 and D+
5 are very close to

equilibrium and the influence of the recombination of these ions can be neglected. The same
is valid for H+

3

/
H+

5.
For lower temperatures, however, the rate k−3 of endothermic CID (see equation (1))

exponentially decreases and therefore the lifetime of the D+
5 ions increases and they are

removed by recombination (see estimation of lifetimes below equation (6)). It means that
the experimental equilibrium constant KCexp(T) obtained from the fit using equation (7) is
lower than the real KC. On the other hand, the rate of the association reaction k3 decreases at
higher temperatures, the longer lifetime of D+

3 increases the effect of recombination of D+
3 and

therefore KCexp(T ) obtained from the fit is higher than the real KC. This is in good agreement
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Figure 5. The Van’t Hoff plot of the equilibrium constants KC(T ) for the reactions D+
3 +D2 ↔ D+

5
and H+

3 + H2 ↔ H+
5 . The present data KCexp(T) are compared with KC(T ) obtained in specialized

measurements: Hiraoka and Mori [31] for D+
3/D+

5 and Hiraoka [29] (see also Johnsen et al [33])
and Hiraoka and Kebarle [34] for H+

3/H+
5 . Note that there is only a very small difference between

the equilibrium constants corresponding to equilibrium in hydrogen or deuterium [31].

with our observation. The agreement of KCexp(T) with KC at 190 K confirms the assumption
that the recombination rate coefficients α5 = 3 × 10−6 cm3 s−1.

The aim of this work was to study the influence of the formation of D+
5 in a D+

3–D+
5–e−

plasma on recombination and to define the regions of partial pressures and temperatures where
the formation of D+

5 can or cannot be neglected in the afterglow of a deuterium containing
plasma. The study confirms that the D2 pressure dependence of αeff at [D2] > 5 × 1013 cm−3

observed here and also in the AISA experiment [11] and by Gougousi et al [19] is due to the
formation of D+

5. We have also demonstrated how the decay of the plasma is controlled in this
region by both the recombination and by ion–molecule reactions and how the process can be
described by KC, α3 and α5. For the densities 3 × 1012 cm−3 < [D2] < 5 × 1013 cm−3, the
observed αeff is constant and corresponds to α3. Here the formation of D+

5 can be neglected
in the temperature range of 190–300 K and it cannot give an explanation to the decrease of
the rate of recombination with the increasing deuterium pressure at [D2] < 3 × 1012 cm−3 as
observed in AISA experiments [11, 12].
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Recombination of H+
3 with electrons is studied in a low temperature plasma in helium with

addition of H2 and Ar. The effective plasma recombination rate is driven by binary, H+
3 + e−, and

ternary, H+
3 + e−+ He, processes with the rate coefficients 7.5×10−8 cm3s−1 and 2.8×10−25 cm6s−1

correspondingly at 260 K. We suggest that the ternary recombination involves formation of highly
excited Rydberg neutral H3 followed by an l- or m- changing collision with He. The difference
between recombination of para- and ortho-H+

3 is discussed.

PACS numbers: 34.80.Lx, 34.80.Kw, 52.72.+v

Recombination of H+
3 with electrons has been the sub-

ject of many experimental and theoretical studies for
nearly 50 years. Because of the high hydrogen abundance
in the universe, H+

3 plays a key role in interstellar molec-
ular clouds and planetary atmospheres [1]. It is also an
important ion in laboratory hydrogen-containing plasmas
and in technological applications. Despite significant ef-
fort, the process of H+

3 recombination is still controversial
(see the critical discussion in Ref. [2]). Early theoretical
studies suggested that the H+

3 recombination rate is slow.
Inclusion of non-Born-Oppenheimer Jahn-Teller coupling
significantly improved the theory [3, 4] and gave a high
rate of the dissociative recombination (DR) with the rate
coefficient (RC) α = 7.8× 10−8 cm3s−1 at 300 K. Recent
storage ring experiments [5, 6] with cold ion sources ob-
tained a DR rate in good agreement with theory. The
disagreement with plasma experiments has not been re-
solved until this Letter [7, 8].

This article presents new experimental data for recom-
bination in H+

3 -dominated plasma together with a new
calculation of the lifetime of neutral H∗3 formed in col-
lision of electron with H+

3 . The new experimental and
theoretical results, combined with their analysis, reveal
the importance of the ternary process in recombination
of H+

3 in such plasmas.
Essentially, there are two different types of experimen-

tal RC measurements: In colliding beam experiments, [9]
cross sections of binary processes are measured, whereas
in afterglow experiments [7], one monitors the decay of
the H+

3 -dominated plasma and the thermal recombina-
tion RC α(T ) is obtained. We start the discussion with
the advanced integrated stationary afterglow experiment
(AISA), where the plasma is generated by a pulsed mi-
crowave discharge in a He/Ar/H2 mixture [7, 8]. The
H+

3 dominated plasma is formed through a sequence of
ion-molecule reactions [7, 8]. After the microwaves are
shut off, the decay of the cold H+

3 plasma is monitored
over 60 ms with a Langmuir probe. In AISA we studied
the dependence of the recombination RC on the partial
pressure of H2 at He pressure 160-320 Pa. The plasma

recombination RC αeff is extracted under the assumption
that the decay is described by the balance equation:

dne

dt
= −αeffnen+ +

ne

τD
= −αeffn2

e +
ne

τD
, (1)

where ne and n+ are the electron and ion densities, re-
spectively. τD characterizes losses due to ambipolar dif-
fusion. The AISA data in Fig. 1 show that at low hy-
drogen densities, αeff increases with [H2] until it reaches
“saturation” at [H2] ∼ 2×1012 cm−3. This indicates that
the observed deionization process is not governed only by
simple binary DR process. We are using the superscript
“eff” to stress this fact.

To gain further information on H+
3 recombination in

plasma (see discussion in [10]) we built another sta-
tionary afterglow experiment – a test discharge tube
equipped with a near-infrared cavity ring-down spec-
trometer (TDT-CRDS) [11, 12]. In this experiment the
decay of H+

3 (v = 0) was monitored during plasma af-
terglow. The results obtained with TDT-CRDS in the
“saturated” region agree well with the AISA data. To
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FIG. 1: The variation of recombination RC with the H2 den-
sity is shown for two different He pressures. The data were
obtained in the AISA [7, 8] and present FALP experiments.

obtain even higher control over the plasma parameters
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we have adapted a flowing afterglow apparatus (FALP
[13]) allowing the study of slow recombination RCs down
to 10−8 cm3s−1. In FALP, a plasma is formed upstream
in the microwave discharge in pure He. To remove
metastable helium by Penning ionization, Ar is added
downstream from the discharge. In the He/Ar mixture
an Ar+ dominated plasma is formed [7, 13] and carried
along the flow tube for 30 ms. When the plasma is al-
ready relaxed and cold, H2 is introduced and the H+

3

dominated plasma is formed [7]. The decay of the H+
3

plasma is then monitored by a Langmuir probe along the
flow tube for another 60 ms. The coefficients αeff ob-
tained by FALP for different [H2] at 1600 Pa and 250 K
are plotted in Fig. 1. Dependencies of αeff on both [H2]
and [He] were observed. This is an important new exper-
imental observation. The small increase of αeff at [H2]
approaching 2×1014 cm−3 is due to the formation of H+

5

ions. This process was studied separately using FALP
and TDT-CRDS [13]. These studies suggest that influ-
ence of H+

5 formation on measured αeff can be excluded
at 260 K for [H2] ≤ 1014 cm−3.

We have also carried out lifetime calculations of neutral
H∗3 molecules formed in collisions of H+

3 with electrons
(the calculation details will be published elsewhere [14]).
An important result for interpretation of our experimen-
tal data is that at the collision temperature around 250 K
long-living autoionizing states of para-H+

3 are formed.
Such a neutral para-H∗3 molecule has the angular mo-
mentum N = 2. The electronic state of para-H∗3 is as-
sociated with the N+ = 2, K+ = 1 rotational state of
the ion. At the temperature considered, the electronic
state of the para-H∗3 molecule usually has a high prin-
cipal quantum number because the excited rotational
state N+ = 2, K+ = 1 is just 173 cm−1 above the
ground state of H+

3 . On the other hand, the proba-
bility of formation of such molecules is comparable to
unity due to a large rotational-excitation amplitude in
the N+ = 2, K+ = 1 ↔ N+ = 1, K+ = 1 transitions
[4, 15]. In this temperature range, electronic states of
ortho-H∗3 have significantly shorter lifetime (mostly be-
cause the principal quantum number is small for this
energy domain). Therefore, the lifetimes of ortho- and
para-H∗3, following electron capture into a p-wave Ryd-
berg state, are significantly different at 250 K. We will
use the symbols pH∗3, oH∗3, τo, and τp to denote the corre-
sponding molecules and thier lifetimes. τp could be very
long, of order τp ∼ 10-1000 ps depending on collision en-
ergy. Further, in the following estimates we will use the
value τp = 50 ps. The lifetime τo of oH∗3 is smaller, τo <
1 ps.

The following discussion is divided into two sections
depending on the range of densities for [H2]. We con-
sider the H2 density at which the H+

3 ion collides several
times with H2 before it recombines with an electron as
“high H2 density”. The density range for which H+

3 col-
lides with H2 less than one time before recombination,
will be referred to as “low H2 density”. If we consider
that αeff ∼ 2×10−7 cm3s−1 and that the electron density

is ne ∼ 2× 109 cm−3 (typical for AISA and FALP) then,
ions survive in the plasma on average for τrec ∼ 2.5 ms.
The number of reactions of an H+

3 ion with H2 prior to
recombination is N = [H2]kτrec, where k is the rate co-
efficient for reaction of H+

3 with H2 (e.g. for changing
the rotational state of H+

3 ). Using k = 2× 10−10 cm3s−1

we obtain N > 1 for [H2] > 2 × 1012 cm−3. For N À 1,
the H+

3 ion are vibrationally and rotationally thermal-
ized. In equilibrium [para-H+

3 ]/[ortho-H+
3 ] = 1 [16]. Fig.

1 shows that the measured αeff is constant (saturated)
for [H2] > 2× 1012 cm−3.

In order to understand the mechanism of this effec-
tive H+

3 recombination we concentrate first on the “satu-
rated” region. Fig. 2 shows the values of αeff obtained in
AISA, FALP and TDT-CRDS experiments in the “sat-
urated” region for various He densities. Fig. 2 also in-
cludes the theoretical RC for DR [17] and results obtained
at other laboratories where a He/H2 mixture was used;
in cases where the data from other experiments was ob-
tained at different T , the corresponding value αeff(260 K)
was calculated assuming a T−0.5 dependence. Below, we
briefly discuss the data shown:
(i) Pittsburgh group, stationary afterglow [18]. Satura-
tion region at 18.7 Torr, αeff(300 K) = 2.3×10−7 cm3s−1

(Fig. 2 of Ref. [18]). (ii) Smith and Spanel (Fig. 4 of
Ref. [10]). At the beginning of the decay αeff(300 K)
∼ 8 × 10−8 cm3s−1 at 2 Torr. For sufficiently long
decay time the recombination coefficient becomes very
small. (iii) Laube et al., FALP at 0.5 Torr. αeff(300 K)
= 7.8 × 10−8 cm3s−1 (abstract and Fig. 3 of Ref. [19]).
(iv) Adams and Smith, FALP. Fig 2. of Ref. [20]
shows the decay curve with a fast decay at the begin-
ning and a slower decay towards the end of the flow
tube. The fast decay corresponds to a rate αeff(300 K)
= 7 × 10−8 cm3s−1 at 1.2 Torr. (v) Storage rings with
cold ion sources [5, 6]. (vi) TDT-CRDS, from the present
data and that of Refs. [11, 12, 21]. (vii) AISA and VT-
AISA, from the present data and that of Refs. [7, 8].
(viii) FALP (two constructions), from the present study
and that of Refs. [7, 22]. (ix) Theoretical value [17].
Experimental data from 10 very different plasma experi-
ments suggest that αeff depends linearly on [He]:

αeff = α0
eff + KHe[He] (2)

with the coefficient of ternary recombination KHe ≈
2.8× 10−25 cm6s−1 and α0

eff(260 K) = 7.5× 10−8 cm3s−1.
The latter value agrees well with the H+

3 RC obtained in
several storage ring experiments [5, 6, 9] and theory [17].

Previously, three-body recombination processes have
been observed and described by Thomson and later by
Bates [23]. Typical values of three-body RCs for He as
a third body are 10−27 cm6s−1 [23, 24]. The process
we observed is more efficient by factor of 100. The ob-
served He-assisted recombination of H+

3 can be rational-
ized by several processes. The formation of (H+

3 ·He) ions
in three-body association and their subsequent recombi-
nation can lead to He-enhanced recombination. In this
case we should observe a quadratic dependence on [He];
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FIG. 2: Dependence of the effective recombination RC αeff

on He number density. A straight line is plotted through the
AISA and Pittsburgh data points.

over the limited of [He] range we see linear dependence.
We cannot exclude this process: ab initio calculations
are needed for a quantitative analysis. The He-assisted
recombination can also be explained by long-lived H∗3
molecules. We will follow this idea because it gives semi-
quantitative agreement with the experimental data.

Because of the difference between τp and τo we will
first discuss recombination of para-H+

3 . If there is no ex-
ternal perturber, the lifetime of pH∗3 with N+ = 2, N = 2
is mainly determined by rotational autoionization: the
autoionization rate is much faster than the predissocia-
tion rate. A fast rotational autoionization rate is linked
to the high probability to capture the incident electron
into a rotationally-excited state. As mentioned above, we
take τp = 50 ps as a typical lifetime of electronic p-states
of pH∗3 (i.e., those most likely to be formed in para-H+

3

+ e− collisions). If, during this time, pH∗3 collides with a
He atom followed by a change of the electronic state of
pH∗3, (say, l-changing pH∗3 + He collision) the new state
is likely to have a much longer autoionization lifetime.
These states should also be stable with respect to predis-
sociation. We use the notation pH#

3 (in contrast to pH∗3)
to label the states and k# is the corresponding rate coef-
ficient for reaction of pH∗3 with He leading to pH#

3 . Next
we estimate the effective binary rate αp# for formation
of pH#

3 . Our reaction scheme is

para-H+
3 +e−





αp
1−−→

←−−
τ2

pH∗3
τ3−→ neutrals Binary

↓ τ4=1/(k#[He])

τ5←−− pH#
3

τ6−→ neutrals Ternary,

(3)

where the corresponding rate coefficients and time con-
stants are indexed from 1 to 6. Where possible, we will
omit indices p related to para-H+

3 . If we use the corre-
sponding frequencies (ν = 1/τ), then we can derive the
rate coefficients: αp

Bin – for the overall binary channel (3)
and αp# –for the formation of pH#

3 . If we consider low

helium density, such that k#·[He] ¿ (ν2 + ν3), then we
can write:

αp
Bin = αp

1

ν3

ν2 + ν3 + k#[He]
= αp

1

ν3

ν2 + ν3
, (4)

αp# = αp
1

k#[He]
ν2 + ν3 + k#[He]

= Kp#[He] , (5)

where Kp# = αp
1k

#/(ν2 + ν3) is the ternary rate co-
efficient for the pH#

3 formation. The para-H+
3 recom-

bination is a multistate and multistep process and the
scheme (3) and equations (4) and (5) are just simplifi-
cations. For long-living states of pH∗3, we assume that
1/(ν2 + ν3) ∼ τp = 50 ps. The RC k# for the l-changing
collisions can be estimated from experimental and theo-
retical data for Na∗ + He l-changing collisions [25]: k#

= 2.3×10−8 cm3s−1. Using this data and formula (5) we
obtain Kp# = 6.9×10−25 cm6s−1. The recombination of
ortho-H+

3 is simpler. Because the lifetime of oH∗3 is so
much shorter in this temperature range, τo < 1 ps, we
can neglect collisions with He. The recombination of oH+

3

is described by the binary rate coefficient αo
Bin. We can

write balance equations for para-H+
3 and ortho-H+

3 . In
the equations we will use symbol ne for electron density
and p and o for [para-H+

3 ] and [ortho-H+
3 ], respectively.

dp

dt
= −(αp

Bin + Kp#[He])pne + kopo[H2]− kpop[H2] , (6)

do

dt
= −αo

Binone − kopo[H2] + kpop[H2] . (7)

Included are the terms representing conversion from
ortho- to para-H+

3 and vice versa, with the rate coef-
ficient kop ad kpo, respectively. In the balance equation
we did not included term for ionization of pH#

3 , channel
“5” in scheme (3). This has to be included if the lifetime
of pH#

3 is very long and the effect of “delay” has to be
considered. The diffusion terms are also not included. By
summing these equations and using fractions fp = p/ne

and fo = o/ne we obtain:

dne

dt
= −(αp

Binfp + αo
Binfo + Kp#fp[He])n2

e . (8)

In the above discussion, it was assumed that all pH∗3
molecules have lifetimes ∼ 50 ps, which is significantly
longer than lifetimes of ortho-molecules. However, only
a fraction, around half, of all para-H+

3 are captured in
such long-living states pH∗3. But Eqs. (6), (7), and (8)
are still valid, if one associates the superscript p with
long-living molecules, and the superscript o with all other
molecules. Irrespective to the actual values of fp and
fo, the first two terms in Eq. (8) can be combined and
written as αBin · n2

e, i.e. they correspond to the binary
DR RC. It is because in theoretical calculations [14] and
storage ring experiments measuring the binary DR RC,
all such states are accounted for and averaged. The third
term in Eq. (8) is due to the He-assisted recombination.
Dividing Eq. (8) by n2

e, we obtain the effective RC of
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plasma recombination: αrec = αBin + KHe[He], where
KHe has the same meaning as in Eq. (2). Using the
estimations for Kp# ∼ 6.9 × 10−25 cm6s−1 and fp ∼
1/4, we obtain KHe ∼ 1.7 × 10−25 cm6s−1, which is in
reasonable agreement with the measured value KHe =
2.8× 10−25 cm6s−1. Therefore, the present simple model
describes semi-quantitatively the observed dependence of
the plasma recombination RC as a function of [He] at
high densities of H2 ([H2] > 2× 1012 cm−3) when ortho-
and para-H+

3 are at equilibrium.
The situation is different and rather complicated at low

[H2]. Because of the ternary channel, there is a large dif-
ference in the recombination rate of para-H+

3 and ortho-
H+

3 ions: They are no longer in equilibrium because the
slow rate of ortho to para transition in collisions with
H2 cannot maintain the equilibrium. In such conditions,
fp and fo are time dependent on the timescale of the
present experiment (∼ 60 ms).

We have preliminary experimental evidence for the
long-lived H3 Rydberg states postulated in this Letter.
If H#

3 exists and Xe is added to the recombining plasma,
a new channel (exothermic Penning ionization) is open:
H#

3 + Xe → XeH+ + e− + H2. The ejected electron has
energy up to 0.75 eV and can in principle be detected
by measuring the electron energy distribution function
(EEDF) [26]. The EEDFs measured along the flow tube
after addition of Xe indicate the production of electrons
with energy ∼ 0.75 eV in the recombining plasma, in
qualitative agreement with our assumption of long-lived
H3.

The value αeff obtained in our experiments from elec-
tron density decay gives quantitative information about
how rapid is the overall deionization process in a par-
ticular plasma (see Ref. [27]). Further state selec-

tive experiments and additional calculations (ab initio,
in particular) are needed to interpret the measured low
value of recombination rate coefficients (down to αeff ∼
1× 10−8 cm3s−1) at low hydrogen densities (see Fig. 1).

Conclusions and concluding remarks. We have
studied recombination of the H+

3 -dominated plasma in
the presence of He buffer gas. The recombination rate
coefficient was measured as a function of H2 and He den-
sities. For a plasma in thermal equilibrium at 260 K,
the binary and ternary recombination rate coefficients
obtained are αBin = 7.5 × 10−8 cm3s−1 and KHe =
2.8×10−25 cm6s−1. The binary rate coefficient is in good
agreement with recent theoretical and experimental val-
ues. In addition, we have calculated lifetimes τp and
τo of neutral pH∗3 and oH∗3 formed in collisions of para-
H+

3 and ortho-H+
3 with electrons, respectively. The ob-

tained ternary recombination rate coefficient is mainly
determined by long lifetimes τp ∼ 10-100 ps of certain
pH∗3 molecules formed during the electron-ion scattering.
We have shown that different rotational and nuclear spin
states of H∗3 play different roles in the plasma recombi-
nation (at T ∼ 260 K). The observed dependence of the
effective rate coefficient on the H2 density at low [H2] can
be an indication that different rotational and nuclear spin
states of H+

3 (and H3) are not at the equilibrium on the
timescale of the experiment.
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Abstract 

Recombination rate coefficients of protonated and deuterated ions KrH+, KrD+, XeH+ and XeD+ were measured 

using Flowing Afterglow with Langmuir Probe (FALP). Helium at 1600 Pa and at temperature 250 K was used as a 

buffer gas in the experiments. Kr, Xe, H2 and D2 were introduced to a flow tube to form the desired ions. Because of 
small differences in proton affinities of Kr, D2 and H2 mixtures of ions, KrD+/D3

+ and KrH+/H3
+ are formed in the 

afterglow plasma, influencing  the plasma decay. 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 obtained rate coefficients 
are: αKrH+(250 K) = (2.0±0.6)×10-8 cm3s-1, αKrD+(250 K) = (0.9±0.3)×10-8 cm3s-1, αXeD+(250 K) = (8±2)×10-8 cm3s-1, 

and αXeH+(250 K) = (8±2)×10-8 cm3s-1. 

 
1. Introduction  

Protonated rare gas atoms, such as HeH+, NeH+, ArH+, KrH+ and XeH+, have been studied 
extensively over recent years. There were several theoretical calculations [1,2,3] and 
spectroscopic studies [4,5] related to these ions. Reactions of these ions with neutral molecules 
and their recombination with electrons were investigated [6,7]. The recombination of these ions 
is important from theoretical [8], experimental and technological aspects. HeH+, NeH+, ArH+ and 
KrH+ ions do not have curve crossings between the ion ground state and a repulsive neutral state 
and they recombine slowly (with rate coefficients α(300 K) ≤ 2×10-8 cm3s-1) in comparison with 
majority of other molecular ions [7]. The recombination of HeH+, NeH+ and ArH+ ions with 
electrons was studied in storage ring experiments [9,10,11]. KrH+ and XeH+ ions are too heavy 
for the existing storage ring experiments and it is not easy to study them in plasma experiments. 
There are few theoretical and experimental studies of KrH+ and XeH+ ions and their 
recombination with electrons [12,13]. To our knowledge, recombination rate coefficients of 
KrD+ and XeD+ ions were not measured up to now. In general, it is difficult to predict the isotope 
effect when hydrogen is substituted with deuterium. E.g. the difference between H3

+ and D3
+ 

dissociative recombination rate coefficients is very large, the rate coefficient for D3
+ is three 

times smaller than the rate coefficient for H3
+ dissociative recombination [14,15,16]. 

Two former FALP (Flowing Afterglow with Langmuir Probe) studies of KrH+ and XeH+ 
recombination give just the upper limits for the values of recombination rate coefficients [13,17]. 
In our recent FALP study [18], we obtained the following recombination rate coefficients values: 
αKrH+(250 K) = (2.0±0.6)×10-8 cm3s-1 and αXeH+(250 K) = (8±2)×10-8cm3s-1. The aim of the 
present FALP study is to measure recombination rate coefficients for deuterated KrD+ and XeD+ 
ions and to compare their recombination with protonated equivalents.  
We have recently adapted our FALP apparatus [19,20,21] for measurements of the 
recombination rate coefficients as small as 5×10-9 cm3s-1 [18]. In the present study, FALP is used 
to measure rate coefficients of KrD+ and XeD+ ions at 250 K. In a FALP experiment, the 
recombining ions are formed in the decaying afterglow plasma in helium buffer, so in principle 
D2 and Kr or Xe have to be added to the carrier gas to form KrD+ or XeD+, respectively. In such 
plasmas, formation of faster recombining molecular ions (Kr2

+, Xe2
+, D3

+, etc.) with 
recombination rate coefficients ≥10-7 cm3s-1 or cluster ions (KrD3

+, Kr2D
+, H5

+, D5
+, etc.) with 

even larger recombination rate coefficients (≥10-6 cm3s-1) cannot be excluded from the data 
analysis. The influence of these ions on plasma decay and hence on the measured effective rate 
coefficient of recombination can be accounted for if the dependencies on partial pressures of 



reactants (Kr, D2) are measured and the kinetics of the processes in the flowing afterglow is 
considered and modelled.  
 
2. Experiments 

The principle of the Flowing Afterglow method used in presented FALP experiments is 
described in Fig. 1, the details are given elsewhere [20,22]. In a FALP experiment, helium buffer 
gas flows through the glass section of the flow tube and plasma is generated by microwave 
discharge (~15 W). Flowing buffer gas then drives plasma into a stainless steel flow tube, where 
reactants can be introduced via injection ports (P1, P2). Because of high He pressure (1600 Pa), 
the majority of He+ ions formed in the discharge are converted in a three-body association 
process to He2

+ ions already prior to port P1. At this stage, plasma contains He2
+ ions and 

electrons and also long-living helium metastables (He(23S) and He(21S)) formed in the discharge 
[21,23,24]. In the presented experiments, the port P1 is used to add Ar in XeD+ studies and Kr in 
KrD+ studies. After addition of Ar or Kr, helium metastables are removed from the plasma by 
Penning ionisation and Ar+ or Kr+ dominated plasma is formed. When the metastables are 
removed the plasma rapidly relaxes [22]. The processes of relaxation are clear and well 
described [22]. The parameters of the decaying plasma along the flow tube are monitored by an 
axially movable Langmuir probe, 7 mm long tungsten wire with diameter 18 µm.  
 
 
 
 
 
 

 

Fig. 1. The principle of FALP method. Under action of a large pump, helium buffer gas flows 
from the discharge region where plasma is generated along the flow tube (from left to right side 
in the drawing). The reactant gases are added via ports P1 and P2 to form plasma dominated by 
the studied ions. The Langmuir probe is movable along the flow tube from the position of port 
P2 up to the end of the flow tube. The relation between the decay time and the position is given 
by the buffer gas velocity. The decay time is counted from the position of port P2, tP2=0. 
 
 
Electron number densities are determined from the “electron saturated region” of measured 
probe characteristics (current to voltage) [25]. To obtain absolute values of electron densities, the 
probe is calibrated by measuring well-established recombination rate coefficients of O2

+ ions 
[26]. In fact, the calibration just confirms accuracy of the electron density measurements based 
on probe theory. From the decays of the electron density (ne) along the flow tube, recombination 
rate coefficients are obtained using standard “1/ne” method. For the very slow recombination, a 
more advanced “integral” method is used [20,26,27]. In the experiment, helium is purified by 
passing through a zeolite trap cooled by liquid nitrogen to obtain impurity level below 0.1 ppm. 
The flow tube is cooled to 250 K to suppress partial pressure of water vapour. Under the used 
experimental conditions, we can monitor plasma decay over 60 ms. 
 
3. Calculation of plasma formation and decay along the flow tube 

It was already mentioned that D2 and Kr or Xe have to be added to the flow tube to form KrD+ or 
XeD+. Formation of XeD+ is simple: Ar is added via port P1 and Ar+ dominated plasma is 
formed downstream from P1, then Xe and D2 are added via port P2 situated ~35 ms downstream 
from the port P1. The reaction of Ar+ with D2 producing ArD+ and D2

+ is very fast. In opposite 
the reaction of Ar+ with Xe producing Xe+ is very slow and can be neglected in the formation 
process (see Table 1 for corresponding reaction rate coefficients). Since the proton affinity of Xe 



is considerably higher than proton affinities of Ar and D2, the plasma will be converted from Ar+ 
dominated to XeD+ dominated in sequence of exoergic ion-molecule reactions. Calculated 
evolutions of ion densities along the flow tube are plotted in Fig. 2.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The calculated plasma formation and decay along the flow tube after addition of Ar via 
port P1 and mixture of D2 and Xe via port P2. The ambipolar diffusion, recombination processes 
and ion-molecule reactions are considered in the kinetic model. The delay due to gas mixing 
(“end correction”) is not considered in the model. In the right panel, the details of the evolution 
close to the port P2 are shown. The considered processes and corresponding rate coefficients 
used in the model are listed in Table 1. 
 
Table 1. The formation and the destruction of XeD+; the main considered reactions and the 
corresponding rate coefficients used in the model. The data are taken from compilation of 
Anicich [28]. The model uses the value of the recombination rate coefficient of XeD+ obtained in 
the present study. The recombination rate coefficients for XeD+, D3

+ and D5
+ are taken from 

present measurements and from our previous experiments carried out on FALP at similar 
conditions (see ref. [19]). 
 

№ Reaction 
Rate coefficients 
[cm3s-1] or [cm6s-1] 

Ref.  

1 Ar+ + Xe → Xe+ +Ar 4×10-13 [28] 
2 Ar+ + D2 → ArD+ + D 

                → D2
+ + Ar  

7.5×10-10 
ArD+ is dominant 

[28] 

3 D2
+ + Ar → ArD+ + D 1.5×10-9 [28] 

4 ArD+ + D2 → D3
+ + Ar 7×10-10 [28] 

5 D2
+ + D2 → D3

+ + D 1.6×10-9 [28] 
6 D3

+ + D2 + He → D5
+ + He 1×10-29 a) 

7 D5
+ + He → D3

+ + He + D2 1×10-13 a) 
8 ArD+ + Xe → XeD+ + Ar 5×10-10 b) 
9 D3

+ + Xe → XeD+ + D2 1.7×10-9 c)  
10 D3

+ + e- → products 1.3×10-7 d)  
11 D5

+ + e- → products 3.0×10-6 a)  
12 XeD+ + e- → products 8×10-8 d) 

a) The rate coefficient for the collision induced dissociation (CID) of D5
+ in collisions with He is calculated from the 

known equilibrium constant and the rate coefficient of the corresponding formation process (three-body 
association). See also data and discussion in ref [19]. b) Estimation based on Langevine rate coefficient. c) 
Estimation using data for reaction of H3

+ with Xe [6]. d) Present experiment, the value measured at 1600 Pa (see 
also discussion in ref. [29]) 
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Ions XeD+ are not reacting further with gases in the flow tube (He/Ar/Xe/D2). At high densities 
of the reactants more complex ions can be formed in three-body association processes, this will 
be discussed further. The densities [Ar] ~ 1×1013 cm-3 and [D2] = [Xe] = 5×1012 cm-3 were used 
in the calculation. From the calculated evolutions of the ion densities, it is clear that XeD+ 
dominated plasma will be formed within ≤ 1 ms after addition of Xe and D2 via port P2 (see 
details in right panel of Fig. 2). At substantially smaller reactant densities the rates of the 
forming reactions will be slower and the formation region will overlap with the recombination 
dominated region. 

The calculated evolutions of the partial ion densities along the flow tube are plotted in 
Fig. 3. At high densities of reactants, complex ions can be formed (will be discussed further). It 
is clear from the model that KrD+ dominated plasma will be formed within < 5 ms after the 
addition of D2 via the port P2 (for [Kr] and [D2] higher as 5×1012 cm-3). In the lower panel of the 
Fig. 3, the relative densities f1 = [KrD+]/ne and f2 = [D3

+]/ne are plotted.  
 
 
 
 
 

 
 
 

 

 
 

 

 

 

 

 

 

 

 

Fig. 3. The calculated plasma formation and the decay along the flow tube. Kr is added via port 
P1 and D2 via port P2. The considered processes and corresponding rate coefficients used in the 
model are listed in Table 2. Quasi neutrality of the plasma is assumed in the calculation. In lower 
panel, the relative densities f1 = [KrD+]/ne and f2 = [D3

+]/ne are plotted. 
 
 

The conditions relevant for the measurements of KrD+ recombination are used in the 
calculations. The set of differential balance equations is solved in the model and we are not using 
the assumption of equilibrium. The ions KrD+ and D3

+ will be in equilibrium if the rates of the 
diffusion and recombination losses (eventually other reactive losses; e.g. formation of D5

+) can 
be neglected in comparison with the rates of the forward and the reverse reaction (1). This is 
fulfilled in the conditions which the evolutions plotted in Fig. 3 were calculated for. Less than 
5 ms after injection of D2, the KrD+ and D3

+ ions are already formed and the equilibrium is 
reached. In the equilibrium, the relative densities and their ratio f2/f1 are constant, see lower panel 
of Fig. 3. 
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Table 2. Formation and destruction of KrD+. The main considered reactions and corresponding 
rate coefficients used in the model. The value of the recombination rate coefficient of KrD+ 
obtained in the present study is used in the model. The recombination rate coefficients for D3

+ 
and D5

+ are taken from our previous experiments carried out on FALP at similar conditions (see 
ref. [19]). 

№ Reaction 
Rate coefficients 
[cm3s-1] or [cm6s-1] 

Ref. 

1 Kr+ + D2 → KrD+ + D 1.5×10-10 [28] 
2 D2

+ + Kr → KrD+ + D 
                      Kr+ + D2 

2.3×10-9 

6.9×10-10 
[28] 

3 KrD+ + D2 → D3
+ + Kr 2.6×10-11 a) 

4 D3
+ + Kr → KrD+ + D2 0.8×10-9 a) 

5 D3
+ + D2 + He → D5

+ + He 1×10-29 b) 
6 KrD+ + e- → Kr + D 1.0×10-8 c)  
7 D3

+ + e- → products 1.3×10-7 b), c) 
8 D5

+ + e- → products 3×10-6 b) 
a) Estimation using measured rate coefficient [30,31] for reaction of KrH+ with H2. A higher reduced mass of the 
reactants is considered. b) See data and discussion in ref [19]. c) Present experiment, value measured at 1600 Pa (see 
also discussion in ref. [29]). 
 

4. Measurements of XeD
+
 recombination rate coefficient 

As already mentioned, in the XeD+ study Ar was added via port P1 and the mixture of Xe and D2 
were added to the already cold and relaxed plasma via port P2 35 ms downstream. In every set of 
measurements, we measured the decay of the electron density along the flow tube in Ar+ 
dominated plasma first (without addition of Xe and D2), see decay plotted in Fig. 4. The straight 
line corresponding to exponential decay in the Ar+ dominated plasma indicates losses due to pure 
ambipolar diffusion. The losses due to recombination of Ar+ ions can be neglected in the time 
scale of the present experiment. Electron energy distribution function (EEDF) was measured to 
prove that electrons are relaxed to ~250 K [21]. Low Ar densities ([Ar] < 1014 cm-3) are used to 
avoid formation of fast recombining Ar2

+ ions.  
Then D2 and Xe were added via P2 and the decay of electron density in XeD+/D3

+ plasma was 
monitored. The decay curves were measured for several Xe and D2 densities. Examples of decay 
curves measured in XeD+ and D3

+ dominated plasmas are plotted in Fig. 4. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The measured electron density decays along the flow tube in the Ar+, D3
+ and XeD+ 

dominated plasmas (recalculated to the time scale). The corresponding Xe and D2 densities are 
denoted. Ar density was constant for all measurements, [Ar] = 1.3×1013 cm-3. 
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The role of recombination processes in early afterglow is evident from the difference between 
the decays of plasmas with molecular D3

+ and XeD+ ions and the decay of Ar+ dominated plasma 
with negligible recombination. To rule out the influence of fast recombining large molecular and 
cluster ions formed at higher reactant densities, the measurements were carried out over broad 
range of Xe and deuterium densities. Used partial pressures of reactants were selected on the 
basis of numerical simulations. Recombination rate coefficients were obtained from the rate of 
the electron density decays using 1/ne versus time plot [20]. The obtained rate coefficients (α) for 
the recombination of XeD+ are plotted in Fig. 5. For comparison, also the measured rate 
coefficient for the recombination of D3

+ is plotted. We stress here that the obtained αeff(D3
+) is 

the rate coefficient of overall deionisation process at 1600 Pa in He/Ar/D2 plasma (see discussion 
in ref. [27,29]). The plotted αeff(D3

+) is not identical with the rate coefficient of binary 
dissociative recombination [15,29]. The obtained values of αeff(D3

+) was used in the model.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The recombination rate coefficients measured in XeD+ dominated plasma with different 
Xe and deuterium densities. The corresponding Xe densities are denoted. The star in the circle 
indicates recombination rate coefficient αeff(D3

+) measured in D3
+ dominated plasma (without 

addition of Xe) in otherwise identical experimental conditions.  
 
As we obtained constant value of the recombination rate coefficient independent on Xe and 
deuterium density for XeD+, we expect that the measured rate coefficient is the rate coefficient of 
dissociative recombination of XeD+ ion. The obtained rate coefficient αXeD+(250 K) = (8±2)×10-

8 cm3s-1. Using hydrogen instead of deuterium in otherwise identical experimental conditions we 
obtained the same value of recombination the rate coefficient for XeH+; αXeH+(250 K) = 
(8±2)×10-8 cm3s-1. This value confirms the value obtained in our previous study [34]. 
 
5. Measurements of KrD

+
 recombination rate coefficient 

After addition of Kr and D2 to the flow tube (via port P1 and P2, respectively), ions KrD+ and 
D3

+ are formed in the afterglow and the plasma decay is controlled by their recombination with 
electrons. Decay curves measured for several densities of D2 in KrD+ dominated afterglow are 
plotted in Fig. 6. Krypton density was kept constant in the plotted set.  
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Fig. 6. The measured electron density decays in the KrD+ dominated plasmas along the flow tube 
(recalculated to the time scale). The Kr and D2 densities and the corresponding rate coefficients 
are denoted. The dashed straight line indicates the diffusion losses during the late afterglow in 
KrD+ dominated plasma. For comparison, the decay curve measured in the Kr+ dominated 
plasmas in otherwise identical conditions is also included in the plot.  
 
In the late afterglow the decay curves are nearly parallel and the decays correspond to the 
diffusion losses. The measured decays are very slow and the common method of rate coefficient 
determination from the slope of a graph of the values 1/ne versus decay time is not accurate 
enough. For this reason, an advanced data analysis procedure has been used – “integral method” 
[20]. To clarify a principle of the method, we assume that KrD+ and D3

+ ions recombine in 
decaying plasma with recombination rate coefficients α1 and α2, respectively. Under this 
assumption we can write balance equation for electrons in the form: 
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where f1 and f2 are partial densities of KrD+ and D3
+ ions, respectively. For simplicity, the 

diffusion term is written with characteristic diffusion time τD. The introduced effective rate 
coefficient, αeff = (α1 f1 + α2 f2), will be dependent on f1 and f2 and on the corresponding 
recombination rate coefficients. In general the fractions f1 and f2 are dependent on the decay 
time. If ions are in equilibrium, then as it follows from equation (2), the f1 and f2 are constant 
during plasma decay (see Fig. 3) and the overall recombination can be described by constant αeff. 
The fractions f1 and f2 can be calculated if we can rely on the value of an available equilibrium 
constant [30]. It is also possible to measure αeff as a function of Kr or D2 density and to obtain α1 
as a limit for [D2] → 0 (equivalent to f2 → 0). For constant values of αeff, we can integrate 
differential equation (3) to the form:  
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where tb is the variable parameter scanning over all data points. If {ln[ne(tb)/ne(0)] + tb /τD} is 
plotted versus ∫ne(t)dt we should obtain line with –αeff as a slope. In the ion formation region, αeff 

is not constant and the plot will not give a straight line. Examples of the plots obtained with 
application of formula (4) are given in Fig. 7. 
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Fig. 7. Integral method: Plot of {ln [ne(tb)/ne(t0)] + tb /τD} versus ∫ne(t)
 dt. Data were measured for 

indicated D2 densities. Obtained effective rate coefficients corresponding to recombination in 
mixture of KrD+ and D3

+ ions are denoted in the figure. 
 
In KrD+ dominated plasma with only small fraction of D3

+ ions we can write: [KrD+] ≈ ne and 
f1 ≈ 1. Then from equation (2) it follows: f2 = KEq×[D2]/[Kr]. In such simple conditions, 
dependence of αeff on deuterium density can be expressed analytically: 
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This gives a possibility to obtain α1 as a limit of the measured αeff for [D2]→0. In the experiment, 
the partial pressure of deuterium was varied and the overall recombination rate coefficient was 
measured as a function of this density at fixed Kr density. The measured dependence is plotted in 
lower panel of Fig. 8. The linear dependence is obvious. From the limit towards low [D2] we 
obtained αKrD+ = 0.9×10-8 cm3s-1. The question is how the recombination process in the plasma 
will be influenced by presence of Kr atoms. In the measurements presented in Fig. 8, low Kr 
densities are deliberately used to suppress the formation of Kr containing cluster ions. In the 
upper panel of Fig. 8, the dependence of effective recombination rate coefficient measured for 
KrH+ dominated plasma is plotted. The Kr density used in KrH+ experiment is by factor 2.4 
higher than Kr density used in KrD+ experiment. On the other hand, the recombination rate 
coefficient α2 for H3

+ is 1.5 times higher than value for D3
+ [16,29]. As a consequence, the slope 

(denoted as s2) of the observed dependence in KrH+ experiment should be in agreement with 
equation (5) by factor of 1.6 smaller than slope (s1) measured in KrD+ experiment. Here we are 
assuming that KEq does not change significantly (in comparison with the factors 2.4 and 1.5) if 
deuterium is used instead of hydrogen. The calculated slope s2 is plotted in the upper panel of 
Fig. 8, the agreement with the measured data is very good. 
If at fixed low D2 density a Kr density will be further increased, then KrD+ ions would be able to 
react with Kr in a three body association reaction: 

HeDKrHeKrKrD 2 +←→++ ++

r
k

fk

     (6) 

If the ions recombine with rate coefficients α1 and α3 for KrD+ and Kr2D
+, respectively, then the 

overall recombination rate coefficient is:  
]Kr[Eq6313311eff Kff ααααα +=+= ,     (7) 
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where KEq6 is equilibrium constant for the process described by Eq. (6). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Lower panel: The dependence of the effective recombination rate coefficients of KrD+ 
ions on deuterium density. Indicated is the used Kr density. Full line represents linear fit (slope 
s1). 
Upper panel: The dependence of the effective recombination rate coefficients of KrH+ on a 
hydrogen density. Used Kr density is indicated. The dashed line has slope s1 obtained for KrD+ 
and the full line has slope s2 = s1/1.6 as follows from Eq. (5). 
 
The difference between formula (7) and (5) is given by the processes which are governing 
equilibrium. In  case of equilibrium between KrD+ and D3

+, equilibrium is kept by binary 
processes. In case of equilibrium between KrD+ and Kr2D

+, equilibrium is kept by forward 
ternary association and by reverse binary collision induced dissociation. As follows from Eq. (7): 
for [Kr]→0 the rate coefficient αeff → α1. The experiments were carried out for different Kr 
densities with constant deuterium density. The obtained effective recombination rate coefficients 
(αeff) are plotted versus [Kr] in Fig. 9.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. The measured dependencies of the effective recombination rate coefficients on Kr density 
in KrH+ and KrD+ dominated plasmas (FALP experiment). Densities of H2 and D2 used here are 
denoted. 
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The used deuterium density was very low, [D2] = 2.5×1012 cm-3, to minimise eventual influence 
of D3

+ formation. In the Fig. 9, the recombination rate coefficients measured at similar 
conditions in KrH+ dominated plasma are also included. 
The observed dependencies on [Kr] characterise the influence of Kr on the overall recombination 
process in the KrH+ and KrD+ dominated plasmas. A linear increase for KrH+ and KrD+ is in 
agreement with the formula (7). A large difference between the observed dependencies for KrH+ 
and KrD+ is surprising and we do not have explanation for this rather strong isotope effect. 
We should state here that we were just assuming that Kr2D

+ or Kr2H
+ ions are formed [35]; we 

do not have direct evidence for existence of these ions. From point of view of the measurements 
of recombination rate coefficient of KrH+ and KrD+, it is not a crucial assumption. Considering 
the obtained dependencies of measured effective rate coefficients on D2, H2 and Kr densities, we 
obtained the following rate coefficients for recombination of KrH+ and KrD+: 
αKrH+(250 K) = (2.0±0.6)×10-8 cm3s-1 and αKrD+(250 K) = (0.9±0.3)×10-8 cm3s-1.  

 
 
6. Conclusion 

Flowing Afterglow with Langmuir Probe (FALP) experiment was used to measure 
recombination rate coefficients of ions XeH+ and XeD+. The rate coefficients were measured 
from the decays of the electron densities in XeH+ and XeD+ dominated plasmas in He afterglow 
at 250 K. To avoid formation of other ions, low partial densities of reactant gases were used. The 
obtained rate coefficient are: α(XeD+, 250 K) = (8±2)×10-8 cm3s-1 and α(XeH+, 250 K) = 
(8±2)×10-8 cm3s-1. We expect the rate coefficients correspond to rate coefficients of binary 
dissociative recombination of studied ions. 
The FALP was also used for the study of recombination rate coefficients of KrH+ and KrD+ ions. 
Because of small differences in proton affinities of Kr and H2 and Kr and D2 ions, H3

+ and D3
+ 

are formed in the decaying plasmas and their influence on measured recombination rate 
coefficients has to be considered. At higher Kr densities, decay of plasma is also dependent on 
Kr partial density and this has to be also accounted for in data analyses. By measuring effective 
recombination rate coefficients as a function of partial pressures of used reactants, the rate 
coefficients for recombination of KrH+ and KrD+ were obtained: αKrH+(250 K) = (2.0±0.6)×10-8 

cm3s-1 and αKrD+(250 K) = (0.9±0.3)×10-8 cm3s-1. We also expect here that these rate coefficients 
correspond to the binary dissociative recombination of KrH+ and KrD+ ions. 
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Reported is Flowing Afterglow study of recombination of KrH+ and XeH+ ions with
electrons at low temperature. In the experiment the plasma was created in a microwave
discharge in the upstream part of the flow tube in a fast flow of helium carrier gas at
a pressure ∼ 1 600 Pa. Further downstream He−Kr−H2 and He−Ar−Xe−H2 were
added to form KrH+ and XeH+ ions, respectively. The electron number density along
the flow tube was monitored by an axially movable Langmuir probe. The corresponding
recombination rate coefficients were obtained from the rate of plasma decay during the
KrH+ (or XeH+) dominated afterglow. The kinetic model was used to optimize dominance
of KrH+ and XeH+ ions and to minimize the formation of H+

3 ions and fast recombining
cluster ions. Since the proton affinity of krypton is only 0.02 eV greater than that of H2,
the partial pressures of these reactants have to be adjusted very carefully to obtain plasma
with a maximal population of KrH+. Obtained rate coefficients for recombination of KrH+

and XeH+ ions with electrons at 250 K are 2× 10−8 cm3s−1 and 8× 10−8 cm3s−1, re-
spectively.

PACS : 52.20.-j, 82.33.Xj

Key words: recombination, recombination rate coefficient, plasma, KrH+, XeH+

1 Introduction

The recombination rate coefficients are important for the description of loss pro-
cesses in plasma. The recombination of protonated rare gas atoms – hydride ions
– is important from theoretical, experimental and technological aspects. The sim-
plest hydride ions (HeH+ and NeH+) do not have curve crossings between the ion
ground state and a repulsive neutral state that would lead to a slow recombination
process. Exact theory and experiments give for HeH+ more complex picture with
strong resonances and quite large cross section for low collision energies (see e. g. ref.
[1]–[5]). The dissociative recombination of this ion was investigated predominantly
because of its astrophysical and theoretical significance. The energy dependence of
the recombination cross section for NeH+ ion is also very complex and has been
studied many times (see e. g. recent publications [6, 7] and references there in).
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Heavier rare-gas hydride ions as ArH+, KrH+ and XeH+ were also subjects of sev-
eral studies predominantly because of their role in plasma and as a proton donors
in low energy proton transfer mass spectrometry. In many afterglow recombination
studies ArH+ ions were used for formation of H+

3 ions. From these studies it was
quite evident that recombination of the ArH+ is slow [8, 9]. The study of the re-
combination of ArH+ ions in plasma is nearly impossible, because for its formation
the presence of hydrogen is required and this ion in collisions with H2 forms H+

3

immediately. Immediately here means in a time scale comparable to a time of the
formation of ArH+. Only very recently ArH+ recombination was studied at the
heavy–ion storage ring ASTRID at the University of Aarhus [10]. The results of
this study confirmed the slow recombination of ArH+ ions. It was reported that
at low electron energies the rate coefficient is smaller than 1.0× 10−9 cm3s−1. The
importance of the study of this ion is given by its frequent presence in techno-
logical plasmas. Ar with admixture of hydrogen was used e. g. as a buffer gas in
materials processing and in several spectroscopic experiments [11]–[14]. Ions KrH+

and XeH+ are too heavy for storage ring experiments and they are difficult to
handle in plasma experiments (see discussion below). The investigation of the re-
combination of this ion can be possible with electrostatic storage rings like CSR
and DESIREE [15, 16], which are now being constructed. The already mentioned
light rare-gas hydride ions behave in “un–standard” way if they are compared with
majority of molecular ions, that recombine with considerably higher rate. That is
why there were performed several theoretical and experimental studies of KrH+

and XeH+ ions and their recombination with electrons [17]–[20]. There are also two
FALP studies of recombination of KrH+ and XeH+ ions, nevertheless they give
just upper limits for the values of recombination rate coefficients [18, 20]. With
our new ultra high vacuum Flowing Afterglow Langmuir Probe apparatus (FALP),
described in the experimental section, we are able to the study slow recombination,
so it is well suited for study of the recombination of KrH+ and XeH+ ions.

2 Experiment

In the presented experiments we exploited Flowing Afterglow with Langmuir
Probe technique. The present version of the experimental system is constructed for
measurement of small recombination rate coefficients. The flow tube is carefully
designed and with the used high pressure of the buffer gas (up to 2 000 Pa) and
slow velocity of the He buffer we are able to measure recombination rate coefficients
down to 5× 10−9 cm3s−1. The schematic of new Flowing Afterglow with Langmuir
Probe – Variable Temperature (FALP–VT) apparatus is shown in Fig. 1. Helium,
as a buffer gas, flows through the glass discharge tube, where the plasma is formed
in a microwave discharge (2.45 GHz). Plasma is then driven by the buffer gas
downstream into the metal part of the flow tube. Reactants can be introduced at
injection ports P1 and P2 located further downstream from the plasma source.
A nozzle is placed at the end of the flow tube to control the working pressure
and the velocity of the buffer gas. In the present experiment we are using flow
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t

P1 P2
He

Fig. 1. Flowing Afterglow with Langmuir Probe - Variable Temperature – FALP-VT.
Helium carrier gas flows along the flow tube under action of a large Roots pump. Plasma
is created in a microwave discharge in the glass section of the flow tube. Reactant gases (Ar,
H2, Kr and Xe) enter the flow tube via reactant entry ports P1, P2. Ions are detected by
a differentially pumped quadrupole mass spectrometer (QMS). Electron number density

is measured with axially movable Langmuir probe.

∼ 6 000 sccm and pressure ∼ 1 600 Pa. The plasma velocity on the axis of the flow
tube is ∼ 4.9 m/s. The plasma velocity was measured by pulse modulating of the
discharge and by monitoring the propagation of the pulse along the plasma column
in the flow tube. The buffer gas is pumped by a large Roots pump (1000m3/hr).
The concentration of electrons in the flow tube is measured by a movable Langmuir
probe. Approximately 35 cm of the flow tube (starting from the port P2) can
be covered by the probe. The apparatus is equipped with a Quadrupole Mass
Spectrometer (QMS) placed on the axis of the flow tube. For the proper operation of
channeltron detector, the pressure in the chamber of the QMS has to be maintained
below 5×10−4 Pa. To get reasonable yield in the measured QMS spectra, however,
a sufficient number of ions have to be transported from the high-pressure section of
the apparatus to the low-pressure section of the quadrupole. This is guaranteed by
a differentially pumped ion-optics system placed between the main chamber and
the QMS chamber. FALP-VT was constructed with UHV technology that enables
baking the whole apparatus. The lower limit of pressure in the main chamber is
10−5 Pa. The apparatus has been equipped with an ion pump that keeps the main
chamber at a pressure ∼ 10−4 Pa during the time between measurements. The
UHV technique is very important in order to suppress reactive losses during the
afterglow and in order to be able to study slow recombination processes. The level
of impurities in He buffer is estimated from the decay of the electron concentration
in the Ar+ dominated plasma. These experiments showed that after purification
of He by liquid nitrogen cooled zeolite trap the impurity level is ∼ 0.01 ppm. The
main part of the flow tube was cooled during the measurement to temperatures
in the range 130 ÷ 300 K. With a fine temperature control and a stability of the
system the measurement of the recombination rate coefficient can be performed at
different temperatures.

The electron number densities and their evolutions along the flow tube (the
part of corresponding time evolution downstream from the port P2 we will denote
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as the decay curve) were obtained from the Langmuir probe characteristics (probe
current IP versus probe potential VP). The electron density at a given position, was
obtained from the part of the probe characteristic corresponding to the probe elec-
tron current in the acceleration regime, namely from the slope of the I2

P vs VP plot
(for more details see e. g. [21, 22]). Example of the measured decay curve in Kr+

dominated plasma is plotted in Fig. 2. In this plasma dominated by atomic ions
the recombination can be neglected and the decay is controlled by the ambipolar
diffusion. The decay is exponential and in a semi-logarithmic graph it gives linear
plot with a slope given by the coefficient of the ambipolar diffusion. In a plasma
where recombination losses cannot be neglected the decay depends on both pro-
cesses. From the measured decay curves the recombination rate coefficients (αeff)
can be calculated. The subscript “eff” indicates that it describes overall recombi-
nation rate in the decaying plasma. If all ions have same chemical composition, e. g
KrH+ in afterglow plasma, then αeff corresponds to the rate coefficient of the ion. If
several ions are present αeff is depends on the partial number densities of the ions.
Special situation arises if several mechanisms of recombination are contributing to
the overall loss process, e. g. binary dissociative recombination and ternary radia-
tive recombination; then both processes have to be considered in the interpretation
of measured data. At our experimental conditions (high pressure and low temper-
ature) there exists a possibility of formation of cluster ions, e. g. KrH+

3 , Kr2H+,
H+

5 . To avoid misinterpretation of measured data we measured dependencies of αeff

on partial pressures of reactant gases used in the formation of studied ions (see
discussion below). In addition, the data analysis is supported by the application of
kinetic model and if possible also by mass spectrometric measurements. In Fig. 2
examples of electron density decay curves measured in KrH+ dominated plasma are
plotted. The decay is influenced by the recombination of the ions with electrons.
Processes of formation of KrH+ ions influence the beginning of the decay. Full lines
show the best fits by function characterising decays dominated by recombination
and diffusion. From the data it is obvious, that the decay of the plasma depends
on the partial density of H2.

The main advantage of FALP experiments over stationary afterglow studies of
recombination is the versatility in preparation of plasma dominated by recombining
ions. The procedures of preparation of KrH+ and XeH+ dominated plasmas start
with the same processes, but the final steps are different. In both experiments
helium as a buffer gas flows through the discharge tube where He+ ions and excited
metastable atoms (Hem) are formed. In subsequent reactions He+ is transformed to
He+

2 but the long-living Hem can survive and later releases it’s energy in the reaction
zone at an uncontrollable rate (for detail description and references see e. g. [8, 9,
23, 24, 25]). To remove helium metastables by Penning ionization argon (in XeH+

experiment) or krypton (in KrH+ experiment) is introduced in the first reactant
entry port P1. Few centimeters downstream from P1 port, after the removal of
Hem the plasma is completely thermalised (electron temperature decreases down to
250 K). This statement is supported by the fact that at 1 600 Pa electrons and ions
have millions of collisions with He buffer within 1 millisecond, i. e. already in close
vicinity of the reactant entry port. The plasma is dominated by Ar+ or Kr+ ions
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Fig. 2. Decay of the plasma along the flow tube (recalculated to the time scale). The elec-
tron density decay curves measured in He−Kr−H2 plasma, at [Kr] = 5.5× 1013 cm−3

and different hydrogen partial pressures (corresponding [H2] densities are denoted). For
comparison the decay corresponding to ambipolar diffusion losses in Kr+ dominated

plasma is also included.

if Ar or Kr are added via port P1, respectively. Via the second entry port (P2) H2

or Xe with H2 are added to form KrH+ and XeH+ dominant plasma, respectively.
In order to avoid the formation of the cluster ions the reactant partial pressures
are kept as low as possible but on the other side high enough to form the studied
ions within few milliseconds after port P2. The finite formation time is considered
in the data analysis and in the supporting kinetic model. The collision frequency
of the formed ions with He is also very high and ions are relaxed to temperature of
the buffer gas prior to their recombination with already cold electrons.

3 Results and discussion

3.1 Recombination of KrH+

In the KrH+ experiment krypton is introduced into the helium plasma via the first
entry port (P1) and Kr+ − e− plasma is created. To the formed Kr+ − e− plasma
hydrogen is added and KrH+ is formed [26]. As the proton affinity of krypton is only
by ∼ 0.02 eV greater than the proton affinity of hydrogen [25, 27, 28], the reverse
reaction with H2 and formation of H+

3 is at 250 K feasible. In fact equilibrium
between KrH+ and H+

3 is established [28]:

KrH+ + H2 ⇔ H+
3 + Kr.

In this equilibrium ion densities are given by the ratio of partial densities of H2 and
Kr:

[KrH+] = K[H+
3 ]

[Kr]
[H2]

,

where K is an equilibrium constant (see e. g. ref. [23, 28]). It is obvious that in order
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Fig. 3. Calculated ion–formation and plasma decay in the Flowing Afterglow at conditions
corresponding to KrH+ experiment. T = 250 K, pressure 1 600 Pa. Left panel: The plasma
evolution calculated with [Kr] = 5.5× 1013 cm−3 (introduced at P1; t = −11 ms) and
[H2] = 4× 1012 cm−3 (introduced at P2; t = 0 ms). Right panel: The plasma evolution
calculated for the same conditions as in the calculation depicted in the left panel, only
hydrogen concentration was increased to [H2] = 1× 1014 cm−3. For the simplicity only the
recombination dominated part is plotted (after P2). The data was obtained by solving a set
of partial differential equations corresponding to the set of reactions, including diffusion

and recombination losses.

to study recombination of KrH+ we had to adjust the densities of [Kr] and [H2] to
obtain appropriate concentration. In Fig. 3 time evolutions of ions number densities
as calculated for two different partial pressures of hydrogen are plotted. In Table 1

Table 1. Formation of KrH+. The main reaction considered in the used model and the
corresponding rate coefficient [26, 29, 30]. The given recombination rate coefficients for
KrH+ is taken from presented experimental results. The recombination rate coefficients
for H+

3 and H+
5 are taken from our previous experiments carried out on FALP at similar

conditions (see ref. [23]).).

N Reaction
Rate coefficient

[cm3s−1] or [cm6s−1]

1 Kr+ + H2 → KrH+ + H 2× 10−10

2 H+
2 + Kr → KrH+ + H 2.3× 10−9

3 H+
2 + Kr → Kr+ + H2 6.9× 10−10

4 KrH+ + H2 → H+
3 + Kr 3.8× 10−11

5 H+
3 + Kr → KrH+ + H2 1.1× 10−9

6 H+
3 + H2 + He → H+

5 + He < 1× 10−29

7 KrH+ + e− → Kr + H 2.0× 10−8

8 H+
3 + e− → products 1.7× 10−7

9 H+
5 + e− → products 2.5× 10−6
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the main considered reactions and corresponding rate coefficients are given. As we
can see from the plots in the left panel, for the concentration [H2] = 4× 1012 cm−3

the KrH+ is the dominant ion in the recombination region of the flow tube and
the measured recombination rate coefficient will correspond to the recombination
of this ion. At [H2] = 1× 1014 cm−3 the concentration of H+

3 and H+
5 cannot be

neglected and observed αeff will be affected by their presence.
When in the measurement the partial concentration of hydrogen was varied from

[H2] = 1× 1012 cm−3 to [H2] = 1× 1014 cm−3 the measured αeff changed towards
the value corresponding to the recombination of KrH+. In Fig. 4 the measured αeff

are plotted as a function of the hydrogen density at constant Kr partial density,
[Kr] = 5.5× 1013 cm−3. The used Kr density is deliberately low to suppress the
formation of krypton-containing cluster ions. From the model and from the mea-

1012 1013 101410-8

10-7

 

 

   [Kr] = 5.5x1013 cm-3

 
 P = 1600 Pa, T = 250 K 

ef
f [c

m
3 s

-1
]

[H2] [cm-3]

Fig. 4. The effective recombination rate coefficient, αeff . The full symbols indicate the
values of αeff measured at conditions: [Kr] = 5.5× 1013 cm−3, T = 250 K, Helium pressure
p = 1 600 Pa. Included are also the values (open symbols) calculated from the numerical

model (see Table 1 for used rate coefficients).

surements it follows that the limit of measured αeff at low H2 corresponds to the
recombination of KrH+ ions. The increase of αeff at higher hydrogen densities is
due to the formation of and H+

3 ions and their recombination. From the numeri-
cal model we can see that for [H2] > 1× 1013 cm−3 the influence of H+

3 has to be
considered. At even higher hydrogen densities the formation of KrH+

3 ions [31] and
their fast recombination can also play role.

Further, we measured the dependence of αeff on Kr concentration. The measure-
ments were carried out at low hydrogen densities to minimize possible influence of
H+

3 formation. The obtained dependencies are plotted in Fig. 5; the linear increase
of αeff with krypton concentration is obvious. Most probably due to recombination
of Kr2H+ ions [32] formed in a three-body association. By extrapolation to zero Kr
flow rate (and neglecting small influence of hydrogen at [H2] = 2× 1012 cm−3) we
are able to obtain α(KrH+) = 2× 10−8 cm3s−1. Considering typical 30 % accuracy
of FALP experiments we can write α(KrH+) = (2± 0.6)× 10−8 cm3s−1.
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Fig. 5. The dependence of the effective recombination rate coefficient αeff on Kr concen-
tration. The measurements were carried out for two fixed hydrogen number densities.

3.2 Recombination of XeH+

The proton affinity of Xe is large in comparison with the proton affinity of hydrogen
(the difference is nearly 0.7 eV); that is why we were using following way to form
XeH+ dominated plasma in the XeH+ experiment: Argon is introduced into the
helium plasma via first entry port (P1) and Ar+ − e− plasma is created. H2 −Xe
mixture flows via second entry port (P2) and XeH+ dominated plasma is formed
in sequence of ion–molecule reactions (via H+

3 and ArH+). Because of large proton
affinity difference between Xe and H2 the XeH+ ions do not react further with
H2 and they are removed from the afterglow plasma just by the diffusion and
the recombination. The numerical model was used to optimize conditions of the
measurement. The results of the calculation are plotted in Fig. 6. For the calculation
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Fig. 6. Calculated formation and decay of XeH+ dominated plasma. Conditions:
T = 250 K, pressure 1600 Pa, argon introduced via port P1 ([Ar] = 5 × 1013 cm−3),
H2 −Xe mixture flows through port P2 ([H2] = 2.8× 1012 cm−3, [Xe] = 3.3× 1012 cm−3).
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the measured value of the recombination coefficient of XeH+ was used.
The calculated formation of XeH+ dominated plasma after port P2 is quite

fast; nevertheless actual formation can take longer because of the time required
for mixing of gases. We assume the mixing can be accomplished within 5 cm, i. e.
within 10 ms in the time scale. In the time interval 10 to 65 milliseconds the XeH+

is the dominant ion in the plasma. This corresponds with our measurements of the
plasma decay. In Fig. 7 there is plotted an example of the measured decay curve.
The obtained recombination rate coefficient α(XeH+) = (8± 2)× 10−8 cm3s−1.

0 10 20 30 40 50 60

1014

1015

t [ms]

 
n e

[c
m

-3
] XeH+

 = 7.6x10-8 cm-3s-1

P = 1600 Pa; T = 250 K

Fig. 7. The decay of XeH+ dominated plasma. Conditions: T = 250 K, pressure 1 600 Pa
[H2] = 2.8× 1012 cm−3, [Xe] = 3.3× 1012 cm−3. The data are fitted for t = 10÷60 ms to

obtain the recombination rate coefficient.

4 Summary

The rate coefficients were measured in the FALP experiment for KrH+ and
XeH+ recombination with electrons at 250 K and helium pressure 1 600 Pa. The
obtained coefficients for KrH+ and XeH+ are α(KrH+) = (2± 0.6)× 10−8 cm3s−1

and α(XeH+) = (8± 2)× 10−8 cm3s−1 respectively. These values are in agreement
with previous studies, however we have achieved better accuracy.

This work is a part of the research plan MSM 0021620834 that is financed by the

Ministry of Education Youth and Sport of the Czech Republic.
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Charles University, Faculty of Mathematics and Physics,
Department of Electronics and Vacuum Physics,
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A study of H2D
+ ions in their lowest rotational states is presented. The ions are

generated in pulsed discharge in liquid N2 cooled He/Ar/H2/D2 gas mixture. Near infra-
red (NIR) second overtone transitions in the 6459 − 6467 and 6490 − 6492 cm−1(1.540,
1.548 µm) region are used to identify the ions and determine their degree of rotational
excitation. The data were obtained using NIR Cavity Ringdown Absorption Spectroscopy
(NIR–CRDS). The sensitivity obtained was typically 5× 10−9 cm−1. The measured sec-
ond overtone transition frequencies are in good agreement with ab initio predictions with
systematic shift −0.1 cm−1. The kinetics and rotational temperatures during discharge
period was determined. The absolute number density of H2D

+ as a function of H2/D2

mixing ratio is measured and results are compared to previous measurement of D2H
+ ion.

PACS : 52.70.Kz, 32.30.Bv

Key words: H2D+, CRDS, overtone, spectroscopy, plasma

1 Introduction

The ion H+
3 and its deuterated analogues (H2D+, D2H+ and D+

3 ) play important
role in the interstellar chemistry [1], [2], planetary atmospheres [3] and also in
laboratory produced plasmas. As a consequence of such a broad scientific interest,
the H+

3 ion and its isotopomers have been targets of ongoing extensive experimental
and theoretical investigations [4]–[9]. Infrared spectrum of H+

3 ion under laboratory
conditions was first measured in 1980 by Oka [10], followed by spectroscopic studies
of fundamental [11, 12], overtone [13, 14], and vibrational hot bands [15]. Those
laboratory studies also lead to detection of H+

3 ions in the interstellar space and
planetary atmospheres [2].

In spite of the fact that the cosmic abundance of deuterium is only about 10−5

that of hydrogen, it is worth noting that even partially deuterated H+
3 analogues

can also be of astrophysical importance. This is because of the exothermicity of
H/D exchange reactions, which therefore strongly favors D versus H atom incor-
poration. It has long been anticipated that enhanced isotopic fractionation effects
should occur in cold interstellar regions driven by the fact that deuteration is en-
ergetically “down hill” [16]. After first astronomical observation of ortho–H2D+ in
submillimeter region, the laboratory submilimeter [17], fundamental band [18, 19]
and first overtone [20] spectra were obtained. In the second overtone band, our
search was guided by theoretical predictions by Ramanlal & Tennyson [21, 22].
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Parallel with the presented work the group of S. Schlemmer recorded the second
overtone spectra using a laser induced reaction spectroscopy (LIR) with a 22–pole
ion trap [23, 24].

The aim of present work is to characterize H2D+ transitions from lowest ro-
tational levels; their frequencies and intensities. This work follows closely author’s
previous work on the second overtone spectra of D2H+ [25]. In both cases the
motivation is the search for absorption lines suitable for a simple diagnostics in
state–specific experiments involving H+

3 and its deuterated analogues and their
comparison to theoretically predicted energy levels and transitions. Since the re-
sults of the D2H+ project showed some discrepancies in the measured and calculated
intensities, as well as in the work of Fárńık et al. [20], in the present experiment big
effort was dedicated to characterization of plasma, such as rotational and kinetic
temperature and density evolution during discharge.

2 Experiment

2.1 Microwave discharge tube

To study recombination of different internal states of H+
3 –like ions using spectro-

scopical technique a dedicated apparatus has been built few years ago in our labo-
ratory [26]. In the present experiment H2D+ ions were produced in the similar way
as in D2H+ experiment [25] in a pulsed microwave discharge in a He/Ar/H2/D2

mixture. The actual experimental setup is described in the cited work and only
a short description will be given. Plasma is ignited by pulses of microwave (1.5 or
4 milliseconds discharge, 100 Hz repetition, 60÷ 120 W, ∼5 cm plasma column) in
a silicate glass tube (d = 2.3 cm) going through a microwave waveguide. The dis-
charge tube is cooled down by liquid nitrogen. Helium ions and metastable atoms
created during the microwave discharge are rapidly converted to H+

3 , H2D+, D2H+

and D+
3 by a sequence of ion–molecule reactions involving Ar+ and ArH+ as inter-

mediate ions, for details on kinetics of formation see [26, 25, 40, 39]. At 6÷ 8 mbar
the total gas flow was around 800 sccm (standard cubic centimetre per minute)
with the flow ratio φ He/φ Ar/φ H2/φ D2 equal to 800/1.3/1/(0.05 to 1).

2.2 CRDS

The continuous wave cavity ringdown spectrometer (cw–CRDS) used in the present
setup combines extremely high sensitivity with time resolution capabilities. Al-
though the CRDS scheme is a well–established spectroscopic technique [27, 28], its
modification for time resolved spectroscopy of ions is not common and requires both
advanced data acquisition system and consequent data processing, hence a short
overview of the system is given.

A scheme of cw–CRDS, developed by Romanini et al. [29], was employed in
construction of our spectrometer. The physical principles of cw–CRDS have been
described in numerous publications (see, for instance [29, 30] and references cited
therein). A laser beam is coupled to an optical cavity that is periodically swept
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using a piezo electric transducer. When the cavity reaches resonance with incoming
laser radiation, power build–up inside the resonator starts. After reaching certain
threshold intensity, the incident laser beam is interrupted with a fast optical switch
and the trapped light intensity decays due to the mirror loses as well as the ab-
sorption of media inside the cavity. The light intensity is recorded by a photodiode
and the decay is numerically fitted with an exponential function. The actual ab-
sorption coefficient α of the absorbing medium can be directly calculated from the
measured change in decay time τ (ringdown time), α = (1/τ0 − 1/τ) d

lc , where c
is the speed of light, d is the length of cavity and l is the length of the absorbing
medium. The value of τ0 is a property of resonator, corresponding to the decay
time of empty cavity. This value can fluctuate slightly with laser wavelength and
alignment of the resonator. In the present experiments the cooling of discharge tube
by liquid nitrogen affected the thermal and thus mechanical stability of the rigid
cavity construction. This made the subtraction of baseline unreliable and resulted
in random drift of the baseline in time, as demonstrates Fig. 1. As a solution to
this problem a synchronous detection with a direct τ0 measurement was developed.
For the detailed description of the actual optical setup of the CRD spectrometer
and its parameters see [25]. The sensitivity (standard deviation) per one RD event
is ∼ 6× 10−7 per pass, or 1.2× 10−7 cm−1 in case of 5 cm plasma column. As the
statistical distribution of measured RD decay times is close to the normal distribu-
tion and as the average frequency of RD events is ∼100 Hz, the sensitivity can be
easily increased using averaging.

2.3 Synchronous detection

The synchronous detection system, explained in detail in previous work [25], as well
as the measurement of the time evolution of the absorption and temperature, relies
on the time resolved operation mode of our spectrometer. The discharge is run in the
pulsed mode and the ringdowns give the value of absorption during the discharge
and the afterglow. The occurrence of ringdown events is however not synchronized
with discharge pulses. Hence, the whole discharge and afterglow period is randomly
covered by ringdown events during numerous consecutive discharge pulses. The
time (delay with respect to plasma ignition) at which given ringdown started is
recorded. Using this additional information and by applying an iterative algorithm
we are able to monitor even the fast decay of the ion number density caused by
recombination. Using this technique it proved to be possible to monitor absorption
variation on the time constant comparable to the ringdown decay time (∼ 100
µs). For a more detailed description of the time resolved CRDS technique and the
numerical algorithm see [26].

In a 10 ms measuring cycle the microwave power is on for the first 4 ms (active
discharge) and off for the remaining 6 ms (afterglow). For transition frequency
measurements we selected two sets of ringdowns; those in the active discharge time
range 1.5 to 4 ms are treated as signal and those in the afterglow range 7.5 to 10 ms,
where the concentration of absorbing ions can be neglected, give the value of the
baseline at each particular wavelength. Values corresponding to the particular time
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Fig. 1. A scan of v2 = 3 ← 0 (P22) H+
3 line at 6877.546 cm−1recorded by CRDS with

synchronous detection. Upper panel: Full line represents the data from the ringdowns
that occurred during discharge time, dotted line was obtained from ringdowns recorded
from the background time domain where the concentration of H+

3 (v = 0) ions can be
neglected. Lower panel: The absorption scan is obtained by subtracting the background
curve from the discharge curve. With several assumptions discussed in text the average
kinetic temperature Tkin = 180 K and H+

3 average number density [H+
3 ] ∼ 1.9× 1011 cm−3

were obtained.

interval (of both sets) were averaged over many discharge events. The baseline was
then subtracted from the signal and the absorption spectrum without any offset
was obtained. This synchronous detection excludes the detection of neutrals, such
as products of ion molecule reactions or recombination, that are accumulated in
the discharge tube over a longer period than one cycle.

To demonstrate the concept of synchronous detection and to characterize the
discharge conditions, a spectrum of the known [3] v2 = 3 ← 0(P22) H+

3 line at
6877.546 cm−1has been recorded, see Fig. 1. According to our previous studies
[31, 32, 26] and in agreement with data from our kinetic model, H+

3 is the dominant
ion in a microwave discharge in a He–Ar–H2 mixture at the pressures used in the
present experiment.

2.4 Wavenumber retrieval

In total three DFB laser diodes have used in present studies, covering spectral
ranges 6458÷ 6467, 6491÷ 6492 and 6534.1÷ 6534.8 cm−1with constant laser cur-
rent by a computer controlled temperature scan. A Fabry–Pérot etalon interference
signal was used to linearize the wavenumber scale. During all H2D+ scans the abso-
lute wavenumber position at each wavelength was obtained from a wavemeter based
on a Michelson interferometer. The wavemeter was constructed recently in our lab-
oratory as a modification of the design described in [33]. A He–Ne laser with active
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Fig. 2. In situ wavenumber calibration. Absorption spectra of traces of HDO and H2O
obtained with CRDS spectrometer in residual gas desorbed from nitrogen–cooled trap of
D2 inlet system. A set of marks indicate positions of lines used for calibration, as tabulated
in [34]. The overall agreement is better than 0.002 cm−1. The notably high partial pressure
of deuterated water compared to natural abundance originates in its high content in the

D2 gas bottle.

temperature stabilisation is used as a reference wavelength. In order to obtain the
line positions with high accuracy, an in situ calibration of the wavemeter has been
accomplished. For this calibration we used traces of HDO and H2O accumulated
in the liquid nitrogen trap of the D2 inlet. Thus the absorption spectrum of the
impurities from the trap was measured by CRDS. We compared the spectra ob-
tained with the recently published data on NIR spectra of H2O and HDO [34]. An
example of our calibration spectra is plotted in Fig. 2. The calibration procedure
was repeated several times during the experiments confirming high stability and
accuracy of the system. We estimate the accuracy of the wavenumber calibration
to be better than ±0.002 cm−1.

3 Results and discussion

3.1 Measurements of transition frequencies of H2D
+(v = 0) ions

The NIR second overtone absorption spectrum of H2D+(2v2 + v3 ← 0) was ob-
tained by scanning over the region 6458÷6467 and 6491÷6492 cm−1. Examples of
measured absorption lines are plotted in Fig. 3. The transition frequencies obtained
are listed in Table 1. The experiment was guided by the use of transition frequencies
predicted using the ultra–high accuracy ab initio model of Polyansky and Tennyson
(PT) [35], as applied by Ramanlal and Tennyson [22, 36]. Assignments were made
by analysing the calculated energy levels of H2D+.

As can be seen from Table 1, there is good agreement between the measured
and calculated transition frequencies. The agreement shows a systematic shift of
−0.11 cm−1, which is in agreement with observation of S. Schlemmer [23]. In case
of our previous (v1 + 2v3 ← 0) D2H+ measurement the shift was much smaller,
∼0.01 cm−1, see discussion in [25]. The reason for the different level of prediction
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Fig. 3. Second overtone absorption spectra (2v2 + v3 ← 0) of H2D
+ measured

by NIR–CRDS in modulated microwave discharge in ∼7 mbar liquid nitrogen cooled
He/Ar/H2/D2 = 800/1.3/1/0.1 gas mixture. Full lines indicate the best fits by Gaus-
sian function. From the Doppler broadening of absorption lines the corresponding kinetic

temperature Tkin = (260± 50) K of ions in the microwave discharge was calculated.

accuracy for H2D+ and D2H+ is that the PT’s model is particularly suitable for
predicting the frequencies of pure stretching transitions (see refs [35, 37]), which is
the case for D2H+ involving one v1 and two v3 stretching quanta, but not for two
bending v2 and one stretching v3 quanta as in the case of H2D+Ṡtill the agreement
obtained here between the experiment and theory for H2D+ is better as compared
to the differencies observed in the H+

3 (v2 = 3 ← 0) studies, see ref. [26] and the
laser induced reaction study in [38] or the first overtone studies of H2D+ and D2H+

by Fárńık et al. [20].

O/P J
′
K
′
aK

′
c

E
′

[K] Wavenumber [cm−1] intensity

← J
′′
K
′′
a K

′′
c

νa
exp νb

exp νth ∆ν [cm−1/cm−2]

ortho 111 ← 202 86.3 6459.031(3) 6459.029 6459.133 -0.102 6.74× 10−10

para 000 ← 111 0 6466.501(8) 6466.526 6466.635 -0.134 5.37× 10−10

para 101 ← 212 65.8 6491.322(3) 6491.342 6491.451 -0.129 6.74× 10−10

Table 1. Second overtone transitions (2v2 + v3 ← 0) of H2D
+ measured by NIR–CRDS.

Experimentally obtained transition frequencies, νa
exp, with error estimates, are compared

to theoretically predicted frequencies, νth [22, 36] and their difference ∆ν = νa
exp − νth is

shown. For comparison the experimental data νb
exp of Schlemmer et al. [23] are listed.

3.2 Temperature evolution

From the Doppler broadening of the measured absorption lines, the kinetic tem-
perature of the H2D+ (v = 0) ions in the microwave discharge was calculated to be
Tkin = (260±50) K. This value is consistent with value (220±50) K obtained from
broadening of D2H+ [25]. For a better understanding of the excitation and relax-

B754 Czech. J. Phys. 56 (2006)



Near infrared second overtone cw–cavity ringdown spectroscopy of H2D+ions

ation processes during the discharge, a fast switching of MW with a high voltage
switch and a time resolved scan was used, for setup details and discharge charac-
teristics see [26]. The time evolutions of the kinetic temperatures obtained from
Doppler broadening of several lines are plotted in Fig. 4. Those temperatures are
almost constant during the discharge time for all the measured transitions (lines),
but absolute values vary by more than 100 K. Present experimental data dis not
sufficient to explain this behavior, we cannot exclude the possibility that it is just
a statistical fluctuation. The time evolutions of absorption intensity corresponding
to different transitions of H2D+ are plotted in Fig. 5 and discussed in next section.
Note that absorption measured on a particular line is proportional to density of
molecules in that particular state. The lower panel shows the absorptions “normal-
ized” by dividing by the intensity of the strongest line. One can see that relative
population of rotational energy states stays constant during the discharge. This
allows us to assume some kind of dynamical (but not necessary thermodynamical)
equilibrium, which can be a prerequisite to define the rotational temperature.

In previous D2H+ experiment the comparison of the intensities corresponding
to the two ortho states, 000 and 202 of D2H+(v = 0), gave an estimate of rotational
temperature Trot = (210± 50) K. The experimental confirmation of constant ratio
between populations of different rotational energy levels of H2D+ can be easily
generalized for the case of D2H+ measurement [25], as the experimental conditions
were kept constant. Calculation involving all transitions, i.e. corresponding to ortho
and para states, gave a non–physical result. This was explained in discussion in [25]
by the fact that only collisions with H2 and D2 can lead to conversion from ortho
to para state and vice versa, i.e. only those collisions can lead to thermodynamical
equilibrium between ortho and para states. Because the pressure is by three orders
of magnitude higher than H2 and D2 partial pressures, the ions collide with He by
order of magnitude more often than with D2 and H2 molecules. As a consequence
the thermalisation within ortho or para group is much faster than thermalisation
involving ortho–para conversions. The estimated collisional frequencies (see [25]) are
2× 108 s−1 and 5× 105 s−1 for collisions with with He and H2 (or D2), respectively.
The lifetime of ions with respect to recombination with electrons at given electron
concentration ∼50 µs is comparable to the ortho–para conversion, so the relative
ortho and para population is determined primarily by the formation reactions.

The same comparison procedure applied to the two measured ortho H2D+ states
however didn’t yield any meaningful value of rotational temperature. In the light
of previous interpretation this is a surprising result and one would expect the rota-
tional temperature to be similar. As the discussion in [25] concluded, the transition
probabilities calculated by PT are reliable. Thus the populations of para states can
differ significantly from equilibrium. However, the processes that are responsible
for the changes in population need further investigation and no final conclusion can
be given at the moment. Because of this reason, even the rotational temperature of
D2H+ derived from previous measurement is not a reliable value and needs further
investigation.
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+ kinetic temperature during the active discharge
as derived from Doppler broadening of several absorption lines. The average value ∼270 K
is higher than the temperature of neutral gas, estimated to be ∼100 K. On the base of
the present data we cannot discuss measured differences in kinetic temperatures obtained

from different absorption lines.

3.3 Ion densities and rotational excitation

Once transition frequencies for H2D+(v = 0) ions were established, we tuned the
laser to centre of peaks to study the plasma properties via time–resolved and state
specific measurement of ion number densities. The measured variation of the ab-
sorption of different rotational energy states of H2D+(v = 0) ions is plotted in
Fig. 5. One can see, that the ratio of intensities between different transitions
stays constant during the discharge interval. To visualise the constant ratio, ab-
sorptions of each rotational state of H2D+ and D2H+ were divided by absorption
of the strongest transition. Without the assumption of thermodynamical equilib-
rium and knowledge of rotational temperature the measured absorption cannot
be reliably converted to ion density. Under the assumption of thermal equilib-
rium with T = Tkin = Trot = 260 K, the estimated H2D+ concentration is about
4× 1011 cm−3.

With present experimental configuration a systematic baseline modulation has
been observed during the time resolved measurement. The typical time variation
of the baseline, measured in adequate distance from absorption line, is shown on
Fig. 5. During the present measurements we did not find physical process causing
this variation. We have eliminated the influence of nitrogen cooling, influence of
heating up the discharge tube, that could affect alignment of the optical resonator
and electronic noise in detection system. The baseline modulation wasn’t observed
if microwave were applied to evacuated discharge tube. This lead us to the conclu-
sion, that the refraction index of gas change with plasma presence. Such change
can slightly change the quality of the resonator, or/and act as a lens, changing
the path of the trapped beam slightly. As the effect shifts the absorption by only
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Fig. 5. The measurement time variation of absorption corresponding to different H2D
+

absorption lines, included are also data for one D2H
+ line. Upper left panel: Time evolution

of absorption. Lower left: Intensities normalized by dividing the absorptions by absorption
of the strongest line. This demonstrates that relative population of measured rotational
states is nearly constant during the discharge. Upper right: The absorption measured
at the resonant frequency and with detuned laser. Lower right: The detailed view. The
baseline modulation apparently origins in the change of refraction index caused by plasma.

1× 10−8 cm−1, this effect has not been reported in previous experiments with lower
sensitivity.

The measurements of H2D+ ion number densities were repeated for different
ratios of partial pressures of D2 and H2. In Fig. 6 the H2D+(v = 0) ion number
density in the plasma is plotted as a function of relative number density of D2 in
respect to the overall number density of D2 and H2, indicated as D2/(D2 + H2).
For comparison the very similar series for D2H+ published in [25] is plotted. The
relative population of H2D+ and D2H+ is in good agreement with the model and
the experimental data introduced by Fárńık et al. [20].

4 Conclusion

This work follows closely author’s previous work on the second overtone spectra
of D2H+. The measurement of the transition frequencies was guided by ab initio
theoretical predictions, which proved to be very accurate, with systematic shift
−0.11 cm−1. Interpretation of the results also relies on the accuracy of the theoret-
ical intensity calculations. Measured transition frequencies are in agreement with
recent “laser induced ion molecular reactions studies” (LIR) of Schlemmer et al.
[23].

From a plasma point of view this measurement presents a simple but very pow-
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Experiments were performed at overall pressure ∼7 mbar and 110 W microwave power.
The measurement in pure D2 was not performed because of an approximately 2% H2

content in the D2 gas bottle. For H2D
+ relative density evaluation, line 101 ← 212 was

used. For further details on D2H
+ measurements, see [25]. The spline curves are not based

on a numerical model, but serve for better data readability. Maximum D2H
+ and H2D

+

densities are 1.84× 1011 and 1.0× 1011 cm−3, respectively.

erful plasma diagnostics tool applicable in hydrogen/deuterium containing plasmas
e.g. in ion sources. The obtained data can be used to characterize the excitation
and kinetic temperature of ions in a RF ion trap, using laser induced ion molecular
reactions (LIR) with a cheap and compact DFB laser.

We thank Ondrej Votava and Peter Macko for helpful discussions. This work is a part

of the research plan MSM 0021620834 that are financed by the Ministry of Education of

the Czech Republic
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Abstract

A study of D2H+ ions in their lowest rotational states is presented. The ions are generated in pulsed discharge in liquid N2 cooled He/Ar/H2/D2

gas mixture. Near infrared (NIR) second overtone transitions in the 6534–6536 cm−1 (1.529–1.530 �m) region are used to identify the ions and
determine their degree of rotational excitation. The data were obtained using NIR cavity ringdown absorption spectroscopy (NIR-CRDS). The
sensitivity obtained was typically 5× 10−9 cm−1. The measured second overtone transition frequencies are in very good agreement (better than
0.02 cm−1) with ab initio predictions. From the Doppler broadening the kinetic temperature of ions is estimated to be (220± 50) K. The absolute
number density of D2H+ as a function of H2/D2 mixing ratio and time is measured.
© 2006 Elsevier B.V. All rights reserved.

Keywords: D2H+; Cavity ringdown spectroscopy; Second overtone; Hydrogen plasma; Deuterium plasma

1. Introduction

Since hydrogen is by far the most abundant element in the uni-
verse, with molecular hydrogen dominating in the cold regions,
the formation and destruction of H3

+ ions is of great astrophys-
ical significance. The discovery of H3

+ in diffuse interstellar
molecular clouds [1,2] has confirmed the long expected pres-
ence of H3

+ in space and has reopened interest in the problem of
the interaction of this simplest polyatomic molecular ion with
electrons and with molecules. The ions H3

+ and its deuterated
isotopologues (H2D+, D2H+ and D3

+) play important roles in the
kinetics of media of astrophysical interest [3,4], planetary atmo-
spheres [4] and also in laboratory produced plasmas. The physics
of H3

+ gets more complicated when deuteration processes [4–6],
which are driven by exothermicity of H/D exchange reactions,
have to be considered in plasma environment. It has long been
anticipated that enhanced isotopic fractionation effects should

∗ Corresponding author. Tel.: +420 221 912 329; fax: +420 284 685 095.
E-mail address: juraj.glosik@mff.cuni.cz (J. Glosı́k).

occur in cold interstellar regions driven by the fact that deuter-
ation is energetically “down hill [7].

Recently, millimetre and sub-millimetre spectroscopy of the
dense interstellar medium has shown that, in cold dense regions,
deuterated molecular species are highly abundant, in some cases
reaching more than 10% of their nondeuterated analogues. This
is a very high number if we consider that the general cosmic
abundance of D is about 10−5 that of H. Surprisingly, dou-
bly and triply deuterated species can be observed [8–11]. These
observations stimulated an intensive search for H2D+ and D2H+

ions [10]. The key work in the astronomical search for D2H+

is the laboratory measurement of the para ground-state transi-
tion by Hirao and Amano [12,13] and theoretical calculations by
Ramanlal and Tennyson [14,15]. The search led to the detection
of H2D+ and D2H+ in cold dense interstellar clouds [8,10]. These
observations have heightened interest in further laboratory and
theoretical studies of partially deuterated molecular ions.

The kinetics of the formation of H3
+, H2D+, D2H+ and D3

+

ions in H2/D2 containing plasmas is well understood – at least at
room temperature. Relevant rate coefficients and products of ion
molecule reactions were successfully studied using swarm (SIFT

1387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2006.02.002
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[16,17]), beam and RF ion trap experiments [18]. The kinet-
ics gets particularly complicated at low temperatures, where
ortho and para states and nuclear spin restrictions have to be
considered [18–23]. The main challenge for future experiments
is a state-to-state description of the underlying ion–molecule
reactions. Equally important is to understand the recombination
processes; again internal excitation of the ions has to be explic-
itly considered and hence determined [24]. Differences in rates
and products branching ratios of dissociative recombination of
H3

+, H2D+, D2H+ and D3
+ ions may also be partly responsible

for the enhanced population of deuterium [5,25].
However, despite enormous efforts, the results of experi-

mental studies aimed at determining the rate of recombina-
tion of H3

+ and D3
+ ions with electrons have been found to

yield values that vary by at least one order of magnitude from
1× 10−8 to 3× 10−7 cm3 s−1 for H3

+ [26–30] and 2× 10−8

to 2× 10−7 cm3 s−1 for D3
+ [24,31–35]. Poor characterisation

of internal excitation of recombining ions in these experiments
may well be at least partly responsible for these discrepancies.
Very recent experiments with rotationally cold ions indicate that
rotational excitation of H3

+ can have a significant influence on
the recombination rate coefficient of these ions [36–41]. These
recent measurements largely agree with the recent and success-
ful theoretical studies of dissociative recombination of H3

+ and
D3

+ made by Kokoouline and Greene [24,42,43]. Despite the
good agreement that has recently emerged between theory and
the storage ring experiments, the case of recombination of H3

+,
H2D+, D2H+ and D3

+ ions with electrons is far from closed.
The motivation of the present study of D2H+ using over-

tone spectroscopy in low temperature plasma is the search for
a tool for simple in situ characterisation of the internal state
of the reacting/recombining D2H+ ions. Results of the present
experiments will be used in parallel studies of laser induced
ion–molecule reactions (LIR) carried out in a low tempera-
ture RF trap. For such studies very accurate transition fre-
quencies are required [44–48]. Our approach can be simply
stated. We use high sensitivity and high resolution Near Infrared
Cavity Ringdown Absorption Spectroscopy (NIR-CRDS) to
obtain the second overtone absorption spectra of D2H+ ions
in their lowest rotational states. These spectra are then used
to monitor the concentration and rotational population of the
ions.

2. Experimental

2.1. Test tube

To study recombination of different internal states of H3
+-like

ions we have recently built a test tube apparatus. In the present
experiment D2H+ ions were produced in pulsed microwave dis-
charge in He/Ar/H2/D2 mixture. The discharge was ignited by
4 ms long pulses of microwave (60–120 W) in a waveguide with
repetition period 10 ms inside a silicate glass tube with internal
diameter of 2.3 cm. After adjustment, the plasma column has
effective length∼5 cm. Fig. 1 shows a schematic diagram of the
apparatus and indicates position of mirrors of the optical cavity,
which is described in detail in next section. The discharge tube

Fig. 1. Schematic diagram of the test tube. The pulsed microwave discharge
takes place in a liquid nitrogen cooled tube. For CRDS two highly reflective
mirrors are mounted on tilt stages inside the vacuum.

actually has double walls and the space between the tubes is
filled by liquid nitrogen to cool the buffer gas and plasma.

Since already impurities of a few ppm lead to a loss of
the D2H+ ions within a millisecond, the apparatus is based
on UHV technology and all reactant gases pass through liquid
nitrogen traps. He ions and metastable atoms created during
the microwave discharge are rapidly converted to H3

+ (and
deuterated analogues) by a sequence of ion–molecule reactions
involving Ar+ and ArH+ as intermediate ions. The production
scheme is well known and has been previously verified by kinetic
modelling and mass spectrometric observations in FALP (Flow-
ing Afterglow Langmuir Probe) and SA (Stationary Afterglow)
[35]. In addition in the presence of hydrogen and deuterium
the formation of H3

+, H2D+, D2H+ and D3
+ takes place. At

6–8 mbar the total gas flow �tot was around 800 sccm (standard
cubic centimetre per minute) with the �He/�Ar/ΦH2/ΦD2 ratio
equal to 800/1.3/1/(0.05–1).

The time constants for ion-molecule reactions are some tens
(∼20) of microseconds at the gas partial pressures used. The
partial population of individual ions and the degree of deutera-
tion depends on the temperature and on the partial pressures of
hydrogen and deuterium. As the primary aim of this paper is the
experimental determination of transition frequencies in the NIR
region, we focused on achieving high concentration of D2H+

in the lowest rotational states rather than on kinetics studies of
processes in plasma discharge. Once the transition frequencies
are known, the D2H+ ions can be studied at even lower number
densities.

2.2. CRDS – absorption spectroscopy

Transition frequencies and intensities for the H3
+, H2D+,

D2H+ and D3
+ ions have been calculated with high precision

[15,49] and some transitions were observed in the microwave
(see e.g., [50]) and Mid-IR [22]. However, there is no exper-
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Fig. 2. Set-up of the cw-CRDS experiment: The laser beam from fibre-coupled
telecom DFB laser diode is collimated to a free beam, passing though an optical
isolator, acousto-optic modulator (AOM), that acts as a fast optical switch and
matched by a spatial filter to mode TEM00 of optical cavity (l = 0.75 m) com-
posed of two concave mirrors M1 and M2 (r = 1 m) with reflectivity 99.990%.
The entrance mirror is mounted on a piezo transducer. The signal behind second
mirror is detected by InGaAs avalanche photodiode (APD) and recorded by a
computer. A cut-off filter suppresses the light emission of plasma. A wavemeter
and a Fabry–Pérot etalon are used for wavelength calibration.

imental data on the second overtone region for the deuterated
species.

The high sensitivity of continuous wave cavity ringdown
spectroscopy (cw-CRDS) makes the technique suitable for
investigating the spectra of ions and radicals in plasma [51].
The physical principles of cw-CRDS have been described in
numerous publications (see, for instance [52,53] and references
cited therein). The present NIR-CRDS set-up is a modification
of the version used in our previous work on H3

+ recombination
studies [44,54,55] where a detailed description of our NIR-CRD
spectrometer can be found. The actual set-up used in the present
experiments (see Fig. 2) is based on a fibered DFB laser diode.

In CRDS experiments, the exponential decay of the intensity
of the laser light coupled into a high finesse optical cavity is
measured. The characteristic decay time depends on losses in
the resonator and on absorption by the medium that is enclosed
in the cavity. Each intensity decay (ringdown) is fitted by an
exponential function. Without absorbing media a typical decay
time τ0 was ∼31 �s. The value τ0 is a property of the resonator
and varies little with the frequency change. The actual absorption
coefficient α of the absorbing medium can be directly calculated
from the measured decay time τ (ringdown time)

α =
(

1

τ0
− 1

τ

)
d

l× c
,

where c is the speed of light, d the length of cavity, and l is
the length of the plasma. Theoretically, 1/τ0 should appear as
a smooth baseline of 1/τ, and it should be straightforward to
obtain the required (1/τ0− 1/τ). This subtraction can be com-
plicated by disturbance of the baseline, such as an etaloning
effect caused by a back-reflection (on any optical component)
of the light leaking from the resonator. This can be suppressed by
positioning all elements at a slight tilt from the axis. In our setup
the liquid nitrogen cooling of the discharge tube affected the
thermal, thus mechanical, stability of the rigid cavity construc-
tion and resulted in non-deterministic modulation of the baseline
in time. This made the subtraction of baseline unreliable and a

synchronous detection with a direct τ0 measurement had to be
developed.

2.3. Synchronous detection

An advanced time resolved CRDS data acquisition system
has been developed for our previous studies of H3

+ recom-
bination [54]. For the data evaluation the time (delay from
the synchronisation pulse) at which each ringdown started was
recorded. Using this additional information and by applying an
iterative algorithm we are able to monitor the fast decay of
the ion number density caused by recombination. This tech-
nique proved able to monitor absorption variations with time
constant below 50 �s. For a more detailed description see
[54,56].

As the aim of the present experiment was to determine
transition frequencies, we have used slower modulation of the
microwave power to reduce the noise in the electronics circuits.
Monitoring of the ion number density with CRDS remains as
fast as in the previous experiments. Fig. 3 shows the time evolu-
tion of the H3

+ and D2H+ ion number density during the active
discharge and during the post discharge period. Approximately,
∼3 ms after switching off the microwave the absorption sig-
nal drops to zero. For transition frequency measurements we
selected two sets of ringdowns; those in the time range 1.5–4 ms
are treated as signal and those in the range 7.5–10 ms, where
the absorption can be neglected, give the baseline at a particular
wavelength.

Fig. 3. Time evolution of number densities during the measurement period,
measured on the centre of absorption peak. Upper panel: D2H+(v = 0) number
density according to the 202← 313 transition. The ratio D2/(D2 + H2) was 0.4.
Lower panel: H3

+(v = 0) number density, measured on the centre of v2 = 3← 0
(P22) H3

+ transition at 6877.546 cm-1. Marked are the time intervals correspond-
ing to “Signal” and to “Background” (baseline), used by synchronous detection
for determination of τ and τ0 respectively. The assumptions used in the density
calculations are discussed in text.
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To test the synchronous detection and to characterise the
properties of the discharge a known [57] v2 = 3← 0 (P22) H3

+

line was measured. From the measured absorption of ions in one
single state one can derive the overall ion number density, if one
assumes rotational equilibrium and hence a rotational tempera-
ture. At T = TKinIon = TRot = 180 K, derived from Doppler broad-
ening, the absorption coefficient in the line centre is, according
to [58], 1.13× 10−18 cm−1 per molecule cm−3. Using this value
gives an H3

+ number density during the discharge of [H3
+]

∼2.5× 1011 cm−3. This value is in good agreement with our
previous H3

+ measurements in similar conditions [17,54].

2.4. Wavenumber retrieval

The DFB laser diode was scanned with constant laser cur-
rent by a computer controlled temperature scan. A Fabry–Pérot
etalon was used to linearise the wavenumber scale. During all
D2H+ scans the absolute wavenumber position at each wave-
length was obtained from a wavemeter based on a Michelson
interferometer with a temperature stabilised He-Ne laser refer-
ence. The wavemeter was constructed recently in our laboratory
as a modification of the design described in [59]. In order to
obtain the line positions with high accuracy, an in situ calibration
of the wavemeter has been accomplished. For this calibration we
used CRD spectra of traces of HDO and H2O at room tempera-
ture desorbed from the liquid nitrogen trap of the D2 inlet. We
compared them with the recently published data on NIR spectra
of H2O and HDO [60]. The calibration procedure was repeated
several times during the experiment confirming the high stabil-
ity and accuracy of the system. We estimate the accuracy of the
wavenumber calibration to be better than± 0.002 cm−1.

3. Results and discussion

3.1. Measurements of absorption spectra; transition
frequencies of D2H+(v = 0) ions

The NIR second overtone absorption spectrum of
D2H+(v = 0) was obtained by scanning over the region
6534 −6537 cm−1 (corresponding to ∼1.529–1.530 �m).
Examples of measured absorption lines are plotted in Fig. 4.
The transition frequencies obtained are listed in Table 1.
Note that the measured transitions form a clear series. The
in situ calibration enables us to measure frequencies with
accuracy± 0.002 cm−1.

The experiment was guided by the use of transition frequen-
cies predicted using the ultra-high accuracy ab initio model of

Fig. 4. Second overtone absorption spectra (v1 + 2v3← 0) of D2H+ measured
by NIR-CRDS in modulated microwave discharge. Full lines indicate the best
fits by Gaussian function. From the Doppler broadening of absorption lines the
kinetic temperature TKinIon = (220± 50) K of ions in the microwave discharge
was calculated. The rotational temperature TRot = (210± 50) K was estimated by
comparing the peak areas corresponding to 202 and 000 rotational ortho states.

Polyansky and Tennyson (PT) [49], as applied by Ramanlal and
Tennyson [15]. Assignments were made by analysing the cal-
culated energy levels of D2H+. As can be seen from Table 1,
there is excellent agreement between the measured and calcu-
lated transition frequencies. Indeed, this agreement is better than
the still good agreement obtained in the H3

+(v2 = 3← 0) studies,
see studies in [54], the laser induced reaction study in [45] or the
first overtone studies of H2D+ and D2H+ by Farnik et al. [22].
While this excellent agreement must in part be due to a fortuitous
cancellation of errors, there are two reasons why the PT’s model
might be expected to work better for the transitions observed
here than for the other overtone transitions cited. Firstly, the
PT’s model is particularly good at predicting the frequency of
pure stretching transitions (see [49,61]) and the present overtone
transitions involve one quantum of the v1 and two quanta of the
v3 stretching mode, and secondly deuteration reduces the effects
of the failure of the Born-Oppenheimer approximation which,
although allowed for extensively in PT’s model, is still probably
the largest remaining cause of residual error in the calculations.

3.2. Measurements of kinetic and rotational ion
temperature

From the Doppler broadening of the measured absorp-
tion lines, the kinetic temperature of the D2H+(v = 0)
ions in the microwave discharge was calculated to be
TKinIon = (220± 50) K. These results are consistent with data
obtained from the H3

+ dominated discharge. The agreement is
very good if we consider small differences between discharges
in both mixtures He/Ar/H2 and He/Ar/H2/D2. The observed ion

Table 1
Second overtone transitions (v1 + 2v3← 0) of D2H+ measured by NIR-CRDS

Ortho/para J ′
Ka′Kc′ ← J ′′

Ka′′Kc′′ E′[K] Wavenumber [cm−1] �Exp− �Theor Intensity [cm−1/cm−2]

�Exp �Theor

Ortho 202← 313 146.3 6534.377(1) 6534.374 −0.003 1.89× 10−9

Para 101← 212 50.2 6535.950(1) 6535.943 −0.007 9.68× 10−10

Ortho 000← 111 0 6536.319(2) 6536.301 −0.018 1.09× 10−9

Experimentally obtained transition frequencies, �Exp, with error estimates, are compared to theoretically predicted frequencies, �Theor [15].
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kinetic temperature is also in good agreement with our previ-
ous studies carried out at very similar conditions (using the test
tube). In these experiments we have obtained an enhancement of
the ion kinetic temperature during the microwave discharge by
70–100 K [54,56]. In these experiments, the microwaves were
switched off by a fast switch and during the early afterglow the
relaxation of TKinIon from 370 to 300 K (buffer gas temperature)
was observed within 50 �s.

The comparison of the intensities corresponding to the two
ortho states, 000 and 202 of D2H+ (v = 0), gives a rotational tem-
perature TRot = (210± 50) K (under the assumption of thermal
equilibrium). The intensity corresponding to para state 101 is
smaller by a factor two than would be expected from thermo-
dynamic equilibrium with the two observed ortho states. There
are two possible explanations for this: the two groups of ions –
ortho and para states – are not in thermodynamic equilibrium; or
the calculated values of absorption coefficient are not accurate
enough. It should be noted that there were also some unexplained
discrepancies between the measured and calculated intensities
in the overtone study of Farnik et al. [22]. More detailed calcu-
lations [62] completely failed to find any problems with the ab
initio procedure used in the calculations and hence the source
of this discrepancy (which actually only affected a single tran-
sition). In general, we are confident that intensities calculated
using the PT’s model are reliable. Indeed, the discrepancy with
Farnik et al. remains the only one we are aware of, however,
it is difficult to be certain which of the two explanations given
account for the weaker than predicted para transition intensity.

When discussing these observations it is important to realise
that the plasma in the microwave discharge used in present exper-
iment is close to steady state, but it is not in thermodynamic
equilibrium. Usually such plasma can be described as an assem-
bly of “electron gas”, “ion gas” and “buffer gas” consisting of
electrons, ions, and neutral atoms and molecules, respectively.
Electrons are hot, so they can excite ions [63,64] or recombine
with them. For the ions and buffer gas the situation is similar
to drift tube experiments, where ions are under the influence
of the electric field cumulating kinetic energy, but buffer gas
atoms (He in our case) are cold. In our previous experiment with
similar conditions in a microwave discharge, we verified that
the buffer gas is at the wall temperature by measuring absorp-
tion of H2O during a discharge and an afterglow [54–56]. The
ions have kinetic energy EKinIon and corresponding TKinIon, this
temperature is coupled to Doppler broadening. The energy of
ion–He collision EColIon (and corresponding TColIon) is lower
than EKinIon because the He atoms are cold. This EColIon deter-
mines the internal (rotational in our case) excitation of the ions.
This is only a qualitative picture but one which points at a differ-
ence between EKinIon and EColIon (for further reading see papers
on drift tube experiments where many aspects of this problem
are discussed including the reasons for introducing TKinIon and
TColIon [65–68]). To understand the actual role of certain type
of collisions on the measured data we have to estimate the col-
lision frequencies under the conditions of our experiment. At
the partial pressures used in this experiment the frequency of
collisions of D2H+ ions can roughly be estimated as 2× 108 s−1

and 5× 105 s−1 for collisions with He and H2 (or D2), respec-

tively. The lifetime of D2H+ ions in a discharge is given by
recombination (diffusion can be neglected here) and this is (at
electron density ne ∼ 2× 1011 cm−3 and the recombination rate
coefficient ∼10−7 cm3 s−1) equal to ∼50 �s. From these esti-
mates it follows that D2H+ ions, before recombining, will have
few collisions with H2/D2 and thousands with He. Few colli-
sions with H2/D2 are enough to quench the vibrational excitation
but are probably not sufficient to equilibrate ortho and para
states. There are probably enough collisions with He to establish
equilibrium within the distinct ortho and para groups at a tem-
perature corresponding to collisional energy of collisions with
He, EColIon (characterised by TColIon). Further studies dealing
with relaxation, spin conservation and state-to-state reactions in
hydrogen/deuterium plasma are required (see e.g., discussion
in [18–23,40,44,46,47]); the present study is just a step toward
understanding these processes.

3.3. Measurements of ion number densities

Once transition frequencies for D2H+(v = 0) ions were estab-
lished, we used the strongest transition at 6534.377 cm−1 to
study the plasma. The measured variation of the absolute number
density of D2H+(v = 0) ions is plotted in Fig. 3. The calculation of
absolute number density was made under the assumption of ther-
mal equilibrium T = TKinIon = TRotIon = 220 K. The microwaves
were modulated, but nevertheless there was a time interval
(∼1.5–4 ms), where microwave power was constant and the ion
number density was nearly constant. This number density is the
one we consider as the ion number density in the discharge.

Considering quasineutrality and the dominance of the H3
+

ion, one can assume that the electron number density is equal to
the measured H3

+ ion density in H3
+ test measurements. As we

tried to keep the conditions used for H3
+ and D2H+ measure-

ments close to each other, we can assume that the electron density
derived from the H3

+ measurements is relevant to the D2H+

measurements, where the ratio between different isotopologues
is unknown. From the plots in Fig. 3 we can see that number
density of H3

+ and D2H+ are almost the same. This is surprising
if we realise that D2H+ ions represent only a fraction of ions in
deuterium containing discharge. The observations indicate that
an overall ion number density in deuterium containing gas at
otherwise identical conditions is higher. This can be partially
explained by a significantly different behaviour of the discharge
with and without the D2 admixture. The lower recombination
rate coefficients of deuterated ions in comparison with recombi-
nation rate coefficient of H3

+ could be the main reason for higher
charge particles densities. The error in rotational temperature
estimation could introduce a significant error to number density
too. An alternative explanation requires a significant overesti-
mation of the integral absorption coefficient of the D2H+ ortho
state transitions. We regard an error of this magnitude in the
theory as unlikely.

The measurements of D2H+ ion number densities were
repeated for different ratios of partial pressures of D2 and H2. In
Fig. 5 the D2H+(v = 0) ion number density in the plasma is plot-
ted as a function of relative number density of D2 in respect to the
overall number density of D2 and H2, indicated as D2/(D2 + H2).
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Fig. 5. Average population of D2H+(v = 0) as a function of D2 to (D2 + H2) rel-
ative number densities in He-Ar-H2-D2 plasma at 7 mbar and 110 W microwave
pulse. The measurement in pure D2 was not achievable because of an approxi-
mately 2% H2 content in the D2 gas bottle.

The relative population of D2H+ is in good agreement with the
model and the experimental data introduced by Farnik et al. [22].

4. Conclusions

The measurement of the transition frequencies was guided by
ab initio theoretical predictions, which proved to be extremely
accurate. Interpretation of the results also relies on the accuracy
of the theoretical intensity calculations. Given that there is much
less intensity data to compare with, and a residual discrepancy
with the intensity of one measured D2H+ transition [22], it may
be necessary to seek further experimental confirmation of the
calculated absolute intensities before they can be completely
relied on for interpretation of the experiments.

From a plasma point of view this measurement presents a
simple but very powerful plasma diagnostics tool applicable in
hydrogen/deuterium containing plasmas, e.g., in ion sources.
The obtained data can be used to characterise the excitation and
kinetic temperature of ions in a RF ion trap, using laser induced
ion molecular reactions (LIR) with cheap and compact DFB
laser.
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R. Soc. Lond. A (2006), submitted for publication.

[48] S. Schlemmer, O. Asvany, E. Hugo, Phil. Trans. Roy. Soc. Lond. A
(2006), submitted for publication.

[49] O.L. Polyansky, J. Tennyson, J. Chem. Phys. 110 (1999) 5056.
[50] T. Amano, T. Hirao, J. Mol. Spectrosc. 233 (2005) 7.
[51] H. Linnartz, D. Pfluger, O. Vaizert, P. Cias, P. Birza, D. Khoroshev, J.P.

Maier, J. Chem. Phys. 116 (2002) 924.
[52] D. Romanini, A.A. Kachanov, F. Stoeckel, Chem. Phys. Lett. 270 (1997)

538.
[53] J. Morville, D. Romanini, A.A. Kachanov, M. Chenevier, Appl. Phys B

78 (2004) 465.
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