
CHARLES UNIVERSITY IN PRAGUE 

FACULTY OF MATHEMATICS AND PHYSICS 

DEPARTMENT OF SURFACE AND PLASMA PHYSICS 

DOCTORAL THESIS 

The spectroscopic study of cold ions in plasma 
and ion trap 

PETR HLAVENKA 

supervisor: Prof. RNDr. Juraj Glosík, DrSc. 

branch: F-2 - Physics of Plasmas and Ionized Media 

Prague, Apríl 2007 



Jakubovi... 



Acknowledgements 

During my doctoral work I had an opportunity to meet many people and I 
enjoyed the time with them very much. l'd like to thank my supervisor, Prof. 
Juraj Glosík, for his very kind guidance and tolerant approach to my extra
work activities. I thank also to my closest coworkers Petr Macko and Gregor 
Bánó. With Peter I experienced the magical moment, when our long time 
prepared experiment started to work. The workaholic-like approach of Gregor 
was more than enough counterbalanced with his optimism. lt was a pleasure 
for me to work with him. 

l'd like to emphasis that without the cheerful atmosphere in our group and 
valuable help of my colleagues Radek Plašil, Ihor Korolov and Olda Novotný 
I wouldn 't be a such a contented person as I am. I am also very grateful to 
Ondřej Votava, who helped me to summarize the results of my work into this 
thesis. 

I thank also the Czech State for financial support through the Ministry of 
Education, Youth and Sports, GAČR and GAUK 278/2004 B-Fyz, and the 
European Union through the ETA network and the Marie Curie training pro
gramme. I also owe my gratitude to Prof. Dieter Gerlich, that he provided me 
the opportunity to work in his laboratory in TU Chemnitz. 

Především bych ale chtěl poděkovat mé ženě Zuzaně za podporu a pomoc po 
celou dobu mého studia. 



Contents 

List of Figures 

Nomenclature 

1 Introduction 

2 Experimental techniques 
2.1 Spectroscopy in plasma . . . . . . . . . . 

2.1. l Theoretical background of CRDS . 
2.1.1.1 Historical overview . 
2.1.1.2 Pulsed CRDS ..... . 
2.1.1.3 Cw-CRDS ....... . 

2.1.2 Time resolved CRD spectrometer . 
2.1.2.1 Laser sources and detector 
2.1.2.2 Optical resonator and injection . 
2.1.2.3 Data acquisition .. . 

2.1.3 Data analysis ............... . 
2.1.3.1 Time resolved CRDS ..... . 
2.1.3.2 CRDS with synchronous detection 

2.1.4 Wavelength calibration. 
2.1.4.1 FP etalon ............. . 
2.1.4.2 Wavemeter ............ . 

2.1.5 Test Tube apparatus and plasma generation . 
2.1.5.1 The discharge tube and gas handling manifold 
2.1.5.2 Plasma generation .. 

2.2 LIR using ion trap .......... . 
2.2.1 Storing ions in RF electric field 
2.2.2 Ion trap . . . . . . . . . . 

2.2.2.1 Ion source ... 
2.2.2.2 22-pole ion trap 
2.2.2.3 Detection . . . . 
2.2.2.4 Control of conditions 
2.2.2.5 Laser system . . 

iii 

vii 

ix 

1 

5 
5 
6 
6 
7 
8 

10 
11 
12 
14 
16 
16 
20 
20 
22 
22 
24 
24 
25 
27 
28 
29 
29 
30 
31 
32 
32 



CONTENTS 

3 Spectroscopic properties of Hj, H2D+ and D 2H+ 35 
3.1 Hj quantum numbers . . . . . . . . . . . . . . . . 35 
3.2 Labeling of Hj states . . . . . . . . . . . . . . . . 36 
3.3 H2D+ and D2H+ quantum numbers and labeling scheme . 37 
3.4 Intensity calculation . . . . . . . . . . . . . . . . . . . . . 37 

3.4.1 Energy levels and intensity calculation of Hj, H2D+ and D2H+ tran-
sitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 

4 Recombination of Hj ion 
4.1 Overview of Hj studies 

4.1.1 Hj spectroscopy 
4.1.2 Hj in ISM ... 
4.1.3 Enigmatic recombination of Hj . 

4.2 Hj recombination study . . . . . . 
4.2.1 Formation of Hj in plasma 
4.2.2 Spectrum measurement . . 
4.2.3 Hj DR measurement . . . . 

4.2.3.1 Experiment at 330 K 
4.2.3.2 Experiment at 100 K 

4.3 Comparison with recent results 
4.4 Conclusion . . . . . . . . . . . . . . . 

5 Spectroscopy of H2D+ and D 2H+ combination bands 
5.1 Introduction ...................... . 
5.2 D2H+ and H2D+ spectra measurements using CRDS 

5.2.1 D2H+ spectrum (CRDS) ..... . 
5.2.2 H2D+ spectrum (CRDS) . . . . .. 
5.2.3 Characterization of H2/D2 plasma 
5.2.4 Conclusion . . . . . . . . . . . 

5.3 Study of LIR of D2H+ using Ion trap . 
5.3.1 Laser induced reaction . . . 
5.3.2 LIR experiment and results 
5.3.3 Conclusions . . . . . . . . . 

6 Summary 

A List of publications 
A.I Publications in scientific journals 
A.2 Proceedings of conferences . 
A.3 Presentations . . . 
A.4 Other publications ..... 

B Recombination in presence of other ions 
B.1 Spectroscopic diagnostics . 
B.2 Langmuir probe diagnostics . . . 

iv 

45 
45 
45 
46 
47 
48 
50 
50 
54 
55 
58 
60 
63 

65 
65 
67 
68 
69 
69 
72 
74 
74 
78 
82 

85 

87 
87 
88 
91 
92 

93 
94 
95 



CONTENTS 

C Attached publications 97 
I. Decay of H! dominated low-temperature plasma . . . . . . . . . . . . . . . . . 97 
II. Afterglow studies of H!(v = O) recombination using time resolved cw-diode 

laser cavity ring-down spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 109 
III. The recombination of spectroscopically identified H!{v =O) ions with electronsll 7 
IV. Near infrared second overtone cw-cavity ringdown spectroscopy of D2H+ ions 127 
V. Near infrared second overtone cwcavity ringdown spectroscopy of H2D+ ions . 137 
VI. Action spectroscopy of H! and D2H+ using overtone excitation . . . . . . . . 151 

Bibliography 172 

v 



CONTENTS 

vi 



List of Figures 

2.1 The transmission function of a planar Fabry-Perot resonator for three dif-
ferent values of reftectivity of mirrors. . 9 

2.2 The time profile of the ringdown signal. . . . . . . . . . . . . . . . . . . . . 11 
2.3 The CRDS experimental set-up. . . . . . . . . . . . . . . . . . . . . . . . . 13 
2.4 The cross-section of the entrance side (left) and detector side (right) of the 

high finesse cavity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 
2.5 The schematics of the signal connections used for time-resolved CRDS ac-

quisition of absorption signal. . . . . . . . . . . . 15 
2.6 The timing schema of the TR-CRDS acquisition. . . . . . . . . . . . . . . . 16 
2. 7 Scheme of CRDS data acquisition. . . . . . . . . . . . . . . . . . . . . . . . 17 
2.8 Results of a computer simulations that verified the iterative data evaluation 

procedure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 
2.9 A scan of 3v2 +-O P(2,2) Ht line at 6877.546 cm-1 recorded by CRDS with 

synchronous detection. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 
2.10 The absorption spectra obtained by CRDS using synchronous detection. . . 21 
2.11 An example of a low-finesse FP etalon signal that was used for mode-hoop 

detection and relative wavelength calibration. . . . . . . . . . . . . . . . . . 23 
2.12 Schematics of the Michelson-type wavemeter constructed for absolute wave

length calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
2.13 Schematics of the Test Tube apparatus. . . . . . . . . . . . . . . . . . . . . 26 
2.14 The time dependence of the microwave signal and the spontaneous light 

intensity during the discharge and the afterglow period. . . . . . . . . . . . 27 
2.15 Comparison of effective potentials of RF fields of n-pole ion trap for different 

n . ................. . 
2.16 Apparatus for LIR study. . ... . 
2.17 Detail of the 22-pole RF ion trap. 
2.18 Pressure calibration. . ..... . 

29 
30 
31 
33 

4.1 Diagram of reactions proceeding in diffuse (left panel) and dense (right 
panel) interstellar clouds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 

4.2 Values of Hjrecombination rate coefficient measured by previous experi-
ments. . . . . . . . . . . . . . . . . . . . 49 

4.3 Model of Ht formation process. . . . . . 52 
4.4 Transitions observed in the present study. 53 

vii 



LIST OF FIGURES 

4.5 Absorption spectra of Hj(v =O) obtained in a continuous microwave dis-
charge. . ..................................... 53 

4.6 The evolution of the buffer gas temperature in afterglow as determined from 
the Doppler broadened H20 absorption line at 7243.012 cm-1. . . . . . . . 56 

4. 7 The O!e/ I measurement in afterglow plasma using Test Tube apparatus in 
waveguide configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 

4.8 The comparison of different algorithms of fitting the RD decays in the time
resolved CRDS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 

4.9 Example of the measured Hj density decay and kinetic temperature evolu-
tion during the afterglow as determined from the width of the Hj absorption 
line (31.12 - O) R(I,0) at 7241.260 cm-1. . . . . . . . . . . . . . . . . . . . 58 

4.10 Left panel: temporal evolution of Hj number density in a recombination 
driven afterglow plasma. Right panel: I/ [Hj) vs. decay time t of the same 
dataset. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 

4.11 Log-log plots of decay curves as obtained in three different experiments 
AISA, FALP and Test Tube with CRDS (300 K and 100 K). . . . . . . . . 60 

4.12 Measured effective recombination rate coefficients of Hj a~Jí as obtained 
in AISA experiments and af11DS measured by CRDS using the Test Tube 
apparatus at 300 K and 100 K. . . . . . . . . . . . . . . . . . . . . . . . . . 61 

4.13 Recombination rate coefficients (ae11) of Hj measured with the FALP-VT 
apparatus in a decaying plasma as a function of H2 partial pressure. 61 

5.1 Energy levels of Hj and its izotopomers. . . . . . . . . . . . . . . . 68 
5.2 Absorption spectra of DzH+ ( v1 + 2v3 - O) combination band measured 

by. NIR-CRDS in modulated microwave discharge. . . . . . . . . . . . . . . 69 
5.3 Absorption spectra of H2D+ (2v2 + v3 - O) measured by NIR-CRDS in 

modulated microwave discharge. . . . . . . . . . . . . . . . . . . . . . . . . 70 
5.4 The evolution of H2D+ and D2H+ kinetic temperature during the active 

discharge as derived from Doppler broadening of several absorption lines. . 71 
5.5 The measurement of time variation of absorption corresponding to different 

H2D+ absorption lines, plotted are also data for one D2H+ line. . . . . . . 71 
5.6 Re lati ve population of H2D+ (v = O) and D2H+ (v = O) during the discharge 

as a function of D2 relative number density. . . . . . . . . . . . . . . . . . . 73 
5.7 Total ortho/para H2D+(triangles) and D2H+(circles) ion concentrations 

as a function of relative D2 concentration, reprinted for comparison from 
(Fárník et al., 2002). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 

5.8 The cartoon-like visualization of the endothermicity of the D2H+ reaction 
with H2 (equation (5.2)). . . . . . . . . . . . . . . . . . . . . . . . . . . 75 

5.9 The test of the pulsed Ar beam at 14 K. . . . . . . . . . . . . . . . . . . . 80 
5.10 Composition of trapped ions at 56 ms from the injection of D2H+ ions. 81 
5.11 Absorption spectra of the ground state D2H+ ions corresponding to ( v1 + 

2v3 - O) lu - Ooo transition. . . . . . . . . . . . . . . . . . . . . . . . . . 82 

viii 



Nomenclature 

Conversion of non-standard units 

1 cm-1 ~ 29.979 x 109 Hz 

1 eV ~ 8065.38 cm-1 ~ 1.602 x 10-19 J 

1 mbar = 100 Pa 

1 sccm ~ 1.667 x 10-3 Pa m3s-1 

Acronyms 

AISA Advanced stationary afterglow 

AS Action spectroscopy 

CRD Cavity ringdown 

CRDS Cavity ringdown spectroscopy 

CRR Collision radiative recombination 

cw-CRDS Continuous-wave cavity ringdown spectroscopy 

DR Dissociative recombination 

FALP Flowing afterglow Langmuir probe 

FWHM Full width at half maximum 

GIA General iterative algorithm used for best fit of ringdowns 

ISM Interstellar media 

LIR Laser induced reaction 

LP Langmuir probe 

ppm Particle per million 

FSR Free spectral range 

ix 



LIST OF FIGURES 

RD Ringdown 

RF Radio frequency 

SA Stationary afterglow 

TR-CRDS Time-resolved cavity ringdown spectroscopy 

TT Test Tube 

X 



Chapter 1 

Introduction 

In this thesis the author presents the results of his research carried out during his almost 
four year doctoral study. This work is dedicated to study of the Ht ion and his deuterated 
analogues H2D+ and D2H+. These ions play an important role in the chemistry of in
terstellar medium (ISM). Moreover, as those are the simplest polyatomic molecules, they 
represent ideal benchmark targets for high accuracy quantum mechanical calculations. 

The first part of the thesis is devoted to the investigation of the dissociative recombi
nation process of Ht ion with electron (the works [I-III]). This seemingly simple reaction 
awoke lots of controversy in last decades, both in the field of experimental and theoreti
cal research. At the time the author started doctoral studies the process of dissociative 
recombination of Ht was far from understood. However, it had been recognized at that 
time that the interna! state of the ion may significantly influence the reaction kinetic. The 
aim of the first part of the thesis therefore is to complete the missing pieces of information 
about the interna! states of those ions recombining in an afterglow plasma and to validate 
the correctness of the recombination rate coefficients obtained in our previous measure
ments that were based on the measurement of electron density in afterglow plasma. A 
new experimental apparatus has been developed for this project that relies on the laser 
absorption spectroscopy detection technique. Methods of high resolution absorption spec
troscopy provide direct and quantitative measurements of in situ concentrations of the 
species. In addition individua! quantum states (rotational and possibly vibrational) can 
be probed via spectroscopy and thus the state-specific kinetics can be followed. 

Second part of the thesis is focused on the reaction dynamics investigation of the 
simplest polyatomic ions - Ht, H2D+ and D2H+. One of the suitable experimental tools 
applicable to ion-molecule reaction investigation is the Laser induced reaction technique 
(LIR). This technique combines the ion trap technology with laser based spectroscopic 
tools and allows direct investigation of the state-to-state reaction kinetics. However, LIR 
technique has not been used for such reaction studies under ISM relevant temperatures, i.e. 
below 20 K. The aim of the presented research was to test, whether the chosen technique 
can be applied to study the reaction dynamics of these ions. My contribution to this topic 
is comprised from two loosely bound parts. The first part, covered in [IV, V], is focused 
on the search for suitable spectral transitions, which can be in later experiments used to 
spectroscopically monitor the lowest ortho and para states of H2D+ and D2H+. ln this 
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1. INTRODUCTION 

experiment, ions were produced in plasma and an ultra sensitive absorption technique, 
cavity ringdown spectrometry (CRDS), was used for the spectroscopic survey. The CRD 
spectrometer has been originally developed for the H! recombination measurements. After 
finishing the spectroscopic survey of H2D+ and D2H+ ions, we investigated the efficiency 
of D2H+ ion cooling when trapped in a 22-pole RF ion trap, surrounded by a cold buffer 
gas. This measurement, published in [VI], served as a proof-of-concept experiment to 
determine, whether the LIR method can be applied to state-selective monitoring of the 
ions at ISM relevant conditions. 

The rest of the thesis is organized in following way: Chapter 2 covers the description 
of experimental techniques and data analysis procedures that were developed or used 
in the presented experiments. The experimental research relied heavily on two different 
experimental apparatuses. A high sensitivity time resolved CRD spectrometer has been 
used for spectroscopic studies of ions in microwave discharge and afterglow in the works 
(I-V], as summarized in chapters 4 and 5, whereas the last experiment described in chapter 
5.5 and [VIJ relied on the LIR monitoring of D2H+ ions stored in a low temperature 22-
pole RF ion trap. A huge part of both experimental apparatuses has been upgraded or 
even developed from scratch during the author's doctoral studies. Therefore, a detailed 
description of the instrumentation is given in this chapter. 

Chapter 3 summarizes the spectroscopic properties of the ions Ht, H2D+ and D2H+. 
The structural simplicity of these molecules is, especially in the case of Ht ion, contrasted 
by the variety of surprising details of molecular properties and reaction dynamics. An 
overview of molecular symmetry, good and approximate quantum numbers and selection 
rules, is given in this chapter. The spectroscopic experiments were guided by the available 
line lists from the "ab-initio" calculation of J. Tennyson's group. The predictions of the 
line intensities based on this line lists are given in this chapter, together with a basic 
theoretical background necessary for these calculations. 

Chapter 4 first briefly summarizes the motivation and the status of the Ht disso
ciative recombination studies. Then, the experimental details and results of the present 
Ht recombination study are given. In this study, the Ht density evolution in afterglow 
plasma was monitored by the means of laser absorption spectroscopy to add missing pieces 
of information to the previous Langmuir probe recombination measurements of our group. 
Finally, a summary of the recent advances in the field is given and the implications of our 
recent results are discussed. 

Chapter 5 contains a short overview of the observations of H2D+ and D2H+ both in 
the laboratory and in the interstellar medium with a short introduction into the deuterium 
fractionation processes. The first part of the chapter is dedicated to the measurement 
of absorption lines that are appropriate for the LIR measurements at low temperatures. 
Second part of the chapter describes the principle of LIR method, the experimental details 
and the results of the LIR measurements of cooling efficiency of D2H+ ions stored in a 
22-pole trap. 

In the following text some non-SI units are used to allow comparison of presented 
results and experimental conditions with cited literature. In the field of spectroscopy cm-1 

are preferred units for both wavenumber and frequency. Even energetic levels of atoms 
and molecules are preferably denoted in cm-1 , where this unit is used in the meaning of 
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energy. For the number density and reaction rate constants, the preferred units are based 
on cm-3 instead of cubic meters. The conversion rules from the non-SI to standard SI 
units are given in the nomenclature section. 
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Chapter 2 

Experimental techniques 

The presented research work relied heavily on our unique experimental apparatus. A 
huge part of the apparatus has been upgraded or even developed from scratch during 
the author's doctoral studies. Therefore, a detailed description of the used experimental 
instrumentation is given in this chapter. Two different setups have been used during 
the experimental study: the Cavity ringdown spectrometer {CRDS) used for probing of 
afterglow plasma produced in Test Tube appamtus (TT), and the Laser induced reaction 
(LIR) experiment in the ion trap. The only common feature is the use of the laser probing 
but both the ion generation and the detection technique are different between the two 
experiments. 

The work described in chapters 4 and 5 utilizes an experimental setup based on ion 
production in stationary afterglow plasma and their detection via high-resolution laser 
spectroscopy. The laser spectrometer used in this work has a unique capability of time 
resolved measurement and has been for a large part developed during the course of this 
work. Hence, significant level of detail will be provided on this part of the experiment de
scription in sections 2.1.1to2.1.3, including a brief overview of the theoretical background 
necessary for understanding this part of the experiment. 

Chapter 5.3 of this thesis in contrast represents a very different experimental approach 
to the spectroscopy of ions. Here the ions are produced and stored in a 22-pole RF ion 
trap with cryogenic cooling that is capable to cool the ions down to < 15 K. The ion 
concentrations in the trap are however too low for the CRDS detection and therefore the 
LIR technique has been applied in this case. The description of the apparatus and the 
scheme of LIR detection are given in section 2.2 of this chapter. 

2.1 Spectroscopy in plasma 

The primary experimental method in the presented work was the laser absorption spec
troscopy. Most of the work has been undertaken using Cavity ringdown spectroscopy 
(CRDS), which is currently one of the most sensitive spectroscopic methods. The CRD 
spectrometers were not commercially available for a general-purpose use at the time the 
project was started. Therefore, a high sensitivity CRD spectrometer has been developed 
in our laboratory specifically for the needs of the experiment described in chapter 4 and 
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2. EXPERIMENTAL TECHNIQUES 

in the works [I - III). The character of the afterglow experiment demanded a time resolved 
diagnostics with µs time resolution. As this is not easily achievable with conventional 
CRDS, a lot of development has been done on both the data acquisition side and the 
data processing algorithms; a detailed description of the time resolved CRD spectrometer 
(TR-CRDS) is given below. 

During the H2D+and D2H+survey described in chapter 5 and in the works [IV, V], 
where a conventional scheme of the spectrum acquisition could have been used, TR-CRDS 
was found to increase the spectrometer sensitivity by applying a concentration-variation 
synchronous detection. The TR-CRDS has been found also useful for absorption line 
identification during the H30+overtone survey (Hlavenka et al., 2006). 

2.1.1 Theoretical background of CRDS 

2.1.1.l Historical overview 

Laser absorption spectroscopy is a well established experimental technique in the field of 
molecular and plasma physics. In the field of plasma physics, spectroscopic techniques 
are very valuable diagnostic tools. Unlike other plasma diagnostic methods such as Lang
muir probes or microwave diagnostic, where only macroscopic properties of the plasma as 
a whole are determined, the laser spectroscopy allows to determine properties of specific 
molecules even, resolving their specific interna! states. From the absorption spectra, where 
the absorption lines are identified and the absorption coefficients are known, one can de
termine the concentration of species of interest, as well as their kinetic energy and interna! 
energy distributions. From these distributions, the kinetic and rotational temperatures 
can be derived under an assumption of some sort of thermodynamic equilibrium. 

This powerful diagnostic technique has evolved rapidly since the discovery of lasers in 
1960, increasing both the sensitivity and available spectral coverage. The development 
of Cavity Ringdown Spectroscopy (CRDS) by O'Keefe (O'Keefe & Deacon, 1988) in the 
mid-1980' represented a break-through in the fight for higher sensitivities - an increase of 
several orders of magnitude compared to standard direct absorption technique, yet yield
ing the absolute absorption coefficients. It can be thus used for quantitative measurements 
of concentrations of the absorbing species. This new approach allowed absorption mea
surements with sensitivities better than one part in a million (ppm) of incident laser beam 
attenuation. The technique could be therefore easily used to measure quantitatively trace 
concentrations in air, electrical plasmas, and even within solid materials. 

This breakthrough work was build upon two earlier schemes (Anderson et al., 1984; 
Herbelin et al., 1980), where the authors used a very similar setup to measure the reflec
tivity of dielectrically coated mirrors with the help of a high finesse optical cavity, yet 
they didn't recognize its potential for spectroscopic applications. In this scheme, light is 
injected into the cavity. The light trapped inside the resonator is reflected many times 
between the end mirrors. A fraction of the light is leaking out through the mirrors and 
can be detected by a photo detector behind the exit mirror. From the observed decay 
curve (termed ringdown, RD), the reflectivity of the mfrrors can be easily determined. 
O'Keefe and coworkers realized that the observed ringdown time depends not only on the 
mirror reflectivity but also is a very sensitive measure of the absorption of radiation inside 
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2.1 Spectroscopy in plasma 

the resonator, and therefore this technique can be used for high sensitivity absorption 
detection. 

2.1.1.2 Pulsed CRDS 

While the idea is rather simple, several conceptual problems must be addressed in a 
practical implementation. First, the input coupler mirror reflects most of the incoming 
light back, and thus only very small fraction is actually injected into the resonator, and 
second, the observed transmission of the resonator is severely affected by the interference 
of the light circulating in the resonator. The detected output intensity can therefore 
vary by several orders of magnitude depending on the input light wavelength and mirror 
separation. 

The first CRDS setup developed by O'Keefe & Deacon (1988) suppressed those fun
damental problems by using a short high intensity laser pulse with the duration shorter 
than the round trip time in the resonator. This eliminates the interference problems and 
at the same time, the intense laser pulse is capable to inject enough light energy into 
the resonator directly through the first mirror. There is no need to match the resonance 
frequency of the cavity to the frequency of the feeding beam. 

In a typical experiment, a laser pulse with spectral intensity !(v) and duration shorter 
than the round trip duration tr = 2d/c (c is the speed of light) is coupled into an optical 
cavity composed of two spherical mirrors in non-confocal configuration. While most of the 
light intensity is reflected by the first mirror with typical reflectivity R,..., 0.999 to 0.9999 
a small fraction is coupled into the cavity. This injected light pulse is then reflected many 
times between the cavity mirrors. After each round trip, a small fraction is transmitted 
through the back mirror and can be detected by a photo detector. The small leakage 
decreases the intra-cavity intensity at every round trip by factor R2 . There is an additional 
loss if there is an absorbing medium inside the cavity. After n round trips the intensity 
drops to 

In(v) = Io(v)R(v)2ne-2nA(v)' (2.1) 

where A(v) is the absorbance (relative loss of light intensity on one pass through an 
absorbing media). The absorbance can be expressed as 

A(v) = ~ u;(v) foL N;(x)dx, 
J 

(2.2) 

where the summation is over all absorbing species with the frequency-dependent absorp
tion cross-section u; multiplied by number density integrated along the beam path. By 
substituting the number of roundtrips by elapsed time t = trn = 2dn/ c we get 

Iv(t) = lv(t = O)e-t~(lnR(v)-A(v)) (2.3) 

and finally 
t = lv(t = O)e -:;z.;y 

d r(v) - (2.4) 
c [ln R(v) - A(v)J 
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2. EXPERIMENTAL TECHNIQUES 

For an empty cavity a typical value of the 1/e decay time is 1 - 15 µs and the value 
is determined only by the reflectivity of the cavity mirrors. As the reftectivity varies very 
slowly with frequency compared to fast varying A(v), we can divide the right side of 
equation (2.4) to a fast varying and a slow varying term 

1 1 c 
-( ) = - + -dA(v). 
TI/ To 

(2.5} 

The slow varying term 1/ro can be though of a baseline. In a CRDS experiment, the 
ringdown time T is measured as a function of laser frequency v. An absorption spectrum 
is obtained by plotting the cavity loss d/cr as a function of the laser frequency v. The 
background of the spectrum ís given by 1/ro = cln(R)/d. The absolute "per-pass" ab
sorption is obtained by subtracting the empty cavity loss from the on-absorption cavity 
loss without introducing any calibration coefficient. 

This rather simple design of pulsed laser CRDS setup together with its sensitivity 
reaching up to 1x10-8 cm-1 caused a fast adoption of the technique. An exhaustive 
summary of CRDS experiments up to year 2000 is given in a review written by Berden 
et al. (2000). Several other CRDS approaches utilizing a pulsed laser have been developed. 
As the overview of pulsed CRDS is not the aim of this work, their princi ples and advantages 
will not be discussed here. For more detailed overview of the pulsed laser CRDS see for 
example (Berden et al., 2000), Fourier-transform CRDS is discussed by Engeln & Meijer 
(1996) and the princi ples of Ringdown spectral photography are described in (Scherer, 
1998). A promising implementation that utilizes a femtosecond laser, in which a broad
bandwidth optical frequency comb is coherently coupled to an optical cavity, has been 
developed recently (Thorpe et al., 2006). 

2.1.1.3 Cw-CRDS 

The simplicity of the pulsed-CRDS design is counterbalanced by the limits inherited from 
the use of pulsed lasers. The main hold back of pulsed lasers - their shot-to-shot power 
variation that limited the adoption of pulsed lasers in absorption spectroscopy - has been 
overcome by CRDS, where only relative intensity change during the decay matters. How
ever, pulsed lasers with a typical broad bandwidth can't be used for Doppler-limited or 
even sub-Doppler high-resolution spectroscopy. Cw lasers such as diode lasers with narrow 
bandwidth from 1 MHz down to 1 kHz or lower are well established in the High-resolution 
spectroscopy field and their low fluctuation in frequency and intensity can potentially 
provide higher sensitivity. Last but not least the cw-diode lasers are affordable and low 
maintenance. Thus, a CRDS scheme working with narrow-band low-intensity cw-laser 
source was desired. However, there are several limitations that constrain the use of cw 
lasers in the pulsed CRDS scheme: Firstly the low laser intensity would lead to extremely 
low intensity of trapped light, and secondly, the interference effects can not be ignored 
any more. Jt turned out, that the solution how to get around the problems lied in the 
exploitation of the interference effects to our advantage, i.e. control the coupling between 
the laser and cavity modes. 

The first cw-CRDS setup was introduced in 1997 by the group of D. Romanini (Ro
manini et al., 1997a). The biggest principal difference between pulsed and cw-CRDS is 
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the injection of light into the optical cavity. As the incoming laser beam has low power, 
usually from 10 mW down to 10 µW, only a resonant buildup of intensity can inject 
enough power into the cavity through a typically > 0.999 reflective mirror. A very simple 
cartoon-like description of the resonant buildup in an ideal planar Fabry-Perot resonator 
will be given here. For a deeper understanding, refer to the original work of Lehmann and 
Romanini (Lehmann & Romanini, 1996) and a detailed study in (Morville, 2001). The 
solution of the resonant buildup for an ideal planar Fabry-Perot (FP) resonator, derived 
in many textbooks, i.e. (Saleh & Teich, 1991), has the form 

I - L (1 - R)2 ( ) 
- o(l-R)2+4·R·sin2(2~d)' 2.6 

where I is the steady state transmission through the resonator. In figure 2.1 I is plotted 
for different values of reflectivity R. 

I.O 
..9 :::. 
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.5 

l! 
0.5 
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o.o +---"""4~------~----1 

2 
Change of minor spacing in units of PI 

Figure 2.1: The transmission function of a planar Fabry-Perot resonator for three different 
values of reflectivity of mirrors. Picture reprinted from (Saleh & Teich, 1991). 

One can see that for certain resonator lengths ( or for certain wavelengths if the res
onator length is kept constant) the transmittance function equals unity. The standing 
waves that fulfill the equation d = n · ~ are called modes of resonator. The frequency 
spacing between neighboring modes ÓVFSR = c/2d is called free spectral range (FSR). The 
finesse of an optical resonator is defined as F = FSR/ 6.v1; 2 , v1; 2 is the transmition peak's 
full width at half maximum, and the form 

c . ./R . 27r . d 'Ir.JR 
F = 2d · c · (1 - R) = 1 - R 

(2.7) 

can be derived. The doser is the reflectivity to unity the higher finesse of the cavity is to 
be expected. 

The important point in respect to the light injection is the fact, that for resonant 
condition, the transmittance of the resonator equals unity regardless of the reflectivity 
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2. EXPERIMENTAL TECHNIQUES 

of the mirrors; the resonator behaves as if the first mirror was transparent and the laser 
beam is easily coupled into the resonator. In order to fulfi.11 this resonant condition, the 
length of the cavity must be actively stabilized to the laser frequency or vice versa. To 
achieve active stabilization of a resonator with finesse 10 000 we would need to reduce the 
resonator length fluctuation to the order of picometers and the laser frequency stability 
better than 20 kHz. This is not easy to achieve, although several CRDS setups with active 
locking have been reported, e.g. the work of Halonen group (Martínez et al., 2006). In 
the approach proposed by Romanini (Romanini et al., 1997a) and used in our setup the 
need to stabilize cavity length has been overcame. Instead of keeping the resonant length 
all the time, the cavity length is swept over a distance greater than the wavelength of the 
light. This ensures that the cavity gets into resonance at least twice per sweeping period. 

In the previous paragraph, a planar resonator has been used for demonstrating the 
basic principie. However, for finite dimensions of mirrors and real laser beam divergence, 
the planar configuration is not stable. Therefore, CRDS cavity is composed of spherical 
mirrors. Such optical cavity, in stable configuration fulfilling the condition 

d o ::::; 91 . 92 ::::; 1, 9i = 1 - -
ri 

(2.8) 

is, due to its imaging characteristics less sensitive to divergence. The d here stands for 
the distance betweens spherical mirrors and ri is the radius of curvature of each mirror. 
However, with the use of resonator with spherical mirrors the description of cavity eigen
modes gets complicated. The solution of Maxwell equations for such boundary condition 
leads to Gauss-Hermite standing waves, with longitudinal modes that are a generalization 
of planar modes of planar FP, and transversal modes, usually called higher modes. The 
higher modes are labeled TEMmn, where m and n are the numbers of higher modes. The 
fundamental longitudinal mode is thus labeled TEMoo. A very exhaustive description of 
the modes of spherical resonator can be found in (Yariv, 1989) and the reader is asked to 
refer to this book. The derivation of cavity transmission in the equation (2.6) is, however, 
valid only for a stationary ca.se, where the resonator is in resonance with the incident light 
for infinite time. A rigorous time dependent derivation of the rapid resonant build-up can 
be found in (Lehmann & Romanini, 1996; Morville, 2001). A study on how the phase 
stability influences the injection can be found in (Morville et al., 2002). 

2.1.2 Time resolved CRD spectrometer 

The cavity ringdown spectrometer (CRDS) has been primarily developed for the purpose 
of Ht ion detection in recombination rate measurement, described in chapter 4. The 
experiment required a laser absorption spectrometer with the sensitivity a.s high a.s possible 
and with the ability to measure fast absorption changes. Therefore, it was necessary to 
extend the cw-CRDS with the ability of time resolved measurement - a time resolved 
CRDS (TR-CRDS). Although iťs mechanical construction doesn't differ much from the 
common cw-CRDS design suggested by (Morville, 2001; Romanini et al., 1997b), our 
development on the data acquisition and the data analysis side of the experiment makes 
our spectrometer rather unique and therefore the technical aspect of the CRDS setup is 
described in more detail. 
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Figure 2.2: The time profile of the ringdown signal. Notice the rapid intensity buildup 
once the resonant conditions occur. The threshold levels for indicating the feeding beam 
interruption and start of data acquisition are marked. 

Following sections describe the laser sources and detectors, optical setup and data ac
quisition with data analysis. The signal flows, synchronization and timing is described 
in more detail, as they are the core technologies that allow the time-resolved regime of 
the CRDS. The algorithm used to reconstruct the time profile of rapid evolving concen
tration, is described in section 2.1.3, together with the discussion of its limitation and 
the comparison to other state-of-the-art approaches found in recent publications. The 
TR-CRDS can be employed in a synchronous mod ulation scheme to further increase the 
detection sensitivity. In the H2D+and D2H+experiments in chapter 5, concentration mod
ulation technique in a pulsed discharge has been employed. The details of the developed 
technique are discussed in the following section 2.1.3.2. 

2.1.2.1 Laser sources and detector 

Two types of cw diode lasers have been utilized in the described experiments. The overview 
of diode lasers available in our laboratory is given in tahle 2.1. The Hfrecombination 
experiment described in chapter 4 utilized an external grating-stabilized diode laser from 
Sacher Lasertechnik as the source of 3 m W of laser power. Two laser heads with external 
resonator in Littman/Metcalf configuration cover the 1370 - 1395 nm and 1415 - 1480 nm 
range. The Littman/Metcalf configuration offers large mode-hop free tuning range with 
narrow line width < 300 kHz and excellent side mode suppression > 50 dB. The largest 
practically observed mode-hop free tuning range was however not larger than 30 GHz. Fine 
tuning is implemented by tilting the feedback mirror by piezo actuator, coarse tuning is 
done by tilting the mirror by a microscrew. The scans are done by changing the piezo 
voltage stepwise by a signal from a D /A converter on a lab computer interface card. The 
laser heads are driven by a Sacher Lasertechnik MLDlOOO current source. 

The second type of diode lasers employed in the presented experiments is the fiber 
pigtailed distributed feedback (DFB} laser with typical output power going up to 20 mW. 
The spectral characteristics of 4 available laser diodes are given in the tahle 2.1. DFB 
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diodes provide a mode-hop-free tuning characteristics over the whole tuning range with 
typical linewidth ,..., 1 MHz. The coarse frequency tuning can be done by changing the 
diode temperature; fast and finer tuning could be done using laser current modulation. 
The butterfly package contains a laser diode with integrated distributed feedback grating, 
a Peltier element for temperature control with a feedback thermistor and a low efficient 
optical isolator. A Thorlabs ITC502 controller is used as a laser current source and 
temperature controller. The controller can be fully operated remotely from a computer 
via a GPIB interface. The fiber ends with angled FC-APC fiber connector in order to 
suppress the etaloning effect of backward reflections at fiber end. 

The light signal behind the exit mirror of the CRDS cavity is detected by an InGaAs 
avalanche photodiode C30644E. A bias voltage -45 V is applied. The light is focused by 
a lens to its active area with 50 µm diameter. A transimpedance preamplification circuit 
has been used for preamplification of the signal. The preamplifier has been optimized for 
god performance up to 5 MHz. 

Manufacturer Name Type R.ange 

Triquint D2547P38 DFB 6452.0 - 6477.1 
Lucent D2525P60 DFB 6525.0 - 6550. 7 
Mitsubishi FU-68PDF-V250M33B DFB 6485.2 - 6510.5 
Sacher laser TEC500 SAL-1450-05 Ext. grating 6756.8 - 6849.3 
Sacher laser TEC500 SAL-1380-05 Ext. grating 7142.9 - 7380.1 

Table 2.1: Lasers used in experiments. Two types of diode lasers have been used, distrib
uted feedback (DFB) lasers in butterfly package connected to a fiber and external grating 
lasers in Littman configuration. 

2.1.2.2 Optical resonator and injection 

The schematic of the optical setup is presented in figure 2.3. The light from laser first 
passes through an optical isolator. This element eliminates the beam reflected back from 
the first mirror of the optical cavity and suppresses the positive feedback of this parasitic 
resonator in laser diode. A glass beam splitter splits away -8 % fraction of beam intensity 
to the wavemeter and Fabry-Perot etalon (FP) for laser frequency calibration. The beam 
then passes through an acoustooptic modulator (AOM) that is used for interrupting the 
feeding beam when threshold intensity at the detector is reached. 

To make the resonant build-up efficient, the transverse intensity profile of the laser light 
leaking out of the cavity should match the intensity profile of the incident beam reflected 
back at the first mirror. If the incident beam matches the fundamental TEMoo mode 
of the cavity, the fundamental mode is preferably excited and higher transverse modes 
are suppressed. The procedure of adjusting the incoming beam parameters to match the 
desired mode of the resonator is referred to as mode matching. The mode matching can be 
described as a transformation of available laser beam parameters, so that the half width 
at the beam waist w0 and at the position of mirror Wm are equal to the parameters of 
the fundamental Gauss-Hermite mode of the cavity. In the works [I-III, VII] an external 
grating diode laser was used. The free beam profile of such laser is not properly Gaussian. 
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2.1 Spectroscopy in plasma 

Figure 2.3: The CRDS experimental set-up: optical isolator avoids reinjection of the 
refiected beam into the laser diode; beam-splitter; Fabry-Perot interferometer, used to 
monitor the frequency shift during the measurements; acousto-optical modulator; InGaAs 
photodiode; avalanche InGaAs photodiode; dielectric mirrors 

Therefore, a spatial filter was used to correct the beam profile before entering into the 
mode-matching optics. A spatial filter is formed by a focusing lens and a precision pinhole. 
For details on the spatial filter design please refer to (Yariv, 1989) or (Newport, 1994) . 
On the other hand, in the works [IV-VIJ, a fiber pigtailed DFB laser with a satisfactory 
Gaussian profile has been used. The optical fiber in fact acts as a good spatial filter by 
itself. Therefore, no additional filtering is necessary. On the other hand, the beam after 
the collimator has a low divergence and mode matching with one lens is theoretically 
possible, but would be problematic. Therefore, two lenses are being used. 

The laser beam with proper spatial characteristics then enters the hígh finesse cavity 
composed of two high refiectivity mirrors. For the details on the refiectivity values of 
used mirrors, refer to the experimental section of each article. The mirrors are mounted 
inside the vacuum chamber on tilt stages that allow fine position adjustment, see the detail 
scheme in figure 2.4. To fulfill the resonant condition one of the cavity mirrors is placed 
on a piezoelectric transducer. Thís way periodical resonance matching can be achieved 
by sweepíng the length of resonator. Higher resonance repetítion rate is reached utilizing 
resonance tracking mechanism - a halfway approach to a stabílízed cavity. Instead of 
moving the piezo over the full FSR of resonator, a much smaller piezo sweep is used, wíth 
the sweep center at the resonant length. An electronic circuit adjusts the resonant position 
to the center of modulation by applying an offset voltage to the piezo. This way up to 200 
RD events per second can be acquired. When the intensity of the trapped light reaches 
a given threshold, the feeding laser beam is interrupted, see figure 2.2. The subsequent 
exponential decay obeys the equations (2.1) - (2.5) in the same way as in the pulsed-CRDS 
case. The RD decay is monitored by a fast photo detector behind the second mirror, and 
from the digitized decay curve the characteristic decay time T is determined . 

Hodges (Hodges et al., 1996) and Zee (van Zee et al., 1999) showed that the best 
sensitivity of CRDS can be achieved only if only one mode, preferably the fundamental 
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Figure 2.4: The cross-section of the entrance side (left) and detector side (right) of the 
high finesse cavity. The mirrors are mounted on a tilt stage ( 4) inside the vacuum chamber. 
The left mirror (1) is mounted on the piezo-transducer (2) that allows a periodical sweep 
of the cavity length and ensures the resonance matching. The angle between entrance 
windows and cavity axis deviates from the right angle to suppress parasitic reflections on 
the windows. 

TEMoo, is excited. This is hard to achieve with broadband-pulsed lasers. With diode 
lasers on the other hand, the narrow bandwidth of typical < 1 MHz is small compared 
to the spacing of the cavity modes. Using prop r mode mat hing optics he TEMoo can 
be selectively excited. This leads also to better inj tion efficíency and lower noise due to 
truly single exponential RD decay. For th detailed description of m de matching refer to 
(Marcuse, 1972). 

It is worth to mention that also other approaches to combine CRDS principie with 
narrow band cw laser sources exist, e.g Phase- hift cavity ringdown (PS-CRDS) (Eng ln 
& Meijer, 1996) and (van Helden et al., 2004) or NICE-OHMS method (Ye et al., 99 ). 
The former doesn't follow the ringdown schema. Instead, a delay induced by a round trip 
of the beam in the cavity is detected as a phase shift of intensity modulated feeding beam, 
detected after second mirror. 

2.1.2.3 Data acquisition 

The data acquisition system has been developed from the very beginning to be able to work 
in time resolved regime. Such mode of operation is necessary if on wants to us this diag
nostic technique for reaction kinetics measurements as th case with the Htrecombination 
measurement in [I-III]. The functionality is provided by combination f time-aware data 
acquisition together with advanced analysis aigorithm u ed for th recon truction of th 
absorption evolution in time. The data analysis is described in section 2.1.3. 

In the case of a pulsed-CRDS, the time resolved measurements are usually implemented 
as a typical pump-probe experiment. The delay between plasma pulse and laser pulse is 
controlled by an external timing. The delay is tepwise xtended on every plasma shot; 
after certain amount of cycles the absorption information is acquired for any time in the 
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2.1 Spectroscopy in plasma 

plasma period. This scheme is, however, not applicable to cw-CRDS. Here, the RD events 
occur accidentally, with no chance for external synchronization. But still, after enough 
plasma cycles, randomly distributed RDs cover the whole time range homogeneously. If 
we record the time delay towards the beginning of the plasma discharge pulse ( rising edge 
of the signal) for each RD, together with the exponential decay signal, we can reconstruct 
the absorption signal at any time in the discharge cycle. 

ln our implementation, the detector signal is sampled by a 2 MHz A/D card plugged 
to a PCI bus of a dedicated computer. The RD events are not detected directly by the 
computer. Instead, an electronic circuit is dedicated for threshold detection, switching 
off the incident laser beam and signaling the start and the end of a RD event to the 
computer. The RD event signaling is routed to the computer as a digital waveform, 
sampled simultaneously with the RD signal. The schema of signal connections is indicated 
in figure 2.5. In the pulsed regime, plasma is generated by a microwave pulse. The timing 
of the plasma pulse is controlled by a pulse generator. The microwave control signal is 
also routed to the data acquisition card in a form of a digital waveform that is sampled 
simultaneously with the RD signal. So, three signals are sampled simultaneously and 
continuously: the RD signal, the RD acquisition signalization and the microwave pulse 
control signal. The time sequence is depicted in figure 2.6. No hardware triggering is 
employed, the signals are sampled continuously using a double-buffered DMA transfer. 

~---------LaserON/OFF 

'--------------Wawetength 

Figure 2.5: The schematics of the signal connections used for time-resolved CRDS ac
quisition of absorption signal. For each RD event its waveform and the delay from the 
synchronization pulse of magnetron is recorded. Tracking and RD triggering circuits are 
not correlated to the plasma pulses. 

The data acquisition program consist of two parts. The low-level functionality is im
plemented in a form of a DLL library written in C++ language, and the high-level func
tionality with user interface and data presentation is implemented as a Labview program. 
This approach enables us to optimize processor-demanding parts of the program while 
keeping the program structure simple and easy to maintain and improve. The structure 
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Figure 2.6: The timing schema of the TR-CRDS acquisition. The length variation, 
resulting into resonant buildup, is not correlated to the plasma generation. For each RD, 
the time delay from the plasma initialization is recorded together with the sampled decay 
signal (green). After many plasma periods, the time interval is uniformly stochastically 
covered by RDs. 

of the program and the flow diagram are depicted in figure 2.7. During the data acqui
sition process, three threads are running concurrently. The labcard thread services the 
double-buffered acquisition, detects the RD events, plasma pulse starts and assigns the 
timing information to every RD. This thread is running with elevated scheduling priority. 
The Fit&Save thread is responsible for saving the acquired RDs on the disk. Further, 
if the processor has enough processing power, uses a simplified fitting procedure to get 
preliminary absorption data from the exponential decays of the RDs. The third thread 
runs in the context of the Labview program and provides the data presentation and user 
interaction functionality. 

The data of each RD is saved on the disk in together with structured data entries 
for wavelength readout of wavemeter, frequency steps etc. During the measurement, all 
digitized RD decay signals are saved to the file. After finishing the experiment, the RD 
signals can be reanalyzed using more accurate yet time demanding fitting algorithms, 
including the general iterative algorithm described in section 2.1.3. 

2.1.3 Data analysis 

2.1.3.1 Time resolved CRDS 

Until recently, CRDS was used only for spectra acquisition of stable species or for moni
toring of slow varying concentration of molecules in steady-state conditions. As a tool for 
kinetics study of reactions, CRDS was limited to slow reactions with lifetime of probed 
species significantly longer than the ringdown time. In that case, concentration and thus 
absorption, stays almost constant during the ringdown period. Time profiles of absorption 
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2.1 Spectroscopy in plasma 

Figure 2.7: Scheme of CRDS data acquisition. The program involve a two-layer architec
ture. The hardware communication and time-critical parts of the software are implemented 
using c++ code. User interface and high level data manipulation are implemented as a 
Labview program. To communicate between the two layers, a set of APi calls is used. The 
figure shows the boundary between this two layers, the data flow and the task of each of 
the three threads running simultaneously. 
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variation can be obtained from series of single exponential decay of RD (2.4) in a pump
probe-type experiment with variable delay between the start of the periodic process, such 
as plasma ignition (pump), and the RD (probe). For each RD event the data acquisi
tion system marks the time of RD start relative to synchronization pulse (i.e. the end 
of the plasma discharge). In our case, occurrence of RDs is non-correlated, stochastic 
process with respect to the plasma ignition. Hence, the whole discharge and afterglow pe
riod is evenly covered by random ring-down events recorded during numerous consecutive 
discharge pulses. 

For fast reactions, where the variation of absorption during RD period is not negligible, 
RD decay convolutes with the absorption change and the RD decay deviates from the 
single-exponential function. The approach how we overcame the problem for fast processes 
is briefly covered in the attached work [II]. For better understanding, a description that 
goes more in details is given. The intra-cavity intensity evolution in time can be expressed 
in the form 

dl(t) = _ _!_ _ =A(t) 
dt TO d 

(2.9) 

with a general solution 

( 
t t c ft ) 

J(t) = I(to) exp - ~o 0 
- d lto A(ť)dt' , {2.10) 

Where A(t) stands for the '"per pass"' intensity loss (see equation {2.2)) that evolves 
during the discharge and afterglow period. As can be seen from the general solution, the 
reconstruction of absorption signal from a series of RD is not straightforward. There are 
two approaches, the SKaR family of algorithm, that utilizes a strong assumption on the 
known analytical function of absorption, and a general iterative algorithm developed in 
this work. 

The SKaR model (Brown et al., 2000; Friedrichs et al., 2005) needs the knowledge of 
the analytical formulas that control the evolution of absorbing specie density, with rate 
coefficients as unknown parameters. With such knowledge, the integral expression in the 
general solution can be solved analytically. The analytical expression is then used for a 
non-linear fit of RD decays. The disadvantage of this method is the fact that you have 
to know the analytical expression a priori. However, this is fulfilled in many cases, e.g. 
first-order loss or production in bimolecular reaction. 

The general iterative algorithm developed in this work on the other hand doesn't 
use any a priori assumptions. Instead, the iterative fitting algorithm uses the shape of 
absorbance A, known from previous iteration to correct for the non-exponential decay 

{2.11) 

For easier readability, we will use a substitution 1/T(t) = 1/To + aA(t). Generally, the 
value of To is unknown during this phase of data analysis, however, our algorithm doesn't 
require this value to be known. In the first iterative step, we assume that the density 
remains constant during the RD period, T(t) = T(t0), hence fitting with single exponential 
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2.1 Spectroscopy in plasma 

decay. In the consecutive i-th iteration, the Ti-1(t) is interpolated 1 from the obtained 

7i_1 (t0 ) for to covering randomly the whole time range. The new Ti(to) is obtained by 
fitting RD with 

l(t) lo exp (--t -_t_o -1.l 1 - 1 dť) 
Ti(to) to ri- 1(t1

) Ti- 1(to) 
(2.12) 

( 
t - to lt 1 / t - to ) lo exp --- - dt + ---
Ti(to) to ri- 1(t') ri- 1(to) 

(2.13) 

where the integration term with Ti-l in the exponent expression is done numerically and 
lo and Ti(to) are the parameters of the fit. After few iterations, the Ti(to) converges to 
the real absorption value at the start of RD period. The algorithm used for the nonlinear 
fit is based on Numerical Recipes implementation of Levenberg-Marquardt algorithm for 
non-linear fit (Press et al., 1992). 

A set of simulation tests has been used to verify the numerical algorithm, convergence 
rate and the limitations of the numerical solution. First, an artificial A(t) with the pa
rameters close to the expected experimental absorption of Ht has been chosen. Than, 
a set of RD, covering randomly the time range, is computed by numerical integration of 
the general solution (2.10). The set of RD was then processed by the proposed numerical 
algorithm. Figure 2.8 shows outputs of the numerical reconstruction yielded after O, 2 and 
5 iterations compared to the original absorption function. 

''";;; 24.0 ,......-==""'-~ ...... 
.s 

0.65 t[ms] 0.70 0.75 

- Simulated data 

,- 24.0 i--........ ~~ 
§. '-
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- Exp. fit 
----·GIA (2 iterations) 
----·GIA (5 iterations) 

0.5 
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Figure 2.8: Results of a computer simulations that verified the iterative data evaluation 
procedure. The algorithm used for RD data evaluation has been applied to an artificial 
set of RD that were computer generated from the density evolution (indicated by the solid 
curve). Plotted are the results obtained at 0-th, 2-nd and 5-th iteration. 

The presented numerical algorithm is more generous and robust compared to the SkaR 
family of algorithms and can be used even for cases, where many processes contribute to 
the density evolution of observed species and the analytical expression is unknown. The 

1 One has to choose carefully the interpolation algorithm not to cause too aggressive smoothing in the 
time domain. For rapid processes the smoothing should be omitted at all - the smoothing side effect of 
numerical integration is adequate. 
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correct interpretation of the CRDS data in the Ht recombination measurement couldn 't 
have been done without using this approach. 

2.1.3.2 CRDS with synchronous detection 

At the time we took up the search for H2D+and D2H+spectra, the time resolved CRD 
spectrometer was fully available. We we didn't utilize its capabilities to get information 
on concentration evolution, but to increase the sensitivity of ordinary absorption mea
surement using a concentration modulation technique, a sort of synchronous detection. 
Plasma discharge is operated in pulsed regime; however, fast switching and high repeti
tion rate are not necessary in this case. Using the time information stored with every 
RD, the information about absorption was gathered for selected time window during the 
microwave discharge and for another window outside the discharge, as demonstrated in 
figure 2.10. By subtracting the averages of these two sets of absorption signals, the spectral 
background can be reliably subtracted. What 's more, this synchronous detection further 
increased the detection limit. The technique, description of the used algorithms, and the 
discussion about the detection limit are contained in the experimental and result section 
of the attached work [IV) and in more detail in [V). 

The achievements of the synchronous detection in the H2D+ and D2H+ experiments 
encouraged us to apply the same method to the search of H3Q+ overtone absorption bands. 
During those scans, we observed many lines, that didn't necessarily belong to Ha O+. Some 
of them belonged to neutral H20, to neutral radical species such as OH and only few to 
H3Q+. As the concentration of H20 during discharge on and off period remains the same, 
both signals subtracted completely and the H20 spectrum was suppressed effectively. 
The ions are on the other hand present only during plasma discharge and are thus their 
absorption lines are easily identifiable on the subtracted spectrum. Even long-living species 
as radicals can be distinguished, as can be seen in figure 2.10. This technique presents 
a useful aid for identification of ions and radicals. A comprehensive description of this 
technique and a discussion is covered in the experimental and result section of the HaO+ 
survey (Hlavenka et al., 2006). 

2.1.4 Wavelength calibration 

Ail the experimental approaches discussed in this thesis rely heavily on the spectroscopic 
technique. Although the used advanced technique CRDS and LIR are very powerful 
and extremely sensitive spectroscopic tools, neither of them give us any information on 
the frequency of the observed absorption line. For this reason a common subsystem 
dedicated to laser frequency determination has been developed. In the early stage of Ht 
DR experiment, described in [I, II), only the relative wavelength information was available 
from Fabry-Perot etalon. As the frequencies of Ht transitions were already well known 
(Neale et al., 1996; Ventrudo et al., 1994), there was no need to determine their frequencies 
with high precision. During the experimental work we realized, that a tool for absolute 
wavelength measurement would give us much higher flexibility. Although the Ht DR 
experiment didn't require a high precision wavelength measurement, the experiments (IV, 
V, VI] already required the exact wavelength measurement. To solve this requirement, 
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Figure 2.9: A scan of 3v2 +---O P(2,2) Ht line at 6877.546 cm-1 recorded by CRDS with 
synchronous detection. Upper left panel: The intensity of light emitted from the plasma. 
Lower left: Ht number density evolution during the discharge period and afterglow. Up
per right 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 Ht ions can be neglected. Lower right panel 
shows the spectrum with subtracted baseline 
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Figure 2.10: The absorption spectra obtained by CRDS using synchronous detection. 
Upper panel shows the absorbance (the relative loss of light intensity per pass) in discharge 
and background time windows. One can clearly see the difference between discharge and 
backround absorption in the case of H30+. For H20, the both curves are the same. Lower 
panel shows absorbance spectrum with subtracted baseline. 
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2. EXPERIMENTAL TECHNIQUES 

a wave meter based on the principie of a traveling Michelson interferometer has been 
developed in our laboratory. For precise wave meter calibration, a reference spectra of H20 
vapors and NHa were taken by a CRDS in situ measurement or a single pass absorption 
cell. 

2.1.4.1 FP etalon 

A planar Fabry-Perot etalon {FP) with low finesse has been utilized in our setup for 
relative wavelength calibration and laser mode-hoops detection. The principie of Fabry
Perot {FP) etalon is well described in various books (Saleh & Teich, 1991; Yariv, 1989) 
and won't be explained here. The employed FP is composed of a cylindrical block of BK7 
quality glass. Two opposite surfaces are polished and lapped to be plan parallel and serve 
as reflecting mirrors of the resonator with estimated 4 3 reflection at 90° angle. The low 
reflectivity leads to low FP resonator finesse. The resonator length d = 10 cm, results 
into transmission peak spacing (free spectral range) 1.00 ±0.07 GHz. As can be seen on 
the simulation in figure 2.1 and in figure 2.11 the obtained transmission function doesn't 
feature sharp transmission peaks, that are typical for a high finesse FP etalon. Instead, a 
sinewave-like function with broad transmission peaks is observed. What could be thought 
as an imperfect frequency FP etalon turns out to be a big advantage. It enables us not to 
use the FP only for relative wavelength calibration, but also for laser mode hoop detection. 

Each peak and deep of etalon transmission signal {shown in figure 2.11 has been in
terpolated by a 2-order polynomial to precisely determine its position. The plot of peak 
numbers versus its positions was fitted by a polynomial of 3 to 5th order. This formula 
was then used for relative wavenumber calibration of the measured spectrum. 

As the etalon is not temperature stabilized, the frequency stability is not reliable and 
doesn't comply with the demands of a LIR experiment, where dueto a long integration 
time a single scan can take several hours. As we observed, a variation of the room tem
perature by 2 °C can cause a shift by several interference fringes that leads to a wrong 
wavelength calibration. As can be seen from empirical formulas describing the dilatation 
and change of refraction index with temperature for BK7 glass (Schott, 2003, p. 39), the 
main source of the drift is the change of the refractive index. The stability can be improved 
by utilizing a FP with a body made of a material with low dilatation, such as Zerodur, 
with vacuum or dry air as the medium between mirrors (Kolachevsky et al., 2006). 

2.1.4.2 Wavemeter 

The design of the wave meter developed in our laboratory was inspired by the article 
(Fox et al., 1999). They described a construction of a low cost traveling Michelson type 
wave meter. The interferometer is arranged to simultaneously detect interference fringes 
from two overlapping and counter-propagating laser beams, where the frequency of one 
is unknown and the other is a reference laser with known frequency. The layout of the 
wave meter is depicted in figures 2.12. The incoming laser beams are divided to two arms 
by a 50:50 beam splitter. The relative length of the interferometer arms is varied as the 
retro-reflector pair travels along the rail. The beams of two arms are superimposed using 
beam half-reflecting mirror (the beam splitter is good enough for this purpose) and the 
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Figure 2.11: An example of a low-finesse FP etalon signal that was used for mode-hoop 
detection and relative wavelength calibration. A spectrum of a single-pass absorption 
cell filled with water vapors acquired simultaneously with CRDS scan has been used for 
absolute wavelength calibration. Note, that the CRDS calibration is shifted by +80 MHz 
with respect to the frequency of the laser dueto frequency shift induced by acousto-optic 
modulator (AOM) that is driven at 80 MHz. 

interference pattern is detected by a separate photodiode for each beam. The number of 
interference fringes detected when moving along the path difference d is NR = 2d/ AR for 
reference and Nu = 2d/ Au for the unknown laser respectively. As the beam trajectories 
of the overlapping beams are identical, the ratio of the counts of fringes caused by the 
traveling mirror is equal to the ratio of the wavelengths, 

NR 
Au= Nu AR. (2.14) 

A pair of retro ref:l.ectors doubles the relative path length change, so the translation of 30 
cm effectively multiplies the path length difference by factor of 4. 

The ideal resolution achievable with this type of wavemeter is given by the ±1 counting 
error in interference-fringe counting. At the path difference 80 cm (20 cm long rail), 
the count of fringes is rvl.2 x 106 and 0.53 x 106 for reference HeNe and unknown laser 
at rv 1500 nm, respectively. The ideal relative error induced by the ±1 count error is 
2.5 x 10- 6 . Several advanced improvement of the described approach have been developed 
since 1980' , that lead to higher accuracy of the measurement (Brnberg & Nyln, 1985; Hall 
& Lee, 1976; Kowalski et al„ 1978, 1985). They include the frequency multiplying with 
phase tracking and fractional fringe detection. The design of the wavemeter has been 
done with this knowledge already in mind. All the counting logic is implemented by a 
micro controller and some of the cited improvements can be applied just by altering the 
algorithm in the micro controller's program memory. 

The <levice can be connected directly to a computer using an USB interface; every 
two second a wavelength readout is delivered to the computer controlling the experiment. 
The accuracy can be increased by averaging multiple readouts. Alternatively, the cur
rent wavelength value can be read from the LCD on front panel. The <levice was also 
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2. EXPERIMENTAL TECHNIQUES 

constructed to be easily transportable. 

Figure 2.12: Schematics of the Michelson-type wavemeter constructed for absolute wave
length calibration. A path difference between each arm of the interferometer makes an 
interference pattern on the beamsplitter (e). The unknown (f) and reference (a) beams 
travel exactly the same trajectory in opposite directions, and the interference pattern is 
detected by photodiode (b) and (c). Pair of retro-reflector prisms is mounted on a movable 
trolley ( d). 

2.1.5 Test Tube apparatus and plasma generation 

In this section we describe the stationary afterglow experimental apparatus called Test 
Tube (TT) used to generate and investigate ions of interest in the experiments described 
in chapter 4, 5 and in the articles [I - V]. TT is a long microwave discharge cell. The 
name Test Tube was given to the apparatus in the early stage of its development. TT was 
primarily designed to test the CRDS optical system that was thought to be later integrated 
into our AISA experiment similar to the experiments (Glosík et al., 2001; Poterya et al., 
2002). Although the combination of CRDS and AISA experiments was abandoned after 
few attempts for reasons discussed later in the Ht recombination section, TT itself proveď 
to be a very useful experimental instrument for spectroscopic studies of molecular ions in 
plasma. The name TT stayed unchanged, but its meaning changed more to the one used 
by chemists: A tool with "simple design" that can be used for a variety of experiments. 
Its primary diagnostic tool is a laser absorption spectroscopy, which is provided by CRDS. 
During the Ht studies, the spontaneous light emission intensity and microwave intensity 
measurement served as secondary diagnostic tools. 

2.1.5.1 The discharge tube and gas handling manifold 

TT is composed of a glass tube passing through a microwave waveguide or a microwave 
cavity, see figure 2.13. A variety of modifications have been introduced during my research, 
involving different shapes of microwave cavity, diameters of discharge tube, liquid nitrogen 
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cooling and modes of operation. The different configurations of TT are shown in figure 
2.13. 

AU the used discharge tubes are 75 cm long tubes made of silicate glass, that absorbs 
a minima! fraction of the microwave intensity. The discharge tube is connected to the 
metal holders on both ends via o-ring flanges. Other parts of the vacuum chamber and 
gas handling system are based on UHY technologies. The basic configuration of the 
discharge tube is a simple tube (inner diameter 3.8 cm) used in conjunction with microwave 
guide. This type was used in the experiments [I], [II] and [VII]. A thinner version with 
inner diameter 2.3 cm, shown in figure 2.13, enables cooling of the discharge tube with 
liquid nitrogen. A thicker version with inner diameter 6.5 cm and liquid nitrogen cooling 
capability reduces the characteristic time of diffusion of plasma towards the walls. Such 
type of discharge tube was used in the experiment described in [III]. 

The details of mirror holders construction are depicted in figure 2.4. There is an 
injection point in each mirror holder. A flow of buffer gas is going trough a small hole in 
a diaphragm and prevents the degradation of mirrors due to the plasma deposition. Such 
effect of mirror degradation has been observed in our experiment, mainly when the purity 
of plasma discharge was low - due to desorption from walls or when reactants with low 
purity were used. After switching off the discharge the T of RD increased back from 503 
to previous state within half an hour. 

The typical flow of He buffer gas ranged from 100 sccm in H3Q+experiment to 1200 
sccm in experiments where a very low partial pressure of the reactant gases was required. 
The reactants are added to the buffer gas inlets in the vicinity of mirrors, or by a separate 
inlet. Typical flow of reactant is 0.05-5 sccm. In all experiments the gases are purified in 
cold traps before entering the cavity, helium buffer gas is cleaned in two nitrogen cooled 
zeolite (molecular sieve) traps. The gas flows are controJled by a flow controller or a system 
of a flow meter and a needle valve. The TT apparatus is usually operated at pressures 
4-15 mbar. Pressure in the chamber is monitored by a capacitance gauge and a Penning 
gauge. The pumping during the experiment is provided by a large Roots pump (1000 
m3 /hour). Before measurements, vacuum chamber and gas handling system were pumped 
by 2 turbopumps with rotary oil pump as the first stage pumping. The limit pressure is 
3 x 10-7 mbar that is satisfactory if we consider that the apparatus is operated at "'10 
mbar during the experiment. 

2.1.5.2 Plasma generation 

Two different types of microwave cavities were used during the experiments, a waveguide 
based and resonator based. In the first case, used in experiments described in [I, II and 
VII], the discharge tube passes through microwave guide, commercially available from 
Sairem Company. The waveguide consists from coaxial to waveguide transition with an
tenna, impedance tuner section and short circuit plate. The impedance tuner and movable 
short circuit plate were used for matching the load impedance and suppressing the back 
reflection of microwave power back to the magnetron. A circular aperture 4.5 cm in diam
eter with >../2 extension piece constrains the leakage of microwaves, hence limiting plasma 
discharge area to the inner part of the waveguide; the plasma column length in the TT 
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Figure 2.13: Schematics of the Test Tube apparatus. Highly refiective mirrors used for 
CRDS are mounted on both ends of the discharge tube. A microwave waveguide (a, c) was 
used to generate plasma in the discharge tube. It can be substituted by a plasma generator 
with large microwave cavity (b). Discharge tube with larger diameter reduces the losses 
caused by diffusion. Both the microwave resonator and waveguide based discharge tubes 
can be cooled by liquid N2 (b,c). 

cuvette placed perpendicular to the waveguide has been estimated to be 5 cm. It should 
be noted here, that overestimation of the plasma length could lead to underestimation of 
concentration of absorbing species and vice versa. It may also introduce additional uncer
tainty to the recombination rate coefficient measured in the Ht recombination experiment, 
as discussed in more detail Jater. According to our observations, the plasma column length 
was not varying significantly with different pressures used in the experiments. An exten
sion of the plasma column due to the fast fl.ow of the carrier gas is negligible. At a fl.ow 
400 sccm and 7 mbar pressure, the drift of buffer gas is only 0.6 ms-1 for the tube with 4 
cm diameter and 2 ms-1 for 2.3 cm diameter. Therefore, during a typical discharge period 
of 4 ms, the plasma column can grow only by a negligible amount of several mm. 

In the Ht recombination study [III] the aim was to extend the measurement to longer 
time (later afterglow), where the decay rate is already slower, and to carry out the measure
ment at rvlOO K temperatures. For the 6.5 cm thick discharge tube, a bigger microwave 
cavity was necessary to contain the discharge tube together with the cooling wrapper. 
For this purpose a bigger resonator chamber was taken from an ordinary microwave oven, 
with entrance holes drilled at the position of highest microwave intensity. The measured 
microwave leakage through the holes during operation was lower than 1 m W / cm2 . 

In both afterglow studies, we required a fast switch-off of the microwave source in order 
to ensure a clean beginning of the afterglow. The falling edge of the microwave pulse must 
have a very steep slope (sharp edge); otherwise, the steepest part of the decay would 
be infl.uenced by a residua} ionization. In the case of the microwave guide arrangement, 
an industrial microwave source Sairem GMP-03-KED was used. The source can supply 
300 W of microwave power at standard frequency 2.45 GHz. Even though it is equipped 
with an analog input to control the output power, the switching doesn't reach the required 
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speed. To sharpen the falling edge, a fast high voltage switch (Behlke electronic HTS81) 
was inserted between the HV power supply and the magnetron. The switch-off transient 
time was reduced from rv0.5 msto 30 µs. The switching characteristic, represented by the 
signal of spontaneous emission of the plasma and by a signal from a microwave probe, is 
shown in figure 2.14. 

The experimental setup utilizing the bigger microwave cavity with large diameter dis
charge tube didn't use the Sairem microwave generator. Instead, the original magnetron 
of microwave oven has been used. The magnetrons used in microwave ovens are not de
signed to work in a continuous mode. Instead, the output power is modulated with 50 Hz 
repetition rate. We have modified the HV source by adding second transformer in parallel 
to double the frequency to 100 Hz. A fast HV switch was inserted between the HV power 
source and the magnetron in the same way as in case of the waveguide configuration. The 
HV switch was driven by a pulse generator, synchronized with 50 Hz of line frequency. 
The optimal microwave output power was reached by tuning the phase shift between the 
AC line and the pulse driving the high-voltage switch. Estimated output power 800 W 
during the 2 - 4 ms discharge period created a plasma column of 30 cm. Because of 
the non-uniformity of microwave electric field in the resonator, the plasma density along 
the radial axis varied slightly during the early discharge period. However, after switching 
off the discharge the ambipolar diffusion remove the sharp gradients of plasma density. 
The radial plasma density distribution then adopts a zero mode of the cylindrical Bessel 
distribution. 
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Figure 2.14: The time dependence of the microwave signal and the spontaneous light 
intensity during the discharge and the afterglow period. The discharge is switched off at 
t = O. A detailed view of the "switch off" transient period is given in the left panel. 

2.2 LIR using ion trap 

The technique of storing ions or charged particles has many applications in the field of 
experimental physics. Different techniques have been developed during last 4 decades; lets 
recall the ion storage rings , Paul traps and Penning traps. Ion trap is a tool for storing and 
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manipulating ions. Although their primary application is study of ion-molecular reactions, 
they also proved to be an efficient way for cooling down originally hot (excited) ions by 
inelastic collisions with cold buffer gas. Internally and kinetically cold ions can be than 
injected into a storage ring, used in a crossed beam experiments or kept in the trap for 
further studies. 

Following section describes the apparatus and the experimental settings used for the 
D2H+ laser induced reaction (LIR) experiment. The experiment described in chapter 5.3 
and work [VI) has been carried on a 22-pole radio frequency trap equipped with a laser 
system. 

2.2.1 Storing ions in RF electric field 

An "effective" trajectory of a charged particle can be governed by radiofrequency (RF) 
electric fields. Low energy ions in vicinity of RF electric field that fulfills the preconditions 
of the adiabatic approximation (Teloy & Gerlich, 1974) are feeling an effective potential 
and a force in the direction of the potential gradient. Many geometrie configurations 
were proposed over last 40 years for different purposes, e.g. ion storing, quadrupole mass 
filtering and ion guiding. The theoretical treatment of the charged particle behavior in 
RF electric field in those configurations as well as the verification of proposed conclusions 
by computer simulation and experimental observations has been published by D. Gerlich, 
see e.g. review article (Gerlich, 1992). The author discusses the use of quadrupole and 
octopole as an ion guide and as a tool for storing ions. It was shown, that 2n-pole with 
electrodes at potential 

<Po= Uo - Vo cos(Ot) (2.15) 

with every two adjacent electrodes having phase shift 7r, builds up an effective potential 

(2.16) 

where f = r/ro. One can see, that while approaching to the electrodes (f --+ 1), V* 
increases as f(2n-2). The effective potential V* for different n is plotted in figure 2.15; 
such effective potential can be used to trap ions. 

The effective potential of the n-pole should feature a shallow profile with steep increase 
near the rods. In such potential influence of the RF electric field on the stored ions can 
be neglected. A numerical simulation (Gerlich, 1992) showed that the RF electrical field 
achieved by quadrupole (n = 2) and octopole configurations cannot be used for storing 
cold ions. Corresponding V* is not uniform enough in the inner area of the trap. lons that 
undergo a collision with neutra! gas in the region with elevated potential energy cause the 
increase of the average kinetic energy in the statistical file ( the adiabatic assumption is 
broken). However, for 2n-pole with n > 8 the effective potential V* has a fiat bottom 
and very steep walls (V* "' r20 for a 22-pole), hence RF field doesn't cause an increase 
of kinetic energy of stored ions. For the considerations on the geometry and stability I 
encourage the reader to study these issues from (Gerlich, 1992; Sorgenfrei, 1994). 
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Figure 2.15: Comparison of effective potentials of RF fields of n-pole ion trap for different 
n. Preprinted from (Luca, 2001) 

2.2.2 Ion trap 

The experimental apparatus, the ion trap, has been developed and is maintained by the 
group of Prof. Gerlich in TU Chemnitz. During our work the ion trap setup underwent 
several upgrades. As reported in the chapter 5.3, the setup reached high efficiency in ion 
cooling. In contrast, in a similar setup used by Mikosch and coworkers (Mikosch et al., 
2004) the cooling was not as effective; see discussion in the conclusion section of chapter 
5.3. To highlight the points important for the success of such experiment, the experimental 
apparatus is described in more detail. 

2.2.2.1 Ion source 

Although the scheme of Ht formation is rather simple, the character of 22-pole ion trap 
require using a more sophisticated ion source. The effective potential of the trap is quite 
shallow and therefore inefficient in trapping ions with high velocity. The storage ion source 
used in our experiment was based on the construction scheme developed by D. Gerlich and 
coworkers (Disch, 1987; Gerlich, 1971). The main idea of the storage ion source, depicted 
in figure 2.16, is to trap ions in a potential created by RF-biased plates in a high-pressure 
environment. Until they reach the exit aperture, they undergo enough collisions to react 
and to remove most of their kinetic and interna! energy. The neutra! molecules are ionized 
by electron bombardment from a hot fi.lament. The optimal values of the RF applied 
to the plates were -15 MHz with amplitude 150 - 200 V. The ion source chamber with 
typical pressure ""'1 x 10-4 mbar is connected to the differentially pum ped quadrupole ion 
guide through a 3 mm diameter exit aperture. Differential pumping (-100 l/s) prevents 
the ion-source working gases to penetrate the main chamber. For further details on the 
storage ion source please refer to (Disch, 1987; Gerlich, 1971; Kreckel, 2003). 

The quadrupole ion guide served as a mass filter. The axis of the ion source and 
quadrupole are perpendicular to the axis of the ion trap. A set of ion deflectors bent the 
ion beam by 90°, as seen in figure 2.16. This allows the probing laser beam to pass more 

29 



2. EXPERIMENTAL TECHNIQUES 

than once through the trap. 
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Figure 2.16: Apparatus for LIR study. Ions produced in a storage ion source are mass 
selected and guided to the ion trap. The ion source is connected to the main chamber 
through a 3 mm orifice. Ions are stored in the 22-pole ion trap and mass analyzed in 
a magnetic sector mass spectrometer. Ions of selected mass are detected using a Daly 
detector. 

2.2.2.2 22-pole ion trap 

The 22-pole ion trap is used for cooling injected ions, as a tool for studying ion-molecular 
reactions or for spectroscopic measurements. The ion trap, depicted in figure 2.16 and 
2.17, is composed from 22 rods made of stainless steel (d=lmm, l=40 mm). The radius 
of the trap is 5 mm. Every 11 rods are connected conductively to a copper block on one 
side. This way the rods are alternately connected to a RF potential <I> with 2 V peak
to-peak amplitude and 18 MHz frequency. The end caps, mounted at the entrance and 
exit apertures, are kept at static potential that introduce axial potential barriers - the 
apertures are effectively closed for ions, except for the loading and extracting phase. The 
surrounding copper box is connected to the second stage of a coldhead. The coldhead of an 
He-cryo-refrigerator (Leybolds) can be operated down to 4.2 K. A second enclosure made 
of aluminum surrounds the inner copper block. This second enclosure is cooled down by 
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the first stage of the cryo-refrigerator. 
Ions are injected through a pulsed electrostatic iris of the ion source, trapped and 

cooled down by a number of collisions with cold He gas. The flow of He is controlled by a 
sapphire-tip needle valve, which cannot be pulsed. An Ar inlet is situated inside the inner 
copper enclosure. A piezo valve connected to this inlet allows the operation in a pulsed 
regime. Both He and Ar are cooled down prior to entering the ion trap. Their feeding
pipes are in a good thermal contact with the coldhead. From previous measurements with 
the pulsed valves in the present geometrical configuration, we know that during the pulse, 
the Ar number density in the trap increases by two orders of magnitude. 

The described ion trap can store more than 106 ions. However, such a number density 
causes a space charge that forces the ions to the vicinity of rods and leading to the increase 
of the ion temperature. Hence, only thousand of ions were stored in our experiment that 
targeted cold ions. The storage time depends mostly on the reaction loss and can be 
several seconds long. 

Laser 
beam 

Ion 
source 

Figure 2.17: Detail of the 22-pole RF ion trap. 

2.2.2.3 Detection 

The ions are extracted from the ion trap and accelerated by electrostatic lenses into a mass 
filter and a Daly detector. The mass filtering is provided by a 120° magnetic sector mass 
filter, working in the mass range m/q = 1- 100. An aperture in the magnet enables the 
laser beam to pass through the magnet to the ion trap (see figure 2.16). The operation of 
the magnetic mass selector was not straightforward owing to the hysteresis of the magnetic 
sector. Although when filtering of one mass or in mass scanning regime this was easy to 
account for, fast jumping between more than two masses was not reliable enough. Instead, 
full mass spectra need to be acquired. 

Behind the mass filter the ions are accelerated towards a polished surface of metal 
dynode of a Daly detector (Daly, 1960) that is kept at a potential of -30 kV. Secondary 
electrons are ejected by the ion colliding with the dynode. The flashes of light created by 
electrons on the scintillator situated on the opposite side are detected by a photomultiplier. 
Signal is preamplified and converted by a signal discriminator to NIM pulses. Up to 4 
counters with independent gating can be used simultaneously in the data acquisition. 
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The Daly detector sensitivity reaches nearly 100%. The influence of the detector dead 
time arises at 107 counts/s and lirnits the nurnber of ions that can be stored and analyzed. 
On the other hand, the value 0.1 dark counts/s rnakes it possible to detect only few ions. 

2.2.2.4 Control of conditions 

The main chamber is pumped by a turbo-molecular purnps with a drag pump and a 
membrane pump as the .first t age. The pr sure in the main chamber is monitored by 
an ionizing gauge. A gas friction gauge (Vi · Va 210) rneasures the pressure inside the 
encl ure of ion trap. The m asur ment with Visco Vac is not flexible enough to be used 
during experiment. Therefore the ionizing gauge in the rnain chamber was calibrated 
using ViscoVac (rneasuring the pressure inside the trap) and during the experiment, the 
calibrated ionizing gauge is used to monitor pressure inside the trap. The calibration 
curves for He and H2 are shown in figure 2.18. 

Temperature of the ion trap is measured with a ilicon diode mounted on the copper 
enclosure. Unfortunately, the RF of the 22-pole influenc slightly th silicon diode. A the 
result, an increase of several Kelvin measur d by silicon diode has been ob rved whenever 
RF was applied. In measurements of the trap temperature tbi. ff ct was consider d. A 
light bulb mounted between the copper and alwninum enclosures allows u to h a t the 
22-pole up (e.g. to defrost the rods of 22-pole from condensed Ar). 

He P,~/P" = 233(1) / -
• 3.T • " . ·/ „ • •--- H 

1> • 2 

• / · • -o- H - 3,63E-5 mBar 
• • 2 

• :- • He 

/ 'fl ~/ ---1>'- He - 2SOE-5mB" 
tí // . • - -- 95% conftdonce 

<" /~ Tlll'T • 300K 

10'5 
, ' H, Pn,/P,G = 62.3(2) 

10 ... 
Ion Gauge (mbar) 

Figure 2.18: Pressure calibration. Ionizing gauge mounted in the main chamber outside 
the ion trap housing has been calibrated by a measurement by a gas friction gauge (Vis
co Vac 210), mounted inside the ion trap housing. The graph represents the calibration 
procedure for He and H2. 

2.2.2.5 Laser system 

The laser-induced reaction (LIR), described in chapter 5.3 and in the work [VIJ, detects 
the change of stored ion composition that is induced by laser excitation. Therefore, a laser 
beam with tunable frequency needs to pass through the ion trap. The ion trap apparatus 
provides a throughout aperture with diameter rv6 mm passing through the axis of the 
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2.2 LIR using ion trap 

22-pole. The focused laser beam is reflected on the opposite side and the beam passes 
twice through the trap. The laser beam enters the chamber through a vacuum window at 
the magnetic analyzer side and the back reflecting mirror is mounted behind the vacuum 
window at the ion source side. 

Optical setup uses a DFB pigtailed laser with central wavelength 6537 cm-1 . The laser 
can be tuned ±20 cm-1 using the integrated Peltier thermoelectric element in conjunction 
with a self-made PID temperature stabilization circuit. The long term stability of the laser 
system is > 0.01 cm-1; the laser tend to drift. Such stability was not sufficient for planned 
measurement where the laser frequency scan was extremely slow - integration of one fre
quency step for > 10 min. Instead, tens of independent overlaying scans were overlapped 
during the data analysis with frequency offsets determined by wavemeter measurement. 
On the start and the end of each scan, the wavelength was precisely measured by several 
wavemeter readouts. Every 60 minutes, the wave meter was automatically recalibrated 
with a reference scan of NHa in a single pass absorption cell. 

The apparatus involved in LIR measurement of D2H+ have been operated in synchro
nous detection regime with "laser on" and "laser off'' periods. As the alternating period 
were 60 ms long, we couldn't use the available mechanical shutter to block the laser beam 
and a fast acousto-optic modulator would decrease the laser intensity undesirably. Instead 
of interrupting the laser beam, we detuned the frequency of the laser out of the absorbing 
region. During each "ON" measuring period, the laser is tuned to the desired frequency. 
During the following "OFF" period, laser frequency is detuned by >3 GHz out of the 
measuring frequency. Two independent counters have been employed in the experiment, 
gated for the "Laser on" or "'Laser off'' period respectively. The counts are integrated for 
typically 80 cycles of 60 + 60 ms log periods, approximately 10 s of integration time. This 
timing scheme has been found best to eliminate the low frequency modulation of detection 
characteristics. In the data analysis, a correction coefficient has been introduced that ac
counts for the different nonlinearities of each counter subsystems for different count rates. 
This effect was probably caused by different sensitivity of each counter to pileups. 
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Chapter 3 

Spectroscopic properties of Hj, 
H2D+ and D2H+ 

Hj ion and its deuterated analogues H2D+, D2H+ and Dj are the simplest polyatomic 
molecules. Therefore they represent an ideal benchmark for theoretical treatment, such 
as energy levels and line intensities predictions as well as reactive collision treatment and 
dissociative recombination cross-section calculation. In the following chapter, the basic 
spectroscopic properties of Hj and its deuterated analogues are reviewed, together with the 
energy level and transition labeling. To assist the spectroscopic experiment, an estimation 
of line intensities is listed, together with the basic set of theory needed in the model. A 
short overview of the symmetries, selection rules and labeling conventions of Hj, H2D+ 
and D2H+is given. 

3.1 Ht quantum numbers 

The Hj ion has a structure of an equilateral triangle that belongs to the C3v point group 
symmetry. All electronically excited states are repulsive, so only ro-vibrational excitations 
are allowed. The quantum state of the ion is described by a set of quantum numbers. The 
only rigorous quantum numbers of any molecule are the total angular moment um F = J +I 
and the parity ±. Moreover, because of a weak interaction of nuclear spin and nuclear 
motion, the nuclear angular momentum J and the nuclear spin angular momentum I are 
also taken as good quantum numbers for Ht. As there are 3 protons with spin (±1/2) 
in each Hj ion, I can be either 1/2 or 3/2. States with I = 1/2, also called the para 
states, have the E symmetry, while the I = 3/2 states are called ortho states and have A2 
symmetry (Kokoouline & Greene, 2003; Neale & Tennyson, 1995). 

There are approximate vibrational quantum numbers (based on norma} mode analysis 
and valid for low vibrational energies), that help us to understand the behavior of Hj 
motion at low energies. A symmetric breathing mode is labeled 1.11 . Because it doesn 't 
induce dipole moment, the 1.11 mode is infrared inactive. The asymmetric stretch mode is 
doubly degenerated. The superposition of the two modes leads to a circular motion of the 
nuclei around the equilibrium position. Such motion carries angular momentum. Thus, 

35 



3. SPECTROSCOPIC PROPERTIES OF Ht, H2D+ AND D2H+ 

the asymmetric vibrational modes are labeled v2v~. The v2 determines the vibrational 
energy quanta, whereas i accounts for vibrational angular momentum (i goes from -v2 
to v2 in steps of two). The projection of J to the molecular axis is for most symmetric 
top molecules a good quantum number k, but for H!, because of its geometry (planar, 
equilateral triangle) is not a good quantum number (Lindsay, 2002; Lindsay & McCall, 
2001). Instead, G = lk - i.I is used, that is at low energies a reasonably good quantum 
number. Anyhow, for vibrational ground state G =k. 

The restrictions on the H! wave function symmetry are described in (Kokoouline & 
Greene, 2003; Lindsay & McCall, 2001; Tennyson & Sutcliffe, 1984). When I= 3/2 only 
values G = 3n are allowed; for I= 1/2 G = 3n ± 1 are allowed. For even Jin the ground 
vibrational state states with G = O are forbidden. Hence, the lowest rotational state 
(J = O, G = O) has therefore zero statistical weight (doesn't exist). lndeed, the energy 
levels that can be found in literature are zero-offset related to this non-existing state. 
The v 1 +- O transitions are infrared-forbidden (McCall, 2000), thus only fundamental, 
overtone v2 and combination bands are spectroscopically accessible. The selection rules 
for H! radiative ro-vibrational transitions are summarized in (Lindsay & McCall, 2001). 
J can change by O, ±1 and the parity of lower and upper state must differ. The dipole 
moment operator µ doesn't interact with nuclear spin. Thus, the radiative transitions 
between ortho (I = 3/2) and para (/ = 1/2) states are strictly prohibited. lt is worth 
to mention, than even collisions with buffer gas cannot change the value of total nuclear 
spin. Only reactive collisions with H2 or interaction with surface can lead to para-ortho 
conversion. 

3.2 Labeling of Ht states 

Theoretical models are using only those quantum numbers that are good within the model 
approximations. J, I, ± can be usually derived directly from the model. Assignment of 
approximate quantum numbers have to be done manually using the energy level ordering 
and wavefunction nodal structure. At higher energies strong mixing between the vibra
tional normal modes, as well as vibration-rotation coupling occurs (states cannot be easily 
described by vi, v2, i and labeling is difficult). The 5 quantum numbers are not sufficient 
to label each level. In this work the notation suggested by McCall is used (McCall, 2000). 
For energy levels with the same G = lk - li but different k and i, superscript u and l are 
used to distinguish levels with higher and lower energy, respectively. 

(J, G) { ull} v1v1 + v2v~tl (3.1) 

Labeling of H! transitions in this work uses the notation of (McCall, 2000), too. 

(3.2) 

The common PQR notation is used for transitions with tl.J ={-li O I+ 1}, respectively. 
( J, G) are the rotational quantum numbers of the lower state. The superscript and sub
script belongs to the upper and lower state, respectively. Superscript n and t on the left 
labels the tl.g = -3 and tl.g = +3, respectively, for tl.g = O no labeling on the left is used. 
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3.3 H2D+ and D2H+ quantum numbers and labeling scheme 

3.3 H2D+ and D 2H+ quantum numbers and labeling scheme 

Both H2D+ and D2H+ have the C2v symmetry of the asymmetric top ( e.g. H20 belongs to 
the same symmetry group) and have three vibrational modes: symmetric stretch (breath
ing mode) 1.11 , bending mode 1.12 and asymmetric stretch 1.13 with symmetries Ai, A2 and 
B2, respectively. The good quantum numbers, describing the state of both species are the 
nuclear angular moment um J and the nuclear spin angular moment um I. I can be either 
1/2 (para) or 3/2 (ortho). The approximate quantum numbers Ka, Ke are the projections 
of J into principal Z-axis and X-axis of the molecule, respectively. In this work, a com
mon labeling schema J~<' K' for energy levels is used. For ro-vibrational transitions, the 

a c 
notation 

(3.3) 

is used.Double primed values are those of lower state and single primed of the upper state. 
As for Ht, a radiative transition cannot change the nuclear spin angular momentum I. 
Thus, conversion from ortho to para and vice versa is strictly prohibited. 

3.4 Intensity calculation 

A valuable guidance in a spectroscopic experiment is a model of line intensities based on 
calculated or measured energy levels and Einstein coefficients ~71,. In the case of Ht 
and its deuterated analogues a line list based on "ab-initio" calculations are available. 
The experiments presented in this work were undertaken at different temperature ranges 
and different degrees of thermodynamics equilibrium. Several estimations on the expected 
transition line intensities have been therefore accomplished. 

The transition rate per molecule W11111 between the lower (77) and upper (77') level 
induced by laser radiation can be expressed in term of Einstein B coefficient. 

(3.4) 

where p is the energy density per unit frequency for a radiation with a white spectrum. 
A11711 is the Einstein coefficient for spontaneous emission, c is the speed of light, n is the 
refraction index, 1.1 frequency of light. The lasers used for high resolution spectroscopy have 
a very narrow line shape, compared to a profile of a typical Doppler broadened absorption 
line. For the needs of high resolution spectroscopy we express W11111(1.1) as 

(3.5) 

where f(v) is the appropriate line shape of the broadened absorption line. lf a laser beam 
passes through a medium with N 71 molecules in the lower state per unit volume and the 
upper state is not populated, power absorbed (generated) in the unit volume is 

p 
V = -N11W11111(1.1)h1.1. (3.6) 
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3. SPECTROSCOPIC PROPERTIES OF Ht, H2D+ AND D2H+ 

The power of a laser beam is more conveniently expressed as laser intensity !(v) = cp(v)/n 
with dimension (W /m2). If the medium is homogeneous and the laser intensity is low (the 
laser doesn't influence the distribution of states), the loss of intensity per length unit is 

the solution has the form 

dl(v) = -N. A 71711c
2 
f(v) l(v), 

dx 71 87rn 2 v2 

l(v,x) 

k(v) 

= I(v, O)e-k(v):i:, 

-N. A'1'11c
2 f(v) 

- 71 8?Tn2112 · 

(3.7) 

(3.8) 

(3.9) 

The monochromatic absorption coefficient k(v) is a quantity that can be measured directly. 
From a known A„„,, and measured k(v) the number density of the state "I can be derived. 
However, for line intensity estimation and in order to convert the measured N71 to the 
total number density of the molecular specie, some energy level distribution has to be 
introduced. In the case of Maxwell-Boltzmann distribution, absorption coefficient can be 
expressed as 

k,,71,(v, T) = S71711(T) ·/(v - v„„,, T), (3.10) 

Where J(v) is the normalized profile of absorption line. The spectral line intensity 871711, 
with dimension [cm-1/cm-3 · cm-1], is known also as the Hitran unit (Rothman et al., 
1998). Generally, 57171, can be defined for an arbitrary distribution of energy level popula
tions using Einstein coefficient of (induced) absorption B 7171,, using the formula 

(3.11) 

where v 7171, = E' - E is the transition frequency in cm-I, g71 and g711 are the statistical 
weights of the states, n 71 and n 711 are the populations of the lower and upper states and 
N is the molecular number density. The dimension of B 7171, is [ cm-3 / (J s2)] if working 
with v in cm-I. If the population of the upper state is negligible, the formula gets very 
simple. Using formulas (3.10) and (3.11) the number density of each energy level can be 
determined from the measured absorption. If the system is in thermal equilibrium s„„, 
can be expressed as a function of temperature I 

g(2J + 1) [ (-E) (-E')] s„„•(T) = C v2Z(T) exp kT - exp kT A'1'1'' (3.12) 

where C is a constant of value 1.3266 x 10-I2 cm s-I, J, E are the rotational quantum 
number and energy level of upper state and J', E' those of lower state, respectively. Z(T) 
is the partition function and g is the nuclear spin degeneracy factor of the lower state. 
The nuclear spin degeneracy factor represents the statistical weight of quantum states 

1Note, that in the context this work, spectral line intensity is a function of temperature, S71711(T), 
whereas Hitran database lists 5 7171, at fixed Tref = 296 K. 
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3.4 Intensity calculation 

with the some J that differ by spin configuration. Given by Pauli principie the relations 
when interchanging identical nucleons are 

Bosons: 

Fermions: 

'11(2, 1) = +'11(1, 2) 

'11(2, 1) = -'11(1, 2) (3.13) 

Fermions are nuclei with odd proton number, such as 1H, with nuclear spin I = ±1/2, 
and bosons are nuclei with even proton number, having I= ±1, for example 2D or 160. 
For para-Hí 9para = 2, for ortho-Hí 9ortho = 4. (Watson et al., 1984). ln case of H2D+ 
and D2H+, if we ignore the odd nucleus the rules for these ions are the same as for H2 and 
D2, respectively. Thus, the nuclear spin degeneracy factor g for para-H2D+ is 9para = 1 
(even J) and ortho-H2D+ 9ortho = 3 (odd J). For para-D2H+ 9para = 6 (even J) and for 
ortho D2H+ 9ortho = 3 (odd J) (Sidhu et al., 1992). 

The value of a partition function at given temperature is obtained by summing the 
for mula 

Z(T) = ~(2Ji + l)giexp (-:;) 
\ 

(3.14) 

over all accessible states. For more convenient manipulation, the partition function can 
be interpolated by fitting to an analytical formula, e.g. in the form 

6 

log10(Z) = L an(Iog10 rr (3.15) 
n=O 

suggested by (Sauval & Tatum, 1984). This formula is more convenient for intensity 
estimation, compared to the rigorous explicit summation of over all energy levels. A 
conversion of S71711(T1) to S71711(T2) using 

[ 
E ( 1 1 )] Z(T1) 

S7171'(T2) = S7171'(T1) exp -k T2 - T1 . Z(T2) (3.16) 

is necessary if the values for spectral line intensity are known for particular temperature, 
but some of the parameters are unavailable ( e.g. energy levels are not assigned and e.g. 
J quantum number is unknown). 

A spectral profile of an absorption line is a convolution of the natural broadening due 
the uncertainty principie, the collisional and the Doppler broadenings. In the pressure and 
temperature range used in presented experiments the Doppler broadening contribution is 
the far most dominant. The shape of a Doppler profile is,a Gaussian function with the 
full width at half maximum 6.vFwHM 

6.Vf'wHM = 2v7171
1 

kT 
2ln(2)--2 . 

mac 
(3.17) 

v71711 is the frequency of transition in cm-1 , mamo is the mass of the molecule in kg and c 
is the speed of light. f(v71711) is the value of normalized line profile at the line center. 

2Jill2 
f(v7171'• T) = J7í6.Vf'wHM(T)" 
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3. SPECTROSCOPIC PROPERTIES OF Hf, H2D+ AND D2H+ 

Z(n-Hf) Z(p-Hf) Z(o-Hf} Z(H2D+) Z(D2H+) 

Offset !cm-1
) o 64.123 86.9591 o o 

aO 38.2513 1.67019 0.55785 -2.82887 -0.975341 
al 86.0623 -4.3613 2.84975 13.91275 7.92203 
a2 -89.696 8.24731 -6.1672 -25.32546 -13.5834 
a3 55.5299 -7.6655 6.74331 21.51898 11.0576 
a4 -20.786 3.66181 -3.9144 -9.02186 -4.45541 
a5 4.3302 -0.8479 1.13664 1.84786 0.890251 
a6 -0.3821 0.07643 -0.1275 -0.14752 -0.0704028 

Tahle 3.1: Coefficients for approximation of partition function Z by formula (3.15). When 
using this partition functions, all energy levels must be related to the lowest energy level 
(the offset is indicated in the tahle). Partition function Z(n-Hf) is obtained as summation 
over all Hf states with no respect to spin angular momentum I, whereas Z(p-Hf) and 
Z(o-Hf) sum just over para- or ortho-states, respectively. The calculation are based on 
the energy level list provided by the Tennyson's group (Neale et al., 1996). The coefficients 
for H2D+ and D2H+ are based on the energy level list provided by (Ramanlal & Tennyson, 
2004) 

The monochromatic absorption coefficient at the line center, k(vTJTJ') can be easily obtained 
using expression (3.10}. Under a necessary assumption of thermal equilibrium in afterglow 
plasma, k(v11„I') is used to convert the measured absorption to Hf number density. 

3.4.1 Energy levels and intensity calculation of Hf, H2D+ and D 2H+ 
transitions 

The Hf experiment was guided by the theoretical calculations of J. Tennyson and cowork
ers (Neale et al., 1996), by the experimental data from the work of Ventrudo (Ventrudo 
et al., 1994} and energy_ level and transition compilation done by Lindsay and McCall 
(Lindsay, 2002; Lindsay & McCall, 2001). The energy levels and Einstein coefficient of all 
Hf transitions computed by "ab-initio" method (Neale et al., 1996} are publicly available 
for download from the website of the group (Oka's homepage). The line list and energy 
level list based on experimental data can be obtained from the Oka's web page (Tennyson's 
homepage). 

As mentioned in the section dedicated to Ht transition rules, the total nuclear spin 
is conserved in a radiative transition. The total nuclear spin can alter only in reactive 
collisions with H2 or at the wall surface. In experiments, where the H2 concentration is 
low and the Hf collision rate with H2 is low, the concentration of ortho and para Hf 
is conserved. When going to lower temperatures, instead of populating only the lowest 
state {1,0}, both the lowest ortho (1,0) and lowest para (1,1} states are populated; o-Hf 
and p-Hf behave as a mixture of independent gases. However, commonly used partition 
functions published in literature don't reflect the ortho/para restriction and lead in such 
cases to wrong estimations. One have to be careful, which partition function to use at 
given conditions. However, commonly used partition functions published in literature 
don't reflect the ortho/para restriction and lead in such cases to wrong estimations. One 
has to be careful, which partition function to use at given conditions. 
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3.4 Intensity calculation 

Three different partition sums have been derived with formula (3.14) for Ht by summa
tion over all levels < 7000 cm-1that are available in the Lindsay's line list. The coefficients 
of the analytical formula (3.15) are given in the tahle 3.1 for each type of partition func
tion. Z(n-Ht) is the partition function that assumes the conversion between ortho and 
para states; it can be found in (Ramanlal & Tennyson, 2004; Sidhu et al., 1992). Al
though the lowest (0,0) energy level is virtual and has O statistical weight (see chapter 
3.1), the energies of levels are zero-based to this non-existing (0,0) level. The summation 
over para states yields the partition function Z(p-Ht) that is valid for conditions where 
no ortho/para conversion channel is open. Z(o-Ht) is the analogy for ortho states. In 
both cases, the values of energy levels in equation 3.15 have to be given relative to the 
lowest allowed state. 

The calculations of spectral line strength 811111 (T) and absorption coefficient in the 
center of the lowest ortho and para lines k(v1/1/') are listed in tahle 3.2 together with the 
estimation of the excitation rate expected in the ion trap. A detailed description of the 
estimation of the excitation rate of Ht stored in a ion trap is given in section 5.3. 

Tahle 3.1 contains the coefficients for the analytical form of H2D+ and D2H+ parti
tion functions Z(H2D+) and Z(D2H+), respectively. The values have been taken from 
(Ramanlal & Tennyson, 2004). Tahle 3.2 contains the estimations of line intensities of 
several H2D+ and D2H+ transitions, together with the excitation rate estimation for a 
LIR experiment (see section 5.3 for further description). The estimations are based on the 
line list and Einstein coefficients provided by Tennyson's group (Ramanlal, 2004). 
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tv 

T [K] 4 6 10 15 20 50 100 200 300 500 

FWHM [cm" ) 0.0060 0.0073 0.0094 0.0115 0.0133 0.0211 0.0298 0.0422 0.0516 0.0667 

FWHM [MHz) 179 219 283 346 400 632 894 1264 1548 1999 

Z (n-H3•l 6.6E-10 1.2E..06 6.3E-04 1.6E-02 8.4E-02 2.01 7.44 20.66 37.46 81.30 

Z (p-H; 1 6.00 6.00 6.00 6.00 6.01 6.55 9.17 16.43 25.57 48.46 

Z (o-H;l 12.00 12.00 12.00 12.00 12.00 12.04 13.11 19.40 28.54 51 .75 

~ (Hli] P-H,· R(1.1)" Z(n-H,") 1.2E-19 1.2E-19 1.2E-19 1.0E-19 8.9E-20 5.8E-20 4.0E-20 2.3E-20 1.5E-20 7.7E-21 

k,y,- [cm·1tcm~ 6534.37 4 cm" 2.0E-17 1.6E-17 1.2E-17 8.2E-18 6.3E-18 2.6E-18 1.3E-18 5.0E-19 2.6E-19 1.1E·19 

k.. [s"] E = 101 .7 A,.,r = 2.46 5.4E-01 4.4E-01 3.2E-01 2.3E-01 1.7E-01 7.2E-02 3.5E-02 1.4E-02 7.3E-03 3.0E-03 

~ [Hlt) p-H," R(1 ,1)0 Z(p-H~") 1.2E·19 1.2E-19 1.2E-19 1.2E-19 1.2E-19 1.1E-19 8.1E-20 4.5E-20 2.95-20 1.SE-20 

k,y,- [cm"1/cm"1 6534.374 cm·1 2.0E-17 1.6E-17 1.2E-17 1.0E-17 8.7E-18 5.1E-18 2.6E-18 1.0E-18 5.3E-19 2.2E-19 

k.. [s·11 E = 101 .7 A,.,r = 2.46 5.4E-01 4.4E-01 3.4E-01 2.SE-01 2.4E-01 1.4E-01 7.1E-02 2.SE-02 1.5E-02 6.0E-03 

s"' [Hit] p-H,· R(1 ,0) Z(n-H3') 1.1E-22 1.9E-21 1.6E-20 4.0E-20 6.2E-20 1.1E-19 1.0E-19 7.0E-20 4.8E·20 2.SE-20 

k,y,- [cm·11cm·'] 6534.374 cm·' 1.7E-20 2.5E-19 1.6E-18 3,3E-18 4.4E-18 4.9E-18 3.3E-18 1.6E-18 8.6E-19 3.6E-19 

k.. 1s·'1 E= 101.7 A,.,y=2.46 4 .SE-04 6.SE..03 4.3E-02 9,1E-02 1.2E-01 1.4E-01 9.1E-02 4.3E-02 2.4E-02 1.0E-02 

s.it [Hit) p-Ha" R(1,0) Zťo-H)) 2,3E·19 2-3E-19 2-3E·19 2.3E-19 2.3E-1 9 2.2E-19 2 .1E-19 1.4E-19 9.sE-20 5.2E-20 

k,y,-[cm·11cm·'] 6534.374 cm·' 3.5E-17 2.9E-17 2.2E-17 1,8E-17 1.6E-17 1.0E-17 6.5E-18 3.1E-18 1.7E-18 7.4E·19 

I<.. [s"') E=101 .7 A,.,y=2.46 9.8E-01 8.0E-01 6.2E-01 5.1E-01 4.4E-01 2.BE-01 1.8E-01 S.6E-02 4.SE-02 2-0E..02 

Table 3.2: The estimated spectral line intensities 37171 , (T) for t he lowest ortho and para states of Hj. The units of 37171 , (T) 
is [cm-1 /(cm-3cm-1 )], which is the commonly used Hitran database unit (Rothman et al., 1998). The absorption coefficient 
in the center of each line k71rt' (vry71', T) is defined in equation (3.10) . Tbe excitation rate kex is defined in chapter 5.3 and gives 
the rate of excitation of ions in the trap for density 1 cm - 3ions using a 1 m W laser at the peak center (v = vri7I'). The used 
partition function indicates, whether a ortho/para conversion is allowed or not. Frequencies of the transitions and energies of 
the lower energy levels are given in cm-1 , the dimension of Einstein coefficient Ariri' is s-1. 
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T [K] 4 6 10 15 20 50 100 200 300 500 

FWHM [cm-1] 0.0046 0.0056 0.0073 0.0089 0.0103 0.0163 0.0230 0.0326 0.0399 0.0515 

FWHM [MHz] 138 169 218 268 309 489 691 977 1197 1545 

z 1.04 0.97 0.90 1.04 1.31 4 .76 15.39 44.61 78A5 160.82 

Sm· [Hit] o-Hp• 111-202 1.6E-28 2_3E-25 7.9E-23 1.2E-21 4.1E-21 1.5E-20 1.1 E-20 5.9E-21 3.9E-21 2.1E-21 

k,,,·[cm-1/cm·1 6459.133 cm-' 3.3E-26 3.9E-23 1.0E-20 1.3E-19 3.7E-19 8.7E-19 4.SE-19 1.7E-19 9,1E-20 3.8E-20 

k,,, [s-'] E = 60.0 A.-,,·= 2.47 1.0E-09 1.2E-06 3.2E-04 4.0E-03 1.2E-02 2.7E-02 1.4E-02 5.3E-03 2.8E-03 1.2E-03 

s"'. [Hit] f>"H2D• Ooo--+111 3.8E-19 4.1E-19 4.4E-19 3.9E-19 3.1E-19 8.4E-20 2.6E-20 9.0E-21 5.1E-21 2.5E-21 

k,n [cm-1/cm-1 6466-635 cm 
-1 7.8E-17 6.8E-17 5.7E-17 4.0E-17 2.8E-17 4.8E-18 1.1E-18 2.6E-19 1.2E-19 4.SE-20 

k,,, [s-'] E=O A,,,·= 4.10 2AE+OO 2.1E+OO 1.8E+OO 1.3E+OO 8.6E-01 1.5E-01 3.3E-02 8.0E-03 3.7E-03 1.4E-03 

Sm· [Hit] f>"H2D· 101--+212 1.5E-25 3.9E-23 3.4E-21 2.6E-20 6.2E-20 1.2E-19 7.3E-20 3.SE-20 2.2E-20 1.2E-20 

k,n [cm-1/cm"J 6491.451 cm-1 3.1E-23 6.5E-21 4.3E-19 2.7E-18 5.6E-18 7.1E-18 3.0E-18 1.0E-18 5.2E-19 2.2E-19 

k,,, (s-'] E = 45.7 A,,,· = 4.49 9.6E-07 2.0E-04 1.3E-02 8.SE-02 1.8E-01 2.2E-01 9.3E-02 3.1E-02 1.6E-02 6.?E-03 

T [K] 4 6 10 15 20 50 100 200 300 500 

FWHM [cm-1] 0.0042 0.0051 0.0066 0.0081 0,0093 0.0148 0.0209 0.0295 0.0361 0.0466 

FWHM [MHz] 125 153 198 242 280 442 625 884 1083 1398 

z 5.83 6.01 6.10 6.82 7.98 19.49 49.16 133.44 242.79 528.85 

Sm· [Hit] o-D2H• 2or-+313 7.1E-35 1.4E-29 2.3E-25 2.7E-23 2.7E-22 8.8E-21 1.SE-20 1.2E-20 8.1E-21 4.5E-21 

k,,,· [cm-1/cm-1 6534.374 cm-1 1.6E-32 2.5E-27 3.3E-23 3.2E-21 2.7E-20 5.6E-19 6.8E-19 3.7E-19 2.1E-19 9.1E-20 

k,,, [s-1] E = 101-7 A.-,,·= 2.46 4.9E-16 7.7E-11 1.0E-06 9.7E-05 8.2E-04 1.7E-02 2.1E-02 1.1E-02 6,SE-03 2.BE-03 

Soo· [Hit] p-D2H• 101--+212 1.3E-24 8.1E-23 2.3E-21 1.1E-20 2.2E-20 4.0E-20 2.6E-20 1.2E-20 7.4E-21 3.BE-21 

k,,,·[cm-1/cm-1 6535.943 cm 
_, 

2.9E-22 1.5E-20 3.3E-19 1.3E-18 2.2E-18 2.5E-18 1.2E-18 3.9E-19 1.9E-19 7.3E-20 

k,,, [s-1] E = 34.9 A,,,· = 2.28 8.8E-06 4.BE-04 1_0E-02 3.9E-02 6.6E-02 7.8E-02 3.BE-02 1.2E-02 5.9E-03 2.2E-03 

Sm· [Hit] o-D2H' Ooo-+111 1.6E-19 1.6E-19 1.5E-19 1.4E-19 1.2E-19 4.8E-20 1.9E-20 7.0E-21 3.9E-21 1.8E-21 

k,,,-[cm-1/cm-1 6536.301 cm-1 3.6E-17 2.9E-17 2_2E-17 1.6E-17 1.2E-17 3.1E-18 8.6E-19 2.2E-19 1.0E-19 3.6E-20 

k,,, [s-1] E=O A.-,,·= 1.69 1.1E+OO 8.8E-01 6.7E-01 4.9E-01 3.6E-01 9.4E-02 2.6E-02 6.9E-03 3.1E-03 1.1 E-03 

Table 3.3: The estimated spectral line intensities ST/T/' (T) for the lowest ortho and para states of H2D+ ( upper table) and 
D2H+(lower table). The units of ST/T/'(T) is [cm-1/(cm-3cm-1)]) - the so called Hitran unit (Rothman et al., 1998) . The 
absorption coefficient kT/T/'(vT/T/'' T) gives the relative loss of light on a 1 cm long pathlength at the center of line. The excitation 
rate kex is defined in chapter 5.3 and gives the excitation rate of ions in the trap for density 1 cm-3using a 1 mW laser tuned 
to the peak center (v= vT/T/' ). The partition function Z and values of Einstein coefficients AT/T/' were provided by J. Ramanlal 
(Ramanlal, 2004). Frequency of transitions and energy of lower energy levels are given in cm-1 , the Einstein coefficient AT/T/' 
in s-i. 
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3. SPECTROSCOPIC PROPERTIES OF Ht, H2D+ AND D2H+ 
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Chapter 4 

Recombination of Ht ion 

4.1 Overview of Ht studies 

The Ht ion has been observed first time by J. J. Thompson in 1911, using one ofthe earliest 
mass spectrometers. He identified positively charged specie with mass 3 in hydrogen 
discharge (Thomson, 1912). Because the existence of a triatomic Ht was in contradiction 
with contemporary theories of chemical bonding, a hypothesis of a 4-times ionized carbon 
or HD+ has been discussed. However, in his later work he finally verified the existence of 
Ht (Thomson, 1937). Nevertheless, already in 1916, Dempster accepted the idea of Ht 
and shoved, that Ht ion dominates over Ht in hydrogen plasma (Dempster, 1916). lts 
formation via reaction 

+ 1.7 eV, (4.1) 

was firstly proposed by (Hogness & Lunn, 1925). This reaction is exothermic and has a 
large cross-section without activation barrier (Oka, 1983). The reaction rate coefficient 
was determined to be k = 2 x 10-9 cm3s-1at 300 K, see e.g. (Glosík, 1994). The easiness 
of Ht formation and the high abundance of molecular hydrogen in the interstellar medium 
(ISM) led Martin et al. in 1961 to postulate the existence of Ht in the molecular-type ISM. 
In 1973 Watson and Herbst with Klemperer independently recognized the importance of 
Ht for the interstellar chemistry. Ht, due to the low proton affinity of H2 ( 4.5 e V) and 
high cross-section for proton transfer to majority of atoms and molecules, serves as an 
universa! proton donor and initiates a network of ion-molecular reactions shown in figure 
4.1. The chain of processes leads to more complex organic molecules identified in the 
ISM. The astronomical observation of Ht in ISM was important to verify this hypothesis. 
However, without the knowledge of the absorption spectrum it was not possible to start 
the astronomical search for Ht in ISM. 

4.1.1 Ht spectroscopy 

The laboratory search for frequencies of absorption transitions and ro-vibrational levels 
of Ht was complicated by two factors. As mentioned in chapter 3, Ht doesn't have 
any stable electronically excited state, nor a dipole moment in its ground state, thus no 
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emission spectra could be observed. Secondly, before 1976, the "ab-initio" predictions 
of Ht energy levels were not reliable enough due to the non-classical symmetry of Ht 
and therefore no reliable line-position. predictions existed at that time. The search for 
Ht absorption spectra was not successful until 1980, when T. Oka observed the first 15 
lines of the v2 fundamental band of Ht (Oka, 1980). In following studies the absorption 
spectra have been determined for v2 fundamental (Majewski et al., 1987; Watson et al., 
1984), 2v~ +-'v~ hot band and overtone 2v~ +--O transitions (Xu et al., 1990). The second 
overtone band 3v~ +-- O has been explored by (Ventrudo et al., 1994). A big survey of Ht, 
together with an enormous work on cataloging and revision of assignment was done by 
McCall and Lindsay at Oka's group in Chicago (Lindsay, 2002; Lindsay & McCall, 2001; 
McCall, 2000). 

First theoretical treatment of Ht symmetries and structure dates to 1935, when Coul
son already indicated the equilateral triangular shape of this molecule and calculated the 
bond lengths with high accuracy (Coulson, 1935). In 1964 first computer calculation ver
ified the hypothesis of the triangular shape ( Christoffersen et al., 1964). The theoretical 
understanding on triatomic hydrogen and deuterium that we have today owes much to 
the work of J. T. Hougen and J. K. G. Watson, who pinned down the symmetry rules 
and classification scheme of the energy levels (Hougen, 1962, 1963; Watson et al., 1984). 
In 1970's Carney and Porter made first calculation of the "ab-initio" potential surface 
(Carney & Porter, 1974), and calculated the first ro-vibrational energy-level list (Carney 
& Porter, 1976; Carney & Porter, 1980). Their predictions played a key role in Oka's 
search, successful in 1980. Most accurate line list up to date has been calculated by J. 
Tennyson's group (Neale et al., 1996; Ramanlal & Tennyson, 2004), using the ultra-high 
accuracy "ab-initio" model of Polyansky and Tennyson (Polyansky & Tennyson, 1999). 

4.1.2 Ht in ISM 

Dueto the high importance of the Hj ion in the process of formation of lager molecules in 
ISM, the astronomical search for absorption lines began immediately after the discovery of 
the first absorption lines by T. Oka in 1980. Dueto the lack of electronic transitions and 
pure rotational spectra, one had to turn to vibrational spectroscopy in the infrared region. 
The first extraterrestrial identification of Hj was performed in 1989 through emission 
spectroscopy of the atmosphere of Jupiter (Drossart et al., 1989; Trafton et al., 1989) 
and later in the atmospheres of Saturn and Uranus (Miller et al., 2000). Finally, in 1996 
Ht was identified by Geballe and Oka (Geballe & Oka, 1996) in the spectra towards a 
dense interstellar cloud and by McCall (McCall et al., 1998) towards a diffuse interstellar 
cloud. The column densities derived from the Geballe's absorption measurement was in 
agreement with the astrochemical models of dense interstellar clouds. On the other hand, 
the presence of Ht in diffuse interstellar clouds was unexpected, since the astrochemical 
models predicted 10 x lower concentration. 

The Ht ion is formed in molecular regions of ISM in two steps; hydrogen molecule is 
ionized by cosmic flux ( 

(4.2) 

and in exothermic reaction (4.1) Ht is formed. In ISM Ht can be destructed in ion-
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molecule reactions or by DR with electrons. Different conditions in dense and diffuse 
interstellar clouds determine the preferred destruction channel. The fractional ionization 
in dense clouds is several orders of magnitude lower than in diffuse clouds. This is caused 
by a low abundance of metallic species, like carbon, sulfur or silicon, that are the most 
important sources of free electrons, and by a low cosmic radiation fl.ux, that causes the 
ionization (Herbst, 2000). Thus, the main destruction channel of Ht in dense clouds with 
low electron density is via ion-molecular reactions e.g. with CO. 

On the other hand, in diffuse interstellar clouds the cosmic ray penetration is high, 
yielding an electron density that is more than four orders of magnitude higher than in dense 
clouds (Black, 2000). The rate of ion-molecule reaction scales down with the concentration 
of second reactant (i.e. CO). As their density is several orders of magnitude lower than 
in dense clouds (and is hence negligible), the far most dominant loss channel becomes 
the dissociative recombination. In 1998 the generally accepted rate coefficient a = 1.1 x 
(300/T)0·65 x 10-7 cm3s-1 (corresponding to 5 x 10-7 cm3s-1 at 30 K} predicated at least 
two orders of magnitude lower concentration. However, the observation towards diffuse 
Cygnus OB2 No. 12 (Geballe et al., 1999; McCall et al., 1998} revealed almost the same 
column density as observed in dense molecular clouds. 

In order to reach the observed concentration, the recombination rate a had to be 
decreased and the expected ionization fl.ux had to be increased significantly. The enigma 
of Ht recombination reappeared urgently. To solve this puzzle the experimental research 
on Ht has attracted new attention. 

4.1.3 Enigmatic recombination of Ht 
The history of Ht recombination study has been full of controversy since the first studies 
in stationary afterglow plasmas in hydrogen (Biondi & Brown, 1949} up to the present 
day. The earliest measurements didn't have a good control of experimental conditions and 
probably an effective recombination coefficient of a mixture of Ht and Ht was measured. 
The first measurements that should be taken seriously is the stationary afterglow mea
surement in plasma (SA} of Leu (Leu et al., 1973) and MacDonald (MacDonald et al., 
1984). Using a mass spectrometer they obtained the values of recombination coefficient 
2.3 x 10-7 and 1.6 x 10-7 cm3s-1, respectively. 

In 1984 Michels and Hobbs (Michels & Hobbs, 1984) calculated the two dimensional 
potential surface of Htion. Unfortunately, they didn't find the ground and lowest vibra
tional potential curve to be crossed by any repulsion curve that could lead to dissociation; 
they concluded that the dissociation process should be extremely slow. Only states with 
v ~ 3 could potentially recombine faster. In 1984, Adams and Smith measured the re
combination using newly developed Flowing afterglow Langmuir probe (FALP) apparatus 
(Adams et al., 1984). They observed a deviation from a single-ion recombination decay 
and, influenced by the theoretical explanation given by Michels and Hobbs, they inter
preted the result as a combination of fast recombining v ~ 3 and slowly recombining 
Ht(v =O) ions with a= 2 x 10-8 cm3s-1. On the other hand, an important measure
ment of Amano (Amano, 1988), where the Ht(v =O) ions were observed spectroscopically 
in a SA, didn't support this behavior; the measured DR rate was a = 1.8 x 10-7 cm3s-1. 
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The experiment of Adams and Smith have been carefully repeated by Smith and Španel 
(Smith et al., 1993; Smith & Španěl, 1993), with the same result, a ""2 x 10-s cm-3s-1. 
A following measurement of Gougousi and Johnsen with flowing afterglow still didn't re
solve the puzzle (Gougousi et al., 1995). In 1993 Larsson carried out first storage ring 
measurement of Hj DR on the CRYRING facility in Stockholm, yielding a cross-section 
as a function of electron-ion collision energy. When the cross-section was converted to a 
equivalent 300 K rate coeeficient, the value 1.15 x 107 cm3s-1 has been obtained (Sund
strom et al., 1994). Their DR measurement contradicted to the results obtained by flowing 
afterglow apparatuses in plasma. The measurement was followed by other storage ring 
measurements, that agreed at value ""l.10 x 10-7 cm3s-1. 

In 1999, our laboratory joined the effort to solve the puzzle of Hj recombination. A 
stationary afterglow apparatus AISA has been developed (Plašil et al., 2002). Special 
attention during its construction has been dedicated to reduction of level of impurities 
and ambipolar diffusion. Plasma was ignited by a microwave discharge and a Langmuir 
probe (LP) was used to monitor the plasma density during the afterglow. A series of ex
periments revealed a surprising result. The recombination rate coefficient showed a strong 
dependence on H2 partial pressure (Glosík et al., 2000; Plašil et al., 2002; Poterya et al., 
2002). At low H2 densities, the recombination is slower by two orders of magnitude with 
respect to the plateau at H2 densities around 1012-1015 cm-3 , see figure 4.2. Such obser
vation could explain the discrepancy between the different multi-collisional experiments 
in plasma. Such an observation gives rise to the question whether the DR of Hj rate 
in the ISM shouldn't be taken as the limit value of AISA measurement for [H2] --+ O: 
(a ~ 3 x 10-9cm-3s-1 ). One would expect that the storage-ring experiment should yield 
a value below the lower limit measured by AISA. However, the storage ring DR rate 
1.1 x 10-7 cm3s-1 is not; the single-collisional storage ring experiments didn't support 
this behavior. 

Several questions about the properties of the plasma in the AISA experiment arisen 
that the apparatuses utilising the Langmuir probe were not able to measure. AISA mea
sures electron density decay and relies on the quasineutrality and assumes that Hj is the 
dominant ion. This assumption has been indirectly verified by a mass spectra measure
ment. An open question was the internal state of Hj in the afterglow, as no information 
on the internal state of Hj was available from the Langmuir probe measurement. There
fore, a new experiment that uses spectroscopic identification of recombining ions has been 
started. 

4.2 Hj recombination study 

After more than 30 years of experimental work and advances in theory, the explanation 
for the different observed rate coefficients of Hj recombination still didn't emerge. In 2002 
the ISM relevant upper limit of DR rate, based on the AISA experiment, was still in a 
contradiction with the results of storage-ring experiments. It was proposed that rotational 
excitation may play a significant role in the DR process and an experiment with state
selective diagnostic method was desirable. This work presents results of a state-resolved 
recombination measurement carried out using the Test Tube (TT) apparatus, that utilized 
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4.2 Ht recombination study 
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Figure 4.1: Diagram ofreactions proceeding in diffuse (left panel) and dense (right panel) 
interstellar clouds; reprinted from (Smith & Španěl, 1995). 
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Figure 4.2: Values of Htrecombination rate coefficient measured by previous experiments. 
Data indicated by circles were obtained in AISA stationary afterglow experiment at differ
ent H2 number densities. The appropriate H2, Ar, He concentration ranges are indicated. 
Previous measurements are marked by lines. Figure reprinted from (Plašil, 2003). 
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4. RECOMBINATION OF Hf ION 

a high sensitivity time resolved CRD spectrometer (TR-CRDS) for Hf probing in the 
stationary afterglow. 

The aims of this project are following. Firstly, verify that in afterglow plasma under 
conditions close to the AISA experiment Hf ion is the dominant ion and electron density 
measured by Langmuir probe reflects the Hf density. Secondly, study the distribution of 
the Hf ro-vibrational populations in afterglow. And finally, measure the DR rate using a 
direct method and investigate whether the DR rate shows different values for ortho- and 
para-states. 

The recombination process in the presented experiment has been studied in the early 
afterglow, where the DR represents the most significant loss process. From a Hf den
sity evolution, measured by CRDS, the recombination rate coefficient has been derived. 
The principie and detailed description of the vacuum chamber, plasma ignition and CRD 
spectrometer itself are given in chapter 2. A short overview of the experiments, obtained 
results and their discussion, including a comparison with newest theoretical and experi
mental results, are given in the following sections. The experimental conditions and the 
results are discussed in the attached works (I - III] in more detail. 

4.2.1 Formation of Hf in plasma 

The DR measurement has been undertaken for several different compositions of plasma at 
two different temperature ranges. Hf dominated plasma is formed during the microwave 
discharge and in the early stage of afterglow in a mixture of He, Ar and H2 in a typical 
ratio of gas flows 800: 2: 0.5- 3 sccm at total pressures 5 - 15 mbar. Reactions that form 
the reaction chain leading to Hf dominant plasma, together with their rate coefficients 
and typical number densities of reactants, are listed in tahle 4.1. The simplified reaction 
chain is as follows. During the microwave discharge, He and partly Ar and H2 are ionized 
by electron impact. The electron number density is close to the value of critical electron 
density ("'1012 cm-3 for 2.45 GHz microwaves). At higher electron density, microwaves 
cannot penetrate the plasma volume. Het ions formed from He+ and He metastables 
created during the discharge undergo a charge transfer and Penning ionization with Ar, 
producing Ar+, that is in reaction with H2 rapidly converted to ArH+ and H2 + and finally 
to Hf. A more detailed description of the process of Hf formation is given e.g. in (Plašil 
et al., 2002). Results of a simple kinetic model based on reactions listed in tahle 4.1 
is shown in figure 4.3. After switching off microwaves, we have observed a transitional 
period, where Hf formation is finishing and Hf becomes the dominant ion. Usually, the 
transitional period of formation is short compared to the decay time of Hf due to DR. 
However, at H2 densities < 1013 cm-3, the formation process gets slow and the transient 
phase becomes comparable to the DR decay. This makes the DR rate measurement at low 
H2 densities impossible. 

4.2.2 Spectrum measurement 

Our spectroscopic experiment employed several Hf absorption lines from the second over
tone band (O, 31 )-(o, o0). We didn't have to do a spectroscopic survey of the absorption 
band prior to the recombination experiment, because the positions and the intensities of 
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No. Reaction rate [cm3s-1] nr [cm 31 Tr [ms] reference 

1 Hé +2He - Hef+He 1,0 X 10 3Io 2.8 X 1017 0,13 (Ikezoe et al., 1987) 
2 HeM+HeM - Het +e- 5.0 X 10-9 3,6 X 1010 5.5 (Urbain et al., 1987) 
3 HeM+Ar - Ar++He+e- 7,0 X 10- 11 1,6 X 1015 8,8 X 10-3 (Glosík et al., 1999) 
4 Het+Ar - Ar++2He 2, 0 X 10-lO 1,6 X 1015 3, 1X10-2 (Ikezoe et al., 1987) 
5 Ar++H2 - ArH++H 8,9 X 10-10 3,2 X 1014 3,6 X 10-3 (Dotan & Lindinger, 1982) - Ht+Ar ArH+ dominant channel 
8 Ht+Ar - ArH++H 2,3 X 10-9 1,6 X 1015 2, 7 X 10-4 (Glosík, 1994) 
9 Ht+H2 - Ht+H 2, 1X10-9 3,2 X 1014 1,5 X 10-3 (Glosík, 1994) 
10 ArH++H2 - H!+Ar 1,5 X 10-9 3, 2 X 1014 2, 1X10-3 (Villinger et al., 1982) 
11 H!(O)+e- - H+H+H 1,4 X 10-7„ 3,6 X 1011 2,0 X 10-2 (Smirnov, 1984) 

Tahle 4.1: Formation of Ht ion. The values of reaction rate coefficients used in the kinetic model of formation are listed in the 
tahle, together with the reactant numher density and an estimation of the characteristic time for each reaction. 
• Three-hody reaction, rate in cm6s-1. 

•• Recomhination rate coefficient a, T represents the decay of concentration to 1/2. 
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Figure 4.3: Model of Ht formation process. Lower panel represents the number density 
evolutions of intermediate and product species. Upper panel shows the coefficient ~ = 
[Ht] / [e - J, that visualize the dominance of Ht ion in the plasma. The measurement 
interval of CRDS experiment is marked by an arrow. The reaction rate coefficient used in 
the kinetic model are listed in table 4.1, the initíal number densities of reactants in cm- 3 

are as follows: [He] = 2, 8 x 1017 , [Ar] = 1, 6 x 1015 , [H2] = 3, 2 x 1014 , [HeM] = 3, 6 x 1010 , 

[Hé] = 3,6 x 1010 , [Ar+]= 3,2 x 1011 , [e-] = 3,6 x 1011 , total pressure 11.5 mbar at 
300 K. 

the absorption lines in this band were well known. A list of Einstein coefficients for Ht 
transitions based on an "ab-initio" calculation is available (Neale et al„ 1996) and the ex
perimentally confirmed line positions are listed in (Ventrudo et al., 1994). The transitions 
used in aur experiment are listed in figure 4.4. A sample spectrum of three Ht lines is 
shown in figure 4.5. 

Except one measurement of the R(l,O) line position, reported in [III], where the scan
ning region overlapped with a strong H20 line, we didn't attempt to determine exact 
frequency of lines. At the time of the Ht studies a high accuracy wavemeter was not 
available in our laboratory. Also, there was little interest in measuring the already known 
line frequencies once again. However, the lack of absolute wavelength measurement com
plicated the DR measurement. In the DR experiment, we reduced the measurement time 
by acquiring the absorption evolution only in the center of absorptíon line, instead doíng a 
full time-consumíng time-resolved scan over the line. However, this approach required to 
tune the laser frequency to the exact center of the absorptíon line. If the laser was tuned 
to a wrong frequency, e.g. to a shoulder of the Gaussian peak, using the monochromatic 
absorption coefficient k(vrJT/') as the absorption-to-number density conversion factor would 
cause a virtual decrease of the measured Ht number density. To assure this precondítion 
without an access to an absolute laser wavelength measurement, we had to do a precise 
wavelength calibratíon by acquiríng a fast Ht line scan prior every measurement. 
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Figure 4.4: Transitions observed in the present study. Included are also transitions used 
in the Heidelberg study of a laser-induced reaction (Mikosch et al„ 2004). 
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Figure 4.5: Absorption spectra of Ht (v = O) obtained in a continuous microwave dis
charge. Three absorption lines in the v2 = 3 ~O overtone band. 



4. RECOMBINATION OF Ht ION 

4.2.3 Ht DR measurement 

Ht dominated plasma is produced in a microwave discharge in the Test Tube apparatus. 
After switching off microwaves, the ion density of the afterglow plasma decays due to 
several loss channel. In the early phase, the dominant loss process is the DR with electrons. 
The decay due to DR is fast because of the high electron density in the early afterglow. 
During the later phase, where electron number density is already low, the DR becomes a 
slow process and the ambipolar diffusion and the loss of ions in reactions with impurities get 
dominant. In the previous work of our group (Plašil et al., 2002) it was substantiated that 
in the case of cylindrical geometry, as the case both for AISA and Test Tube apparatuses, 
the loss caused by reactions with impurities and the ambipolar diffusion loss can be treated 
in conjunction and characterized by one characteristic decay time TL· The balance equation 
for electron number density ne has the form 

dne_ ~ [ +] dt - - ~ai Ai ne - VLne, (4.3) 

where ai are the recombination rate coefficients of ions contained in the plasma. vi 

characterize the combined loss due to ambipolar diffusion and losses in reaction with 
impurities VL = 1/TL = 1/rD + 1/rR. The solution of equation (4.3) for only one dominant 
ionic specie [A+] = ne has the form 

2_ = exp(vLt) +a exp(vLt) - 1. (4.4) 
ne neo VL 

neo is the initial electron number density. At high partial pressures of H2 and He the 
three-body association reaction producing Ht clusters gets efficient: 

kas (He] 

ksa [He] 

asne 
Ht---+ neutral products. (4.5) 

The three-body rate coefficient kas describes the forward association reaction, whereas two
body rate coefficient ksa describes the backward collisional dissociation of the Ht complex. 
The Ht recombination rate coefficient as is higher by more than order of magnitude than 
aa. If we introduce the Ht recombination and Ht association and recombination, the 
equation ( 4.3) transforms into 

dne [ +] [ +] dt = -aa Ha ne - as Hs ne - VLne (4.6) 

Assuming the quasineutrality of plasma and using R= [Ht] / [Ht], equation (4.6) trans
forms into 

d r:t] = - (aa +Ras) [Hf] 2 - VL [Ht]. t ...____,_,._.., (4.7) 

O!e// 

Under the assumption that the factor R doesn't change in time, i.e. Hf and Ht equilibrate 
faster than the Ht recombines, the solution of the equation ( 4. 7) has the form of equation 
(4.4): 

1 exp(vLt) exp(vLt) - 1 
(Ht) = (HtJo +Oe// VL 

(4.8) 
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4.2 Hj recombination study 

[Hj] 0 is the initial number density of Hj ion. It is, however, necessary to emphasize, that 
the effective recombination rate coefficient Ot.e/ I introduced in ( 4. 7) is not identical to the 
Ot.eff used in the previous works of our group (Glosík et al., 2001; Novotný, 2006; Novotný 
et al., 2007; Plašil et al., 2002). In the previous works Langmuir probe (LP) has been used 
as the diagnostics method for the recombination studies. Instead of Hj number density, 
the electron density of the afterglow plasma has been measured. The difference between 
LP and the spectroscopic measurement is covered in the appendix B. The derivation of 
the formula for equilibrium constant R is discussed in the appendix too. 

4.2.3.1 Experiment at 330 K 

The process of Hj recombination in plasma has been studied at several H2 concentrations 
at temperature -330 Kand at -100 K in a liquid-nitrogen cooled discharge tube. At 330 K 
the typical pressure of the He buffer gas was 7 mbar, with small admixtures of Ar and 
H2. The typical flows were: He : Ar : H2 = 550 : (3 - 5) : (1 - 18) sccm corresponding 
to number densities [Ar] = 1.2 - 2 x 1015 cm-3, [He] = 1.7 x 1017 cm-3 . [H2] varied 
from 4 x 1014 to 6.6 x 1015 cm-3 . The initial [Hj] density was typically 3 x 1011 cm-3 

for the waveguide configuration and 2 x 1010 cm-3 when the microwave resonator with 
broad discharge tube was used. The broad discharge tube reduced the diffusion losses and 
therefore makes it possible to extend the measurement into more distant afterglow times, 
where electron and Hj densities are lower and the recombination decay rate is slower. 

The attached works [I, II] report on the experiments carried out with the waveguide 
configuration. In this configuration TT is capable to produce high Hj concentrations, 
unfortunately features high rate of diffusion losses. The figure 4 in [I] shows the evolution 
of the kinetic temperature Tkin(t) of the Hj ions during the discharge and afterglow period. 
The average kinetic temperature of Hj ions in the vibrational ground state was 330 K. 
A small elevation of Tkin during the discharge can be observed. The kinetic temperature 
Tkin has been derived from Doppler broadening of a Ht line. The profile of absorption 
line was measured using a time-resolved scan - at each frequency step a time-resolved 
absorption decay has been measured. Subsequently, the time evolutions were discretized 
into small time intervals and the resulting absorption matrix was transposed. Using this 
algorithm the frequency profi.les of the absorption line at different times were obtained. 

Figure 4.6 shows the measurement of the buffer gas temperature during afterglow. 
For this measurement we used a strong absorption line of 1.4 x 10-5 mbar H20 vapor 
that was present as an impurity in the gas mixture. As the H20 concentration stays 
constant in time, it allowed us to measure the buffer gas temperature during the whole 
discharge and afterglow period. The temperature is -330 K, with the temperature little 
elevated at early afterglow. The temperature evolution has been measured using the 
already mentioned approach. 

An example of measured Hj(v = O) number density decay in afterglow plasma is 
plotted in figure 4.7. The effective recombination rate coefficient and diffusion rate were 
obtained as the best-fit values of formula (4.8). In the early time after switching off 
the microwaves, the decay is dominantly driven by recombination. After 300 µs, the 
most important loss channel becomes the diffusion. During the first 200 µs, the Hj 
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Figure 4.6: The evolution of the buffer gas temperature in afterglow as determined from 
the Doppler broadened H20 absorption line at 7243.012 cm-1 . An example of a line profile 
at 0.7 ms is given. Plasma composition: [He] = 5 x 1017 cm-3 , [Ar] = 8 x 1014cm- 3 , 

[H2] = 4.3 x 1014 cm- 3 , 7.7 mbar. 

concentration decays by an order of magnitude from the initial concentration 2 x 1011 

cm-3 . Without applying the general iterative algorithm (GIA) described in chapter 2.1.3, 
such a fast absorption change couldn't be monitored by CRDS without introducing a 
systematic error. The Ht concentration decay signal would be blurred in time. This 
would lead to effectively lower Ht concentration, resulting into a virtually higher DR 
rate, as quantitatively demonstrated in figure 4.8. Here, the correct recombination rate 
constant is 1.09 x 10-7 cm3s- 1 . However, single-exponential fit of RD's leads to lower 
absorption giving the overestimated value 1.58 x 10-7 cm3s- 1 . 

The experiments described in article [III] have been carried out using a discharge tube 
with the inner diameter extended to 6.5 cm. The discharge tube was inserted into a 
microwave resonator. The Ht density in this setup was lower than the density reached in 
waveguide configuration. The typical plasma density on the beginning of the afterglow was 
2 x 1010 cm-3 . A longer plasma column (30 cm) counterbalanced the lower plasma density 
and kept the accuracy comparable with the measurements that employed the short 5 cm 
high-density plasma column. The larger radius of the discharge cell reduced the rate of 
ambipolar diffusion. Because of the lower electron density, the DR decay rate was slower. 
Our setup allowed us to follow the afterglow for a longer time and extend the measurement 
to a millisecond range, compared to the <0.5 ms range when the narrow discharge tube 
was used. 

The values of O'.ef f measured at different partial pressures of H2 are plotted in figure 
4.12. The typical buffer gas pressure was 7 mbar, corresponding to the He number density 
1.7 x 1017 cm-3 . The typical Ar number density was 1.3 x 1015 cm-3 . We didn't observe 
any indication that O'.ef f depends on Ar concentration. However, concentrations of Ar and 
H2 influenced the speed of Ht formation. We weren't able to obtain reliable values of 
the DR rate for H2 number densities lower than 3 x 1013 cm-3 . At such low H2 densities, 
the formation of Ht is a slow process, comparable to the recombination rate in the early 
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Figure 4. 7: The Cťef f measurement in afterglow plasma using Test Tube apparatus in 
waveguide configuration. The Ht density evolution is obtained from the decay of absorp
tion in the center of P(3,3) line at 6807.297 cm- 1 . The Ht number density decays from the 
initial value [HtJ = 2 x 1011 cm- 3 . The recombination rate obtained from a non-linear 
fit is Cťeff = 1.2 x 10-7 cm3s-1 at [He] = 3.0 x 1017 cm- 3 , [Ar] = 2.3 x 1015 cm-3 , 

[H2] = 8.2 x 1013 cm-3 , 13 mbar and 330 K. 
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Figure 4.8: The comparison of different algorithms of fitting the RD decays in the 
time-resolved CRDS. The decay Htnumber density has been processed by simple single
exponential fit and using the iterative algorithm (GIA) described in chapter 2.1.3. The 
simple method cannot follow the fast absorption change during the first 100 µs of the 
afterglow. Measured in waveguide configuration with [He] = 2.8 x 1017 cm-3 , [Ar] = 
1.6 x 1015 cm-3 , [H2] = 3.2 x 1014 cm-3 , 12.8 mbar and 330 K. 
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4. RECOMBINATION OF Ht ION 
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Figure 4.9: Example of the measured Ht density decay and kinetic temperature evolution 
during the afterglow as determined from the width of the Ht absorption line (3v2 +-- O) 
R(l,O) at 7241.260 cm-1 . Note the different time scales used in the upper and in the lower 
panel. The insert shows an example of the line profile measured at 0.15 ms. Measured in lq
N2 cooled afterglow in He-Ar-H2mixture ( [He] = 3.6 x 1017 cm- 3 , [Ar] = 6 x 1013cm-3 , 

[H2] = 3 x 1013 cm-3 , 5 mbar) 

afterglow. 
At [H2] > 1015 cm- 3 , aeff becomes affected by the Ht cluster production and its 

recombination. The Ht formation leads to higher aeff values in figure 4.12, because the 
term a 5 * R overcomes the value a3 in the equation ( 4. 7). The horizont al line in the 
figure 4.12 represents the value of DR rate coefficient a3, whereas the slope represents 
the second term of aeff; properties of the slope are given by a simple model of Ht 
association/ dissociation described in appendix B that uses the value of Ht /HI equilibrium 
constant from (Hiraoka & Kebarle, 1975) and (Johnsen et al., 1976). 

4.2.3.2 Experiment at 100 K 

The recombination measurement, described in previous section, has been repeated at low 
temperature. The liquid-nitrogen-cooled 6.5 cm wide discharge tube has been used to 
measure the afterglow properties and the value of effective recombination rate coefficient 
at temperatures close to 100 K. The results of the stationary afterglow experiment at 100 
K have been published in the attached work [III]. A summary of the results is given in 
this section. 

The DR measurements were carried out at a typical buffer gas pressure 5 mbar that 
corresponds at 100 K to the number density 3.6 x 1017 cm- 3 . We used low concentration 
of Ar ( <8 x 1014 cm-3 ) because at higher partial pressure Ar was freezing on the liquid
nitrogen-cooled walls of the discharge tube. The wider discharge tube reduced the diffusion 
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4.2 Hf recombination study 

rate and the cold walls of the discharge tube reduced significantly the concentration of 
impurities in the plasma. The suppression of this loss channel allowed us to extend the Hf 
decay measurement to longer time range. Furthermore, at low temperature the absorption 
lines become narrower and higher while conserving the peak area. This effect led to 
improved Hf detection limit down to 3 x 108 cm-3 . 
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Figure 4.10: Left panel: temporal evolution of Hf number density in a recombination 
driven afterglow plasma. The Hf density has been derived from the absorption in the 
center of R(l,O) line at 7241.260 cm- 1. Right panel: 1/ [Hf J vs. decay time t of the same 
dataset . The red line represents the best fit using the equation (4.8), the slope of the green 
line is given by the recombination rate coefficient aef f. The difference between the two 
lines is reflecting the contribution of diffusion (vL) to the Hf loss. 

An example of measured evolution of the Hf kinetic temperature in afterglow is pre
sented in figure 4.9. The average temperature was slowly decaying from the initial "'100 
K. The buffer gas is expected to have the wall temperature "'73 K. A Doppler broadened 
line profile at t = 0.15 ms is shown in upper left corner of the figure, together with the 
Hf number density evolution, decaying from the maximum density 2 x 1010 cm-3 . An 
example of Hf decay is plotted in figure 4.10, together with the best fit by formula (4.8). 
On the 1/n(t) plot the effective recombination rate constant Cl'.eff represents the constant 
of proportionality (the slope of the green line). In the figure 4.11 the electron and Hj 
number density from AISA, FALP and CRDS experiments decays over several orders of 
magnitude. The measurements at similar H2 concentration 2.5 x 1014 cm-3 demonstrate, 
that the temporal evolutions of Hf number density measured by different experimental 
techniques overlap over several orders of magnitude and very different time scales. Based 
on this observation, we can exclude any dependency of recombination rate on the electron 
density in the electron number density range 1012 - 108 cm-3 . At this point it is appro
priate to comment on the possible influence of collision radiative recombination (CRR) to 
Cl'.eff· At 300 K een at ne= 3 x 1011 cm-3 acRR << Cl'.DR· At 100 K the electron number 
density is lower and alo here acnR << Cl'.DR· However, if we had ne "' 3 x 1011 cm-3 

at 100 K, due to he strong dependency on temperature, the acRR contribution to Cl'.eff 

couldn't be neglected. 
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4. RECOMBINATION OF Ht ION 

The values of the effective Ht DR rate coefficient for different H2 partial pressures 
at 100 K are plotted in the figure 4.12 by blue points. The horizontal line represents the 
value of Ht recombination rate coefficient a= 2.3 x 10- 7 cm3s-1 , whereas the sloping line 
gives the Ht contribution to aef f. The effective recombination rate coefficient at 100 K 
is in a very good agreement with the 300 K value, if one takes into consideration that the 
recombination rate scales with temperature accordíng to the approxímate formula a(T2 ) ~ 

a3oo(T /300)-0 ·65 . The green circles represent the previous results of AISA experiment 
(Glosík et al., 2001; Plašil et al., 2002), with the apparent t p dependency on H2 partial 
pressure at [H2] < 1012 cm- 3. The same behavior of aeff a low .H2 concentrations have 
been reported also by the fiowing afterglow experiment ( :ALP) (Novotný 2006) and are 
plotted in figure 4.13 for comparison. Unfortunately our experiment couldn't be extended 
to such extremely low H2 concentrations and the dependency on H2 partial pressure was 
not investigated. 
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Figure 4.11: Log-log plots of decay curves as obtained in three different experiments 
AISA, FALP and Test Tube with CRDS (300 Kand 100 K). Dashed line indicates decay of 
recombination dominated plasma with CYeff = 1.37 x 10-7 cm3s-1 . All four measurements 
were carried out with partial hydrogen number density [H2] 3 x 1014 cm-3 . The Figure 
demonstrates that one value of CYef f hold true for a broad range of Ht initial number 
densities and time scales used in the particular experiments. 

4.3 Comparison with recent results 

During the author's doctoral work, several important advances showed up, both in the 
experimental field and in theory of Ht DR. In the following section, the recent advances 
are briefiy reviewed and their implications are discussed, together with the implications 
following from the results discussed in this work. 
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Figure 4.12: Measured effective recombination rate coefficients of Hf a~ff as obtained 

in AISA experiments and a~1DS measured by CRDS using the Test Tube apparatus at 

300 K and 100 K. The horizontal lines represents the value of Hf DR rate coefficient at 
appropriate temperature , whereas the sloping line represents the Ht contribution R · a 5 

to O'.eff in equation (4.7). Typical 300 K values: [He] =3 x 1017 cm-3 , [Ar] =1x1015 

cm-3 , 7 mbar. At 100 K: [He] =3.6 x 1017 cm-3 , [Ar] =2 x 1013 cm-3 , 5 mbar. 
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Figure 4.13: Recombination rate coefficients (aeJJ) of Hf measured with the FALP-VT 
apparatus in a decaying plasma as a function of H2 partial pressure. The dependence of 
O'.ef f on [H2] is very similar to the dependence measured in AISA experiment on figures 
4.12 and 4.2. Figure reprinted from (Novotný, 2006). 
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4. RECOMBINATION OF Ht ION 

The process of DR of Ht ion has been recently studied using AISA apparatus (Glosík 
et al., 2000; Glosík et al., 2001; Plašil, 2003; Plašil et al., 2002), a stationary afterglow 
apparatus equipped with a large discharge chamber to reduce the loss due to diffusion. 
This allowed extending the measurement time range up to 100 ms. The decay of electron 
number density in the Ht dominated afterglow plasma has been monitored using a Lang
muir probe. The DR rate coefficient has been found to be a function of the H2 number 
density; the dependence is plotted in figure 4.12 (green points). At 260 K and [H2] > 
1 x 1012 cm-3 the value of O.elf = 1.4 x 10-1 cm3s-1 is in a good agreement with the 
presented CRDS measurement at 300 K. However, at [H2] < 1 x 1012 cm-3 the O.eff 

features a linear dependency on H2 density. 
In the end of 2005 a new high pressure variable temperature .flowing afterglow Langmuir 

probe (VT-FALP) apparatus was build and a series of experiments was carried on (Korolov 
et al., 2006; Novotný, 2006). At typical 16 mbar buffer gas pressure, the Ht DR rate 
coefficient has been measured at low H2 concentrations ( [H2] = 2 x 1011 - 2 x 1013 

cm-3). The obtained result, plotted on figure 4.13, showed the same linear dependency of 
DR recombination rate coefficient on H2 number density, as observed by AISA experiment 
(Glosík et al., 2001; Plašil et al., 2002). The VT-FALP measurements confirmed the results 
obtained by AISA experiment, with a novel contribution. Unlike the stationary afterglow 
experiments (AISA, Test Tube), where all reactants are present in the discharge, FALP 
technique features a separate reaction region for each reactant, giving a better control over 
Ht formation. In stationary afterglow, we cannot completely exclude the possibility, that 
long-living highly excited species could be produced in the discharge. Such species could 
serve as a source of Ht ions long after the end of the discharge and cause an apparent 
reduction of DR rate. The FALP experiment proveď that the observed dependency on the 
H2 concentration is not induced by any uncontrollable process in the He/ Ar /H2 discharge. 
The CRDS experiment contributed to these studies by experimental verification that the 
dominant specie in afterglow at the pressure and composition used in AISA and FALP 
is the vibrational ground state of Ht ion. The interna! Ht excitation was found to 
correspond with the buffer gas temperature. Together, the experiments forma consistent 
set of measurements. 

The linear dependence of DR rate on H2 number density has been initially explained 
as a series of a two-body and a three-body reactions with an neutral intermediate Hj, 

k1 k2 [H2] 
Ht + e ==~ Hj------+ neutral products. 

k_1 
(4.9) 

This hypothesis suggested that at ISM conditions with low H2 concentration the Ht 
DR process has the upper limit below the lowest measured value, i.e. o. < 1 x 10-s 
cm3s-1. This hypothesis is, however, in contradiction with recent DR results obtained by 
merged beam experiment using a storage ring with a source of rotationally cold Ht ions 
in Stockholm (McCall et al., 2004, 2003). The storage ring experiment don't measure the 
DR rate coefficient directly. Instead, from the storage ring measurement a cross-section of 
DR as a function of collisional energy can be derived. From the measured DR cross section 
a rate coefficient for given temperature can be obtained easily. The McCall's value o. = 
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4.4 Conclusion 

7 x 10-8 cm3s-1 for 300 K, without any presence of H2, is much higher that the suggested 
upper limit 1 x 10-8 cm3s-1 proposed by AISA measurement. 

The storage ring experiments didn't, however, give consistent results over last 12 years 
(Jensen et al., 2001; Larsson, 1995; McCall et al., 2003; Schneider et al., 2000; Sundstrom 
et al., 1994; Tanabe et al., 2000). The reason believed to cause this discrepancy was the 
rotational excitation of Hf ions. As proved by H. Kreckel's Hf relaxation model (Kreckel, 
2003), several rotational states have an extremely long excitation lifetime. The latest 
storage ring measurement is generally accepted to give the correct DR cross-

Shortly before the McCall's storage ring measurement, Ch. Green and V. Kokoouline 
have published results of Hf DR cross-section calculation that took into account the 
Jahn-Teller symmetry-distortion effect (Kokoouline & Greene, 2003; Kokoouline et al., 
2001). Their prediction of Hf DR cross-section overlaps well with the latest storage-ring 
experiment and supports the generally accepted 300 K DR rate 7 x 10-s cm3s-1 that is 
also relevant for the ISM applications. The aef I rate coefficient, obtained by plasmatic 
experiments, describes a different process. ln storage ring experiment, the process is 
strictly two-body reaction, whereas the plasma experiments deal with a multi-collisional 
process. The multi-collisional process explains the dependency on H2 and He number 
density that has been observed in our plasmatic experiments. A hypothesis that explains 
the multi-collisional process has been described in the works published by our group re
cently (Novotný, 2006; Novotný et al., 2007) and only its basic idea is summarized here. 
In collision-less environment, the DR proceeds via a doubly excited state (states), which 
can autoionize back to Hf, or dissociate. Based on the storage ring measurements, the 
lifetime estimate of this intermediate state has an upper limit T < 50 ns (Novotný, 2006). 
During this 50 ns period, the predissociation complex undergo thousands of collisions with 
He atoms which can transform the predissociation complex to another excited neutral Hf, 
perhaps into some long-living Rydberg state. This Hf can autoionize back to Hf + e-, 
or dissociate. The dissociation channel can be significantly enhanced by collisions with 
H2. Such hypothesis is able to explain both the He pressure dependence and H2 partial 
pressure dependence, observed in plasmatic experiments. Unfortunately, the verification 
of this theory is principally not possible by using the experiment described in this chapter. 
An experiment that could verify the hypothesis is in progress at the moment. 

4.4 Conclusion 

The preceding Hf recombination studies that have been carried out using the stationary 
afterglow (AISA) and flowing afterglow (FALP) apparatuses revealed a surprising depen
dency of recombination rate coefficient on the H2 number density. These experiments were 
based on the measurement of electron number density decay in afterglow plasma utilizing 
a Langmuir probe. This technique couldn't, however, give any information on the number 
density of Hf ( assumed to be equal to electron density) and on the interna! Hf excitation 
(rotational and vibrational distribution). In this work we focused on the experimental 
uncertainties of the preceding Hf dissociative recombination rate measurements. 

To obtain the missing information on the interna! state of Hf in recombination-driven 
afterglow plasma, a new Test Tube apparatus equipped by a time-resolved high sensitivity 
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CRD spectrometer was build during the author's doctoral work. Using the TR-CRD spec
trometer the kinetic temperature has been measured in the early afterglow period. The 
tempera.ture followed the buffer gas temperature, with slight elevation during the discharge 
period. From the Ht density decay, monitored using various Ht transitions, the recombi
nation rate has been estimated to be aelf = 1.1 cm3s-1 at 300 K. The recombination rate 
obtained at 100 K aef f = 2.2 x 10-7 cm3s-1 is consistent with the experiment at 300 K. 
The measurements at different lines gave the same value of rate coefficient, regardless of 
the rotational state and ortho/para nuclear spin orientation. However, the rate of setting 
up thermal equilibrium between different energy states is faster than the loss rate caused 
by recombination. The experiment therefore cannot serve a.s a proof that the dissociative 
rate is independent of the interna! excitation of Ht. 

The AISA, FALP and the presented experiment form together a consistent set of mea
surements. The spectroscopic measurement added valuable information about the state 
of Hj ions in afterglow plasma. It couldn't, however, verify the hypothesis about the He 
and H2 pressure dependence of recombination process observed in the previous experi
ments. A further experimental work is needed to fully explain the discrepancy between 
results of Hj recombination measurements in afterglow experiment (multi-collisional) and 
in storage-ring experiment (single-collisional process) and understand the details of the 
Hj recombination process in the multi-collisional environment at different plasma compo
sitions. 
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Chapter 5 

Spectroscopy of H2D+ and D2H+ 
combination bands 

5.1 Introduction 

The important role that the Ht ion plays in the interstellar chemistry has been discussed 
in the introduction of the previous chapter. The presence of its deuterated analogues, such 
as H2D+ and D2H+ has been proposed by theoretical models (Hartquist et al., 1978; Le 
Petit et al., 2004). The astrophysical observation of Ht by Geballe (Geballe & Oka, 1996) 
in dense and by McCall (Geballe et al., 1999; McCall et al., 1998) in diffuse interstellar 
clouds, H2D+ towards young stellar object NGC 1333 IRAS4A by Stark (Stark et al., 
1999), observation of H2D+ towards pre-stellar core 11544 by Caselli (Caselli et al., 2003) 
and finally the recent detection of D2H+ in dense ISM by Vastel (Vastel et al., 2004) 
reopened the interest in the problem of the interactions of these simplest polyatomic 
molecules with electrons and neutrals. These observations of dense interstellar medium 
shoved that in cold dense regions the deuterated molecular species can be found, often 
in a very high abundance. The ratio of deuterated analogues reaches to percents of the 
concentration of their non-deuterated analogues (Roueff et al., 2000; Vastel et al., 2003, 
2004). This is a very high value if one considers the typical D/H ratio 10-5 pertaining 
to much of our galaxy (Millar, 2002). The enhanced isotopie fractionation effect can be 
explained as a sequence of lowering of the relative molecular vibration zero-point energy 
with D substitution (Gerlich & Schlemmer, 2002). 

Understanding the processes in dense ISM demands a detailed laboratory work to 
characterize reaction dynamics of the reaction of interest. Until recently, the influence of 
nuclear spin selection rules in reactive collisions and the influence of rotational excitation 
of reactants have been often neglected with reference to their small energy contributions. 
As it was demonstrated recently, the rotational excitation of reactants can have a sig
nificant influence on the reaction dynamics (Trippel et al., 2006). Therefore, to obtain 
astrophysically relevant data, it is necessary to use techniques that operates at temper
atures comparable to ISM conditions, or techniques that are capable of controlling the 
quantum state of reactants. 

The selection rules for nuclear spin modifications in ion-molecule reaction at room 
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temperatures and higher, are known to be quite relaxed. The collisional interaction is 
inhomogeneous, involves higher multipole intera tions and has higher internction energies 
at room temperatures. On the other hand, at low t mperatures, th · selection rules for 
nuclear spin modifications in mentioned reactions play a non-n gligibl rol ( C rdonnier 
et al„ 2000; Gerlich et al„ 2006). Leaving out simple models based just on thermodynam
ical restrictions, two theoretical approaches exist nowadays that try to predict the nuclear 
spin conversions and explain the reaction dynamics. 

One theory for ortho/para conversion in collisional reactions is given by the group of 
T. Oka. The theory is based on the original idea of Quack, ee (Quack 1977) where 
the theory was formulated using molecular symm try group. Th ~ ka, gen ralization 
is formulated using angular momentum algebra (Oka, 2004) and can b extended for 
higher proton systems more easily. A ompeting theory formulated by Gerli 'h (Gerlich, 
1989; Gerlich et al„ 2002; Gerlich & S hl mmer 2002; Gerlich et al. 2006) is based n 
statistical considerations and thermodynamical restraints. Experimental tat -to-state 
reaction dynamics studies of HI deuterated analogues will erve as a verification of the 
theoretical approaches. A direct measurement of the r action probabiliti - for certain 
ortho/para combination of reactants and products c uld be easily compared to th valnes 
predicted by both theories, see table 2 in (Oka, 2004) and tabl 2 in (Gerlich et al., 2006). 

AU state-selective spectroscopic techniques r ly on the knowledge of energy levels and 
transitions from laboratory measurements or "ab-initio al ulati ns. The overviews of 
the laboratory measurements of D2H+ spectra are given in the introdu tion secti n of [IV] 
in the wor k of Foster (Foster et al., 1986a, b) and in the work of Farnik ( árn.ík et al., 2002). 
Overview of the laboratory study of H2D+ ion can be found in the introduction section of 
[V]. The energy levels of HI and H2D+ were calculated by Sidhu (Sidhu et al., 1992) and 
Neale (Neale & Tennyson, 1995), most accurate transition frequencies and intensities of 
H2D+ and D2H+ were calculated by Ramanlal (Ramanlal & Tennyson, 2004). Although 
many absorption bands have been reported, none of them lies in a region easily accessible 
for convenient high-resolution diode lasers, such as near IR telecommunication bands. The 
1300- 1600 nm range is used by telecommunication devices and a variety of cheap industry
proven high-power and high-resolution lasers is available for thi wavelength region. The 
combination bands lying in this region are therefore easily acc s ible by cheap and compact 
spectroscopic systems. Our goal was to do a survey for transitions in a higher combination 
band, whose frequencies lie in the near IR region and demonstrate the feasibility of state 
selective probing in ion traps using those transitions. The demonstration of ion cooling 
capability of such devices was our second goal. 

The experiments reported in this chapter are parts of a large range of experimental 
work that is necessary to be undertaken to reach the mentioned goal and give the answer 
to questions formulated above. This work contributed by two cons cutive xp riments un
dertaken using very different experimental techniques. The ·ection 5.2 de cribes the earch 
for suitable transition frequencies in the near-IR spectral region tba.t are conv oient for 
probing of the lowest ortho and para states of H2D+ and D2H+ ions. A CRDS spectrom
eter has been used for absorption measurement in plasma created by microwave discharge 
(apparatus Test Tube). The search for D2H+ transitions is reported in [IV] and the search 
for H2D+ transitions in [V]. The section 5.3 describes the results of laser-induced reaction 
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studies (LIR) on a 22-pole RF ion trap. The experiment served both as a proof of concept 
of this technique and for characterization of cooling efficiency of ion traps (VI). 

5.2 D 2H+ and H 2D+ spectra measurements using CRDS 

The primary motivation for the two sets of experiments discussed in this section is the 
search for absorption lines that are suitable for probing the population of ortho and para 
states of H2D+ and D2H+ ions. The experiment focussed on the lowest ortho and para 
states, that are the only populated states in the low-temperature experiments, e.g. stor
age rings or ion traps. Our search was guided by the results of an "ab-initio" calculation 
of J. Ramanlal and J. Tennyson (Ramanlal & Tennyson, 2004). The list contained the 
frequencies and estimated spectral intensities of the transitions. A subsidiary aim was 
the investigation of properties of H2/D2 plasma: its composition and the ion temperature 
elevation during active discharge and afterglow. The experiment is important not only to 
verify the dependence of the H2D+ /D2H+ ratio observed by Farnik (Fárník et al., 2002), 
but also to indirectly verify the statistical models for spin conservation in chemical reac
tions. Moreover, the results can have a practical application to any hydrogen-deuterium 
plasma. 

The D2H+ and H2o+ ions were produced in pulsed microwave discharge in He/ Ar/H2/D2 
mixture. The discharge was ignited by 4 ms long microwave pulses (60-120 W) - the 
waveguide configuration described in section 2.1.5 with repetition period 10 ms inside a 
silicate glass tube with interna! diameter of 2.3 cm, equipped with double walls for liquid
nitrogen cooling. A detailed description of the plasma generation is given in section 2.1.5. 
The HI production scheme in He/ Ar/H2 mixture is well known, see e.g. (Plašil et al., 
2002). At 6-8 mbar the total gas fl.ow was around 800 sccm with the He : Ar : H2: D2 
ratio equal to 800 : 1.3 : 1 : (0.05 - 1). The experimental conditions were kept the same 
for both D2H+ and H2D+ measurements. In addition to the Hi" formation scheme in the 
presence of both hydrogen and deuterium the formation of H2D+ and D2H+ and DI takes 
place via reactions 

~.~ ~.~ ~.~ 
HI :;o:==== H2D+ :;o:==== D2H+ ::o==== or (5.1) 

The initial number densities of ions evolve via set of ion-molecule reactions with H2 and 
D2, listed e.g. in tahle III in (Fárník et al., 2002). The low concentration of produced HD, 
which is several orders of magnitude lower than the of H2 and D2, allows us to neglect all 
reactions with HD as a reactant. 

The absorption spectra were obtained using our CRD spectrometer with synchronous 
detection, as described in section 2.1.2. Typical sensitivity of the measurement is 6 x 10-7 

"per pass", or 1.2 x 10-7 cm-1 in case of 5 cm plasma column. The spectral resolution 
of the scan is better than 0.002 cm-1. The wavemeter and FP etalon were used for the 
calibration of the frequency scale. The accuracy of the wavelength measurement has been 
discussed in section 2.1.4. 
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Figure 5.1: Energy levels of Ht and its izotopomers. The para and ortho levels are repre
sented by red and blue lines, respectively. The number above the energy level represents 
the energy in the kbT equivalent temperature in Kelvins. Levels, that were used in our 
experiments are marked by a star. Note, that in literature, the energy of Ht levels are 
given with respect to the non-existing (O, O) state (see chapter 3). 

5.2.1 D2H+ spectrum (CRDS) 

A DFB laser diode from Lucent has been utilized to scan the range 6534 - 6537 cm-1 

(corresponding to 1.529-1.530 µm) belonging to D2H+ (v1 + 2v3 +---O) combination band. 
The transition frequencies obtained are listed in table 5.1, together with the frequency 
uncertainties. Two of the reported lines belong to the lowest ortho and para rotational 
states of the D2H+ vibrational ground state. Note that the measured transitions form a 
clear series b.J = b.Ka = b.Kc = + 1 . Examples of measured absorption lines are plotted 
in figure 5.2. The comparison with "ab-initio" predicted transition frequencies (Ramanlal, 
2004) is given in table 5.1. The overall agreement is excellent, with deviation < 0.02 
cm - l. In contrast, the survey of the overtone ( 2v2) and combination ( v2 + v3) bands in 
(Fárník et al„ 2002) deviates > 0.1 cm- 1 from the most accurate theoretical calculations 
(Ramanlal, 2004). The possible reasons for such a good agreement of calculated and 
measured values for (v1 + 2v3 +---O) combination band are discussed in [IV]. 

O/P J K' K' <-- J K 11 K" E [K] Wavenumber [cm- 1] intensity 
a c a c 

Vcxp Vth í:!.v [cm- 1 /cm- 2 ] 

ortho 313 <-- 202 146.3 6534.377(1) 6534.374 -0.003 1.89 X 10 D 

par a 212 <-- 101 50.2 6535.950(1) 6535.943 -0.007 9.68 X 10-lO 

ortho 111 <-- Ooo o 6536.319(2) 6536.301 -0 .018 1.09 X 10- 9 

Table 5.1: Transitions of D2H+ (v1 + 2v3 +--- O) combination band measured by NIR
CRDS. Our experímentally obtained transition frequencies, Vexp, with error estimates, are 
compared to "ab-initio" calculated values l/th (Ramanlal & Tennyson, 2004; Tennyson, 
2004) and the difference b.v = Vexp - Vth is given. 
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5.2 D 2H+ and H 2D+ spectra measurements using CRDS 
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Figure 5.2: Absorption spectra of D2H+ ( v1 + 2v3 t- O) combination band measured by 
NIR-CRDS in modulated microwave discharge at 7 mbar, THe rv 100 K Full lines indicate 
the best fits by Gaussian function. From the Doppler broadening of absorption lines the 
kinetic temperature Tkin = (220 ± 50) K of ions in the microwave discharge was calculated. 
The rotational temperature Trat = (210 ± 50) K was estimated by comparing the peak 
areas corresponding to 202 and Ooo ortho states. 

5.2.2 H 2D+ spectrum (CRDS) 

Two DFB laser diodes, Triquint for 6458 - 6467 cm-1 range and Mitsubishi for the range 
6491 - 6492 cm-1 were used to obtain the H2D+ absorption spectra presented in figure 
5.3. Three absorption lines of (2v2 + V3 t- O) H2D+ combination band have been ob
served, including the transitions originating from the lowest ortho and para states of the 
vibrational ground state. The parameters of the observed transitions are listed in table 
5.2. A comparison of our experimental values, theoretical predictions and experimental 
values obtained by Schlemmer (Schlemmer, 2006) is given there too. As discussed in [V], 
the "ab-initio" model (Polyansky & Tennyson, 1999) is very good at predicting the pure 
stretching transitions, what is the case of D2H+ ( v1+2v3 t- O) combination band. Unfor
tunately, the (2v2 + V3 t- O) H2D+ transition involves two quanta of bending v2. Indeed 
the agreement is very good compared to the discrepancies observed in the HI (3v2 t- O) 
studies, see the laser induced reaction study (Mikosch et al„ 2004) or the overtone studies 
of H2D+ and D2H+ (Fárník et al„ 2002). 

5.2.3 Characterization of H 2/D2 plasma 

The kinetic temperature has been derived from the Doppler profi.les of the observed ab
sorption lines. A temperature nin = (220 ± 50) K has been determined for the D2H+ 
during the active microwave discharge. The measured temperature evolution of H2D+ 
and D2H+ during the discharge is plotted in figure 5.4. As can be seen, the temperatures 
are almost constant in time. Although the H2D+ temperature Tkin = (260 ± 50) K is in 
agreement with the value for D2H+, the systematic shifts of the temperatures belonging 
to different absorption lines differs by more than 100 K We couldn't find a satisfactory 
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Figure 5.3: Absorption spectra of H2D+ (2v2 + V3 t- O) measured by NIR-CRDS in modu
lated microwave discharge in 7 mbar liquid nitrogen cooled He/ Ar/H2/D2 = 800/1.3/1/0.1 
gas mixture, THe ,...., 100 K. Full lines indicate the best fits by Gaussian function. From 
the Doppler broadening of absorption lines the corresponding kinetic temperature nin = 
(260 ± 50) K of ions in the microwave discharge was calculated. 

O/P JK, K1 E [K) Wavenumber [cm-1
] intensity 

a c 

li 

<-- J 1<11 K 11 v:xp 11!xp 1-'th /::,.v [cm- 1/cm- 2
] 

ortho ln +--- 202 86.3 6459.031(3) 6459.029 6459.133 -0.102 6.74 X 10 IO 

par a Ooo <-- 111 o 6466.501(8) 6466.526 6466.635 -0.134 5.37 X 10-lO 
para 101 <-- 212 65.8 6491.322(3) 6491.342 6491.451 -0.129 6.74 X 10-10 

Table 5.2: Second overtone transitions (2v2 +v3 t- O) of H2D+ measured by NIR- CRDS. 
Experimentally obtained transition frequencies, v:xp• with error e. timates are ompared 
to theoretically predicted frequencies, Vth (Rama.nlal & Tennyson 2004; Tenny on 2004) 
and their difference tlv = v~xp - Vth is given. For compari on the experímental data //~xp 
of Schlemmer (Schlemmer, 2006) are listed. 

explanation to this behavior; we cannot exclude the possibility that it is just a fl.uctuation 
caused by fl.uctuating microwave power or a change of modes of the discharge. 

The time evolution of absorption, which i · proportional to numb r densi ty, is plott d 
for different transitions in figure 5.5. In the lower left panel th values of absorption for 
each line are normalized with respect to th strongei t H2D+ line. W can s e that the 
ratios of DzH+ and H2D+ populations stay constant du1'ing th discbarge. It allow u to 
assume some kind of "dynamical equilibrium", a ·teady- tate condition tbat is ne 'essary 
if w · try to intl'Oduce rotational temperature. Fi:om the comparison of the two ortho pop
ulations (Ooo and 202 in figme 5.2) of D2H+ (v =O), a very rough estimat Trot = (210 ± 
50) K has been obtained. However, the para 101 is by factor of two les populated than the 
simple statistical consid ration based on Maxwell-Boltzmann clistribution would suggest. 
In tli cu sion of [IV] we show that at given pre ·sure thc estimated collisional frequencies 
with He are by thr e orders of magnitude higher that these with H2 or D2 re p ctively. As 
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5.2 D 2H+ and H 2D+ spectra measurements using CRDS 
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Figure 5.4: The evolution of H2D+ and D2H+ kinetic temperature during the active 
discharge as derived from Doppler broadening of several absorption lines. The temperature 
evolutions of all four lines were measured at identical experimental conditions [He] = 
4 x 1017 cm-3 , [Ar] = 6.3 x 1014 cm-3 , [H2] = 3. 7 x 1014 cm-3 , 100 K buffer gas, 
8 mbar. The average value rv270 Kis higher than the temperature of neutral gas rvlQO K. 
On the base of the present data we cannot discuss the differences in kinetic temperatures 
measured at different absorption lines. 
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Figure 5.5: The measurement of time variation of absorption corresponding to different 
H2D+ absorption lines, plotted are also data for one D2H+ line. All results were measured 
at identical experimental conditions, given in figure 5.4. Upper left panel: Time evolution 
of absorption. Lower left: For particular line values of absorption were divided by the val
ues of absorption of the strongest line. Normalized absorption evolutions demonstrate that 
relative population of measured rotational states are nearly constant during the discharge. 
Upper right: The absorption measured at the resonant frequency and with detuned laser. 
Lower right: Detailed view. The baseline modulation apparently origins in the change of 
refraction index caused by plasma. 
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discussed earlier, the selection rules do allow the nuclear spin modification, with certain 
probability, only in collisions with H2 (D2). As a consequence the thermalization within 
ortho or para groups is much faster than thermalization involving ortho-para conversions. 
Because of the thermalization we expected the rotational temperature of ions to be similar 
to the kinetic temperature. Unfortunately, when we tried to obtain the rotational tempe
rature by comparison of the ratio of two peaks of H2D+ para states (Ooo and 101 in figure 
5.3) in the same way as in the case of D2H+, we couldn't get meaningful values of Trat· 

A careful analysis of the acquired data revealed a strange elevation of the baseline 
during the discharge. This phenomenon hasn't been reported in the literature yet. To 
investigate the effect, we measured the evolution of absorption at the center of an ab
sorption line and without any absorption away from any line. A measurement at typical 
condition is shown in figure 5.5. We disregarded several hypotheses by tests: it was not 
caused by mechanical resonator change (i.e. by heating the discharge tube or frame) nor 
by acoustic waves disturbing the resonator (as observed in case of fast switching in Hi 
recombination measurement). Based on our investigation, the observed behavior seems to 
be caused by a weak lensing effect of the plasma column - a slight change of beam path 
from the idea! trajectory can lead to a decrease of the resonator finesse. Although the 
systematic error introduced by this effect is rather small, one has to be aware of it. Under 
certain conditions corrections or subtraction of baseline needs to be carried out. 

Once the transition frequencies were known, we used them for probing the composition 
of H2/D2 plasma. We studied the influence of the H2/D2 ratio with respect to the H2D+ 
and D2H+ densities. The D2 fl.ow was varied from O to 3 sccm while H2 flow was kept 
constant. The maximum D2H+ and H2D+ densities were 1.84 x 1011 and 1.0 x 1011 cm-3 , 

respectively. The plot of relative densities of H2D+ and D2H+ are shown in figure 5.6. 
The obtained shapes of the density dependence obtained in the active microwave liquid 
nitrogen cooled discharge is in agreement with the observations of (Fárník et al., 2002) 
carried out in a pulsed slit jet supersonic discharge. Their experimental results, together 
with the theoretical p~edictions based on the proposed kinetic model are plotted in figure 
5.7 for comparison. 

5.2.4 Conclusion 

The search for transitions applicable to ortho/para population probing at low tempera
tures was successful. In total 3+3 lines of H2D+ and D2H+ have been identified in their 
combination bands, confirming the very high reliability of the "ab-initio" algorithm of 
Polyansky and Tennyson (Polyansky & Tennyson, 1999) . The high accuracy of the de
termined line positions was verified by independent observation of H2D+ absorption lines 
by S. Schlemmer's group (Schlemmer, 2006). 

The characterization of plasma was partially successful. A rapid simultaneous forma
tion of H2D+ and D2H+ ions at used conditions has been observed. The ratio between the 
ortho and para populations stayed constant during the discharge and afterglow, as well 
as the ratio of H2D+ and D2H+ number densities. Our results support the conclusion in 
(Fárník et al., 2002) on the H2D+ /D2H+ composition with respect to the H2/D2 ratio. An 
attempt has been made to measure the rotational temperature evolution. The estimation 
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Figure 5.6: Relative population of H2D+(v =O) and D2H+(v =O) during the discharge 
as a function of D2 relative number density (given by ratio [D2] to ( [D2] + [H2] ) ) in 
He-Ar-H2-D2 plasma ( [He] = 3 x 1017 cm-3 , [Ar] = 3.6 x 1014cm-3 , [H2] = 2 x 1014 

cm-3 , 100 K buffer gas, 7 mbar). Maximum D2H+ and H2D+ densities are 1.84 x 1011 

and 1.0 x 1011 cm-3 , respectively. 
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Figure 5.7: Total ortho/para H2D+(triangles) and D2H+(circles) ion concentrations as a 
function of relative D2 concentration, reprinted for comparison from {Fárník et al., 2002). 
The data were measured spectroscopically in a supersonic expansion jet at 76 K. The 
figure also contains the values of a kinetic model based on a set of reactions given in tahle 
III in the cited work. The Farnik's experiment and model agree with our results shown in 
figure 5.6. 
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5. SPECTROSCOPY OF H2D+ AND D2H+ COMBINATION BANDS 

of rotational population distributions of H2D+ didn't give consistent value, as the system 
was not in thermal equilibrium. 

5.3 Study of LIR of D 2H+ using Ion trap 

The primary motivation for the presented experimental work was to ascertain whether a 
22-pole RF ion trap is a feasible experimental tool to study low-temperature state-selective 
reaction dynamics of processes that involve Hj and its deuterated analogues. This work 
follows up dosely the laser induced reaction {LIR) study of Hj rotational populations 
using a 22-pole ion trap that was carried out in cooperation of the A. Wolf's group in 
Heidelberg (Mikesch et al., 2004). 

In the cited work, the Ht ions were produced in a RF storage ion source and stored 
in a 22-pole ion trap cooled down to 55 K. They used the same LIR detection technique 
and the same monitor reaction as used in our approach, to probe the Ht distribution 
of para and ortho states. In their experiment, the kinetic and rotational temperatures, 
derived from the Doppler profile and from the ratio of line intensities, agreed. However, the 
obtained temperature values Tkin ~ Trot ~ 150 K were far too high compared to the wall 
temperature, that was 55 K. Such an increase of temperature would make it impossible 
to cool the ions to temperatures < 20 K even with better refrigerator. Such apparatus is 
inapplicable for low-temperature measurements. The experimental conditions in the cited 
work were not ideal - the authors suggest that the leakage of excited H2 from ion source, 
or possible RF heating of ions could increase the overall temperature of trapped ions. In 
our work we tried to avoid this possible sources of the heating effect. 

The presented work tries to answer the questions, which arose in the discussion in 
(Mikesch et al., 2004). Our first goal was to find out, if the same LIR approach is feasible 
for probing of the internal states of deuterated analogues of Hj, in this case the D2H+ 
ions. The second motiv~tion is the investigation of the cooling efficiency that is achievable 
by collisional cooling of ions trapped in a 22-pole ion trap using cold buffer gas. The 
available apparatus allowed us a better control of experimental conditions compared to 
the cited Hj experiment and therefore our experiment promised better cooling efficiency. 
It is important to find answers for both questions prior to proceeding to the next phase, 
to the experimental study of the ISM relevant reaction dynamics. 

5.3.1 Laser induced reaction 

Contrary to other spectroscopic techniques that measure direct absorption signals and 
require high ion number densities, our approach relies on chemical probing of laser-excited 
states by an endothermie monitoring reaction. The products of such reaction are then 
easily detected by a mass analyzer. Laser induced reaction (LIR) probing is a subclass 
of action spectroscopy (AS). The earliest application of AS was chemical probing of ion 
beams (Carrington et al., 1978; Wing et al., 1976). Recently, the technique has been 
adopted in experiments with ions trapped in multipole ion traps, where this technique is 
used for electronic and vibrational spectroscopy (Asvany et al., 2005; Schlemmer et al., 
1999, 2002). Predissociation of weakly bounď clusters (Asmis et al., 2003; Shin et al., 
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Figure 5.8: The cartoon-like visualization of the endothermicity of the D2H+ reaction 
with H2 (equation (5.2)). Ortha and para levels are distinguished by colors, all values are 
in [cm-1]. The H2D+ and Hj levels are offset by the zero-point energy difference with 
respect to D2H+. The D2H+ levels on the right are offset by the difference between lowest 
ortho and para state of H2. 

2004) after excitation by infrared laser or UV photofragmentation of biomolecular ions 
trapped in multipole ion trap (Boyarkin et al., 2006) are techniques similar to LIR. 

In the LIR technique, ions, stored in an ion trap, are excited by a laser beam propa
gating along the axis of the trap. In our case, the incident 6536.3 cm-1 (0.81 eV) photons 
excite D2H+ ions to (v1 + 2v3) vibrational level. The excited ions have enough internal 
energy to overcome the endothermicity of a endothermie forbidden ion-molecule reaction. 
The endothermicity must be lover than the excitation energy. The resulting ionic products 
of such reaction stay captured in the trap and can be detected by a mass filter. There 
are not many ion-molecule reactions involving D2H+, which are endothermie; only few 
molecules have lower proton affinity than the H2 ion and its deuterated analogues. 

One of the possible reactions is the reaction with hydrogen 

(5.2) 

which is endothermie by 132 cm-1 (0.016 eV) with no activation barrier. Such reaction is 
well suited for measurements at low temperatures, as there are no problems with hydrogen 
freezing at the cold walls. On the other hand, the lowest rotational level of ortho-H2 (ortho 
ground state) is 118 cm-1 higher than the para ground state. Even at low temperatures 
10 K the sum of internal and the kinetic energy is enough to overcome the endothermicity, 
see the figure 5.8. To overcome the problem one has to use high purity para-H2, that 
carries no internal energy. Several test of the available para-H2 source showed, that its 
purity doesn't match the needs of the experiment and this approach was abandoned. 

Other available endothermie reaction is the endothermie proton (deuteron) transfer to 
Ar 

D2H+ +Ar ----+ ArH+ + D2 

----+ ArD+ + HD 
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5. SPECTROSCOPY OF H2D+ AND D2H+ COMBINATION BANDS 

where the endothermicity is 4540 cm-1 (0.56 eV). The endothermicity of this reactions 
is much higher a.s one for previous reaction (5.2). As long a.s the collisional energy is 
negligible, ions can only undergo a reactive collision with Ar if their interna! energy is 
higher than the endothermicity. However, after excitation, ions can loose their interna} 
excitation by spontaneous emission of photons or by quenching in collisions with buffer 
gas atoms. Once the excitation energy of an ion drops below the value of endothermicity, 
the ion cannot react any more. Slower deexcitation and bigger gap between excitation 
energy and the value of endothermicity leads to longer "effective excitation lifetime" and 
the excited ions have higher probability to collide and eventually react with Ar. From this 
point of view, using the monitor reaction with para-H2 would be more advantageous than 
the reaction with Ar, which was used in our experiment. 

Once an ion is excited, we expect a fa.st conversion to ArH+ and ArD+ via proton 
or deuteron transfer. However, the radiative lifetime and collisional quenching reduce 
the number of excited ions. There are also backward reactions that destroy ArH+. The 
simplified reaction chain is 

Ar k D2(HD) 
D2H+#{v) ~ ArH+{ArD+) 

1H2,D2 
k_, 

Products: 

{D2tt+, H2D+,H3+,03+) 
(5.5) 

The probability of the ion to get excited can be expressed in a form of a unimolecular 
rate coefficient kex with dimension s-1 , that will be derived later. kdex = 1/TR + I/rc 
is a unimolecular rate coeffi.cient corresponding to the "lifetime of excited D2H+11

• lt 
describes the radiative deexcitation and collisional quenching of excited D2H+ to energy 
levels below the endothermie threshold energy. The two-body rate coefficient kl controls 
the "up-hill" proton transfer to Ar whereas k_1 rules the reverse proton (deuteron) hoop, 
producing H2D+ (and other deuterated analogues). For simplicity, we can neglect the 
D2H+ increment due to the reverse reactions and treat the D2H+ number density a.s 
constant in time. This is a save assumption, if we consider, that the number of ions 
produced in the reverse reaction is much lower than the number of D2H+ ions in the trap. 
We get a set of balance equation 

d (D2H+#] (t) 
dt 

d(ArH+j (t) 
dt 

= kex (D2H+] - kdex (D2ff+#] (t) - kl (D2ff+#) (t) [Ar] 

- ki (D2H+#=] (t) (Ar] - k-1 [ArH+j (t) [H2]. 

(5.6) 

(5.7) 

To keep the equations easy to understand, we won't distinguish ArH+ from ArD+, and 
include the ArD+ number density into the number density of ArH+. 

The excitation rate of ions in the trap depends on the overlap of the spatial distributions 
of the laser intensity and the density of stored ions, and on a spectral overlap of the laser 
line profile with the fraction of ions that absorb in that spectral region. The formation of 

76 



5.3 Study of LIR of D2H+ using Ion trap 

(5.8) 

where N v
2
H+# is the number of excited ions in the trap, k.,,.,,, is the monochromatic absorp

tion coefficient, (D2H+J (r, </>,z) is the D2H+number density and cylindrical coordinates 
are used. The differential photon flux density Fp, if we consider the narrow laser line, can 
be approximated by a product of a delta function c5(v), a normalized relative intensity 
distribution e(r, </>) and number of photons derived from laser power PL. 

PL J Fp(r, </>,v - VL) = hvL c5(1.1 - nuL)e(r, </>), e(r, </>)dS = 1. (5.9) 

The integration over spectral domain is therefore trivial. To further simplify the expression 
(5.8), we will assume homogenous distribution of ions in the shallow potential of the 22-
pole RF trap. An experiment carried out on an almost identical 22-pole trap (Trippel 
et al., 2006) confirmed the uniform distribution of ions. After integration over the length 
of the trap l and the area of the trap S, we obtain 

dND H+# PL d = k.,,.,,1(1.1L - v.,,.,,,, T)-h (D2H+J l. 
t l.IL 

(5.10) 

It is obvious that the intensity distribution (the shape) of the laser beam do not influence 
the LIR detection as long as the ion distribution is homogeneous and non-linear processes 
such as saturation do not occur. These assumptions are fulfilled in our experiment. Equa
tion (5.10) can be reformulated in term of number densities [D2H+#J = N02H+#/(l ·S), 
defining the excitation rate coefficient kex 

(5.11) 

that can be used in the balance equation. 
The general solutions of (5.6) and (5. 7) are complex. In the stationary limit t -+ oo 

the solutions are 

[ArH+] = 

kex (D2H+J 

k1 [Ar] + kdex 

ki [Ar] . (D2ff+#J 
k-1 [H2] 

(5.12) 

(5.13) 

Estimations of the excitation rate kex based on the formula (5.11) for different temper
atures is given in tahle 3.3 in chapter 3.4. The excitation rate for the D2H+(v1 + 2va t- O) 
Ooo - 111 transition is 0.34 ions per second, estimated for 10 K, 1 cm-3 ion number den
sity uniformly distributed in the trap volume and a 1 mW laser beam. At the typical 
experimental conditions ("' 1000 ions stored in the trap, 10 m W laser power, 10 K kinetic 
temperature) approximately 14 ions get excited during a 30 ms Jong period. 
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Unfortunately, only a small fraction of excited ions manage to react with Ar ion before 
loosing their excitation (dueto the deexcitation processes in the term kdex = 1/rdex)· This 
deexcitation process have a strong influence on the population of the excited states and, 
because ArH+ (ArD+) is directly proportional to D2H+# in the equation (5.13), also on the 
population of ArH+ (ArD+). In the case of the Hj LIR experiment by Mikosch (Mikosch 
et al., 2004), estimations on the "excitation lifetime" were available from a ro-vibrational 
relaxation model (Kreckel, 2003). The "excitation lifetime", i.e. the characteristic time an 
excited Ht needs to lower its energy from the second overtone 1.12 vibrational level below 
the endothermicity threshold, is longer than 1 ms. Such a long lifetime is explained by the 
absence of permanent dipole moment in (v1 , o0 ) symmetric vibrational mode. Although 
there is no comparable model available for D2H+, we can expect the lifetime to be shorter 
by an order of magnitude. The D2H+ molecule doesn't have in general such long-living 
states and the deexcitation should therefore proceed faster. 

Once D2H+ ion is excited, we expect a fast reaction with Ar with rate coefficient ki 
limited by Langevin rate -2 x 10-9 cm3s-1 , as typical for most similar proton transfer 
reactions. At used experimental conditions, described in detail in next section, the es
timated mean time between collisions is 0.5 ms. The value is larger than the "radiative 
lifetime" and causes lower conversion efficiency. The increase of the count of captured 
ArH+ (ArD+) product ions is limited by the reverse exothermic reaction with H2 and 
D2, which are leaking from the ion source. The experiment confirmed that ""40 ms after 
the injection the ArH+ (ArD+) concentration reached the steady state value, described 
by formula (5.13). Accumulation of the products of the monitoring reaction for > 40 ms 
didn't lead to increase of the signal and sensitivity of the experiment. 

5.3.2 LIR experiment and results 

The LIR experiment has been carried out in cooperation with the group of prof. D. Gerlich 
at TU Chemnitz. We utilized one of the cryogenic ion traps developed in the Gerlich's 
group. A description of the 22-pole RF ion trap, the ion source and the detection technique 
is given in section 2.2. D2H+ ions were produced in a storage RF ion source by electron
impact ionization and consequent ion-molecule reactions in a H2/D2 gas mixture. As 
mentioned in previous section, the leakage of H2 and D2 from the ion source to main 
chamber is a limiting factor for the number of ions detected by the LIR. To reduce this 
effect, the ion source is differentially pumped. The D2H+ ion were mass selected by a 
quadrupole mass spectrometer and injected into a 22-pole ion trap. The trap was enclosed 
in a copper housing and mounted on a cold head finger kept at the temperature ""6 K. 
The vacuum in the main chamber was maintained by a turbo pump. A constant flow of 
cold He buffer gas through an inlet increased the pressure in the trap to 2.1 x 10-6 mbar 
of He. The number densities of buffer He and other gases, that were present in the ion 
trap at 6 K, are listed in tahle 5.3. 

The initially hot ions were quenched and translationally cooled in collisions with 6 K 
cold buffer gas. A laser beam passed twice along the trap axis. If the laser frequency 
matches a D2H+ transition, and the energy level of the transition is populated, ions can 
absorb a photon. If Ar collides with the excited ion, ArH+ or ArD+ are produced. In 
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order to monitor majority of excited ions high Ar number density is desirable. However, 
at 6 K Ar was freezing out on the rods of the 22-pole trap and on the copper walls of the 
housing. Therefore, it was necessary to introduce Ar in a pulsed regime to decrease the 
amount of gas that was freezing out and still sustain high Ar concentration for a limited 
time period. Typically 30 ms after injection, ions are already cooled down and a 300 µs 
long pulse of Ar gas was introduced directly into the ion trap. The pulse increases the Ar 
partial pressure by two orders of magnitude. Yet, the problem with Ar freezing out on 
the walls was not fully eliminated. After each several hours of operation, the experiment 
had to be interrupted and the trap temperature had to be elevated in order to get rid of 
frozen Ar. 

Because of the pulsed mode, we couldn't measure the Ar number density in the trap 
using a vacuum gauge. The well established test reaction of H2 + with Ar was used to 
estimate the Ar number density in the ion trap volume. In figure 5.9 the decay of H2+ 
ion signal is plotted for two different conditions. At low Ar concentration the decay has 
characteristic time r = 35 ms, whereas the fast decay with r = 1.5 ms corresponds to 
pulsed regime. In the "high-density" case the presented decay-with r = 1.5 ms corresponds 
to the Ar pressure in the ion trap "'30 ms after the Ar pulse. In the "low-density" case, 
a small flow of Ar has been injected in a continuous mode and the pressure has been 
measured by a vacuum gauge. From the known concentration in the "low-density" case 
and a known reaction rate coefficient the Ar number density has been estimated to be 
"' 1 x 1012 cm-3. Taking into account the pumping speed of the orifices of the trap and 
adsorption on the cold walls, the estimated initial Ar density during the pulse is "'lOOx 
higher. During the measurement period Ar number density decays exponentially from an 
initial pressure "'1 x 1014 to 1 x 1012 cm-3 at the end of the measurement period. 

The mass scan in figure 5.10 shows the composition of trapped ions at the end of the 
storage period (60 ms after injection). The high numbers of ArH+ and ArD+ are not, 
however, caused by the LIR process. The mayor contribution accounts the hot D2H+ ions 
coming from the source that poses enough energy to reacts in the endothermie reaction 
with Ar. During first few milliseconds the ions loose their excitation and this channel 
is closed, except for the few ions excited by the laser. Because of technical reasons we 
didn't monitor the increase of the LIR products. Instead, we monitor the decrease of 
stored D2H+ ions caused by LIR. Such approach is not sensitive to the instability in the 
trapping efficiency that led to long-term variations in the amount of stored D2H+ ions. 
The trapping efficiency was affected mainly by the amount of Ar frozen on the rods of 
the multipole. From the initial "'800 ions detected at the end of the measurement cycle 
the amount decreased slowly to "'300 ions after typically three hours of measurement. 
The detected loss signal was normalized to the amount of ions in the trap. Therefore the 
decrease of the total number of D2H+ didn't lead to wrong results, just the experimental 
noise increased. 

In order to detect the small decrease of the reactant D2H+ caused by the LIR, a 
synchronous detection scheme has been introduced. The excitation laser beam was on 
during the first period and off for the second period. Ion counts in each phase are acquired 
by two independent counters. The number of counts is not acquired after each period. 
Instead, counts are accumulated for many periods; each counter detects only the counts in 
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No. Reaction rate [cm s reactant Ilr [cm 

1 D2H+ + hv - D2H+# kex = 6.23 D2H+ 550(•) 

2 D2H+# - D2H+ kdex = 1 X 107 

3 D2H+#+ Ar - ArH++D2 kl = 2.Q X 10-9 Ar 2 X 1012 

4 ArH+ + H2 - Ht + Ar 

}k_; ~ 2.0 X 10- ' ArH+ + D2 - D2H++ Ar H2+D2 1.2 X 1010 

ArD+ + H2 - H2D++ Ar 

ArD+ + D2 - Dt +Ar 

5 He 1.5 X 1012 

Table 5.3: Experimental conditions and overview of the reaction rate coefficients of reac
tions involved in the LIR chain. The schema of the reactions is given in equation (5.5). 
The wall temperature of the trap was "'6 K. The details on the methodology of the num
ber density measurements for each gas is given in the text. The value of kex and kdex are 
discussed in the text, ki and k-1 are estimations based on the Langevin rate. 
(*) The number density of trapped D2H+ inside of the ion trap, given in cm-3 . 
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Figure 5.9: The test of the pulsed Ar beam at 14 K. The slow decay (T = 35 ms) of Hi 
(closed symbols) and the corresponding slow formation of the product ions are measured 
with low constant concentration of Ar (less than 5 x 1010 cm-3). The fast decay (T = 

1.5 ms) of Hi (open squares) is observed when the pulsed Ar beam is used. Indicated is 
the position (time delay) of the Ar pulse at 30 ms after injection. Therefore, the reaction 
decay at 0-10 ms is in fact a reaction with Ar injected in the previous cycle, i.e. at -30 ms. 
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Figure 5.10: Composition of trapped ions at 56 ms from the injection of D2H+ ions. The 
high numbers of ArH+ and ArD+ are not caused by the LIR process, but mainly by hot 
D2H+ ions coming from the ion source. Such ions carry enough energy to immediately 
react in the endothermie reaction with residua! Ar. The hights of peaks (not the peak 
area) represent the number of ions. 

its appropriate "on" or "off'' period. This is assured by using the shutter signal for counter 
gating. The low intensity of the obtained LIR signal required long integration time; e.g. a 
frequency scan of a rv3 GHz range took more than 6 hours. As the spectroscopic system 
didn't utilize any active frequency locking technique, the long term stability of the laser 
didn't allow a several-hour scan. An advanced technique based on a composition of a 
large number of scans eliminated the frequency drift of the laser system. The technique 
is described in the chapter 2.2.2.5 in more detail. 

The profile of ortho (v1 + 2v3 +- O) (Ooo +- lu) transition of D2H+ measured using 
LIR is presented in figure 5.11 together with the corresponding CRDS measurement. The 
central frequency of the line is 6536.317(8) cm-1 . The obtained value is in a good agree
ment with the value 6536.319(2) cm-1measured in plasma using CRDS in section 5.2.1. 
As can be seen, the signal is very weak. The obtained absorption peak was 1.5 counts 
per 1000 stored ions, detected after 60 ms long period. We tried also to detect the lowest 
para state (lo1 +- 212), but we didn't succeed. Albeit one could use this observation as a 
proof that para D2H+ state is not populated at such low temperatures, the experiment is 
so complicated and signal so weak, that the miscarriage could have been caused by many 
factors. From the Doppler broadening of the absorption line the kinetic temperature of 
trapped D2H+ ions has been derived. The line width ~llFWHM = 188 MHz corresponds 
to the kinetic temperature Tkin = 9.0 ± 4.5 K. The obtained Tkin is close to the expected 
"'6 K buffer gas temperature. 

From the number of D2H+ ions detected 60 ms after the injection of ions we can 
make a rough estimation of the D2H+ "excitation lifetime" - the characteristic time an 
ion needs to decay from 0.81 eV ro-vibrational level to 0.48 eV (the endothermicity). 60 
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ms after injection the system is in steady state and we can safely use the formula (5.13). 
The number densities of reactants and the rate coefficients are listed in tahle 5.3. Note, 
that the big error in the Ar number density introduced by the pulsed mode allows only 
rough estimation. Because of the pulsed regime, an average value of the pressure evolution 
following the Ar pulse will be used. Using an average value of Ar number density during the 
measurement cycle 4 x 1013 cm-3, the excited D2H+ ions decay to energy levels below 0.5 
e V within "'1 x 10-7 s. In contrast, the lifetime of Ht in the previous Ht LIR measurement 
was significantly longer and the monitor reaction with Ar was faster than the deexcitation 
rate (Kreckel et al., 2005; Mikosch et al., 2004). In that experiment the conversion rate was 
mainly limited by the excitation rate. In our case, however, both rates got comparable, 
leading to lower conversion yield and lower detected signal. 
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Figure 5.11: Absorption spectra of the ground state D2H+ ions corresponding to (v1 + 
2v3 +-O) lu +- Ooo transition. (a) CRDS measurements in Test Tube in the plasma at 
THe = 100 K, the measured kinetic temperature of the ions Tkin = 220 K. The measured 
transition frequency is 6536.319(2) cm-1. (b) LIR measurements at 10 K. The measured 
transition frequency is 6536.317(8) cm-1 , Tkin = (9 ± 4.5) K. In this experiment removal 
of D2H+ ions is monitored. 

5.3.3 Conclusions 

In this work we present the results on laser induced reaction infrared spectroscopy (LIR) of 
several hundred D2H+ ions stored in a low-temperature RF 22-pole ion trap. The absorp
tion of infrared photons by stored ions was monitored by a proton transfer reaction with 
Ar. The vibrationally excited ions reacted with Ar in an endothermie reaction, forming 
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5.3 Study of LIR of D 2H+ using Ion trap 

ArH+ or ArD+ ions. The produced ions stayed captured in the trap and their number 
was then analyzed by detector. The limitations of the sensitivity in this approach were 
given by the short lifetime of excited D2H+ and the loss of LIR products ArH+ (ArD+). 
The loss was caused by the reverse reaction with background H2 and D2 that were leaking 
from the differentially pumped ion source to the trap. The experiment took advantage of 
our previous experiment described in section 5.2, where the absorption spectra of D2H+ 
were measured using CRD spectrometer in plasma. 

We present a profile of (v1 + 2v3 t- O) Ooo t- lu transition measured by LIR, with 
the Doppler width corresponding to the kinetic temperature of the trapped D2H+ ions 
Tkin = 9 ± 4.5 K. The kinetic temperature reached by this experimental setup is an ex
cellent result. As far as the author is informed, our experiment presents the lowest kinetic 
temperature reached in anion trap suitable for ion-molecule studies measured by a direct 
method. Our observation is supported by the experiment of T. R. Rizzo's group (Bo
yarkin et al., 2006) carried out using very similar setup with similar cooling capability. 
They studied a protonated Tyrosine TyrH+ in a 22-pole ion trap using photofragmenta
tion. Their high resolution spectra indicate that the vibrational temperature of the ions 
must be < 10 K. 

The measured kinetic temperature is close to the measured wall temperature, what im
plies a better cooling efficiency compared to the experiment (Kreckel et al., 2005; Mikosch 
et al., 2004). They reported the kinetic and rotational temperatures (Tkin = 170 ± 20 K 
and Trat = 150 ± 35 K) to be three times higher that the temperature of surrounding walls 
(55 K). The control over the experimental conditions in their experiment was not ideal 
and several sources of the heating effect were proposed. In our experiment we examined 
the proposed explanations and verified, which of them was the real issue. The suggested 
inhomogenity of the RF field, caused by Ar layer frozen on the rods of the multipole, is, 
according to our observation, not responsible for the heating effect. In our experiment, 
the freezing of Ar was much more intensive, however, no such effect has been observed. 
The increase of ion tempera ture was thus most likely caused by the "hot" H2 leaking from 
the ion source, or the influence of ortho-H2 carrying additional energy with respect to 
the para ground state. The differential pumping introduced in our setup reduced the H2 
leakage and these effects didn't affect our experiment. 

The measurement serves as a proof, that ion traps can, when operated properly, reach 
the conditions required for low-temperature state-selective reaction dynamics study of 
processes that involves Ht and its deuterated analogues. When comparing the previous 
LIR Ht measurement and the present D2H+ LIR measurement, the importance of a good 
tuning and control of the experimental conditions appears crucial. The LIR technique 
proved to be a feasible way to state selectively probe the ions stored in a 22-pole ion trap. 
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Chapter 6 

Summary 

This thesis describes a study of Hf ion and its deuterated analogues H2D+ and D2H+. The 
work is divided into three separate experiments. In the fist experiment the recombination 
process of Hf ion in plasma has been studied using a high sensitive spectroscopic method 
in the afterglow plasma. In the second experiment, we focused on the search for suitable 
H2D+ and D2H+ transitions that can be used for state-resolved diagnostics of H2D+ and 
D2H+ ions in the low-temperature ion trap. The last part of the thesis presents the study 
of the cooling efficiency of ions stored in a 22-pole RF ion trap by means of laser-induced 
reaction (LIR}. Such a study is needed for verification, whether the ion traps can be used 
for reaction dynamics study of ion-molecular reactions at ISM relevant temperatures. 

In order to accomplish the first two experimental goals, high sensitivity cavity rings 
down spectrometer was designed and build. The sensitivity of the apparatus allowed us 
to detect Hf density in plasma up to 3 x 108 cm-3 . What makes our CRD spectrome
ter unique is its capability to be operated in time resolved regime. Using an advanced 
algorithm, the spectrometer is able to follow absorption changes in "'50 µs. During the 
spectroscopic survey of H2D+ and D2H+ a concentration variation synchronous detection 
was utilized. By applying this technique we improved the sensitivity to < 2 x 10-8 "per 
pass" , i.e. in case of 5 cm long plasma the lowest observable absorption was < 5 x 10-9 

cm-1. A dynamic Michelson-type wavemeter with ppm resolution has been build to sup
port the high-resolution spectroscopic experiments. 

The first experiment focused on the investigation of the Hf recombination process in 
afterglow plasma. The experiment follows up the Hf recombination rate measurements on 
the AISA and FALP apparatuses. In these preceding experiments, the recombination rate 
was determined from the electron density decay measured by Langmuir probe. The aim of 
the presented experiment was to complement the information on the interna! state of Hf 
in afterglow plasma by a state selective spectroscopic measurement using the TR-CRD 
spectrometer, developed for this purpose. Prom the Doppler broadening of absorption lines 
the kinetic temperature evolution during afterglow was determined. The measurement 
confirmed that the kinetic temperature corresponds to the temperature of buffer gas. 

Prom the Hf density decay, monitored using various Hf transitions, the recombination 
rate has been estimated to be G.eff = 1.1 x 10-7 cm3s-1 at 300 K. The DR rate obtained 
at 100 K aeff = 2.2 x 10-7 cm3s-1 is consistent with the 300 K measurements. The 
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measurements at different absorption lines gave the same value of the rate coefficient, 
regardless of the rotational state and ortho/para nuclear spin orientation. The experiments 
carried out using AISA and FALP apparatuses and the presented experiment form together 
a consistent set of measurements. Although the presented experiment was not capable 
to investigate the recombination process in the full range of the preceding studies, the 
spectroscopic measurement added valuable information about the interna} state of Ht 
ions in afterglow plasma 

The second experiment represents a survey of H2D+ and D2H+ absorption spectra 
in the spectral window around 1550 nm to identify spectral lines, that can be used for 
state-resolved probing of ions in ISM relevant temperatures < 20 K. For the spectroscopic 
survey we utilized the TR-CRD spectrometer already developed for the needs of the Ht 
recombination study. The search was guided by the "ab-initio" calculations of J. Tennyson 
and his coworkers. In total 3 lines in the (2v2 + v3 - O) H2D+ combination band and 3 
lines in the (v1 + 2v3 - O) D2H+ combination band have been identified, conforming the 
very high reliability of the "ab-initio" calculations. These newly identified lines were used 
for characterization of H2-D2 containing plasma. Rapid simultaneous formation of H2D+ 
and D2H+ ions was observed at given conditions. The ratio between the ortho and para 
populations stayed constant during the discharge and afterglow, as well as the ratio of 
H2D+ and D2H+ number densities. However, the population of rotational states was not 
in thermal equilibrium during the discharge. Our results support the conclusion of Farnik 
(Fárník et al., 2002) on the H2D+ /D2H+composition with respect to the H2/D2 ratio. 

In the third part of this work we present the results on laser induced reaction infrared 
spectroscopy (LIR) of several hundred D2H+ ions stored in a low-temperature RF 22-pole 
ion trap. This experiment took advantage of the D2H+ transition that was identified 
by the spectroscopic survey in the preceding experiment. The absorption of infrared 
photons by stored ions was monitored by a proton transfer reaction with Ar. We present 
a profile of (v1 + 2v3 - O) Ooo - lu transition measured by LIR, with the Doppler 
width corresponding to the kinetic temperature of the trapped D2H+ ions Tkin = (9 ± 
4.5) K. This measurement is supported by an experiment of T. R. Rizzo's group (Boyarkin 
et al., 2006), where "'10 K vibrational temperature of tyrosine stored in a similar <levice 
is reported. When comparing the previous LIR Ht measurement (Mikosch et al., 2004) 
and the present D2H+ LIR measurement, the importance of a good tuning and control 
of the experimental conditions appears crucial. The measurement serves as a proof, that 
ions stored in a 22-pole ion trap can reach the conditions required for low-temperature 
state-selective reaction dynamics study of processes that involves Htand its deuterated 
analogues. The LIR technique proved to be a feasible way to probe ions stored in a 22-pole 
ion trap. 

The results presented in the thesis have been published in papers and proceedings of 
conferences listed in appendix A. 
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Appendix A 

List of publications 

A.1 Publications in scientific journals 

The full list of author's papers published in journals. 

I. High-resolution cw-diode laser cavity ring-down spectroscopy in hy
drogen plasma at room temperature 
Macko P., Plašil R., Kudrna P., Hlavenka P., Poterya V., Pysanenko A., Bánó 
G. & Glosík J., Czech. J. Phys., 52 (2002)(Suppl. D) 695-704. 

II. Decay of Ht dominated low-temperature plasma 
Macko P., Bánó G., Hlavenka P., Plašil R., Poterya V., Pysanenko A., Dryahina 
K., Votava O. & Glosík J., Acta Phys. Slovaca, 54 (2004)(3) 263-271. 

III. Afterglow studies of Ht(v=O) recombination using time resolved cw
diode laser cavity ring-down spectroscopy 
Macko P., Bánó G., Hlavenka P., Plašil R., Poterya V., Pysanenko A., Votava 
O., Johnsen R. & Glosík J., !nt. J. Mass Spectrom., 233 (2004)(1-3) 299-304. 

IV. Dissociative recombination study of Na+(D20) in a storage ring 
Zhaunerchyk V., Ehlerding A., Geppert W.D., Hellberg F., Thomas R.D., 
Larsson M., Viggiano A.A., Arnold S.T., Ósterdahl F. & Hlavenka P., J. Chem. Phys., 
121 (2004) 10483-10488. 

V. Recombination studies in a He-Ar-H2 plasma 
Glosík J., Plašil R., Pysanenko A., Novotný O., Hlavenka P., Macko P. & 
Bánó G., Journal oj Physics: Conference Series, 4 (2005) 104-110. Sixth In
ternational Conference on Dissociative Recombination: Theory, Experiments 
and Applications 12-16th July 2004, Mosbach, Germany DR2004 book of Ab
stracts; abstract pp. 23. 

VI. Investigating the breakup dynamics of dihydrogen sulfide ions re
combining with electrons 
Hellberg F., Zhaunerchyk V., Ehlerding A., Geppert W.D., Larsson M., Thomas 
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R.D., Bannister M.E., Bahati E., Vane C.R., Ósterdahl F., Hlavenka P. & Af 
Ugglas M., , J. Chem. Phys., 122 (2005) 4314-+. 

VII. The recombination of spectroscopically identified Ht ( v=O) ions with 
electrons 
Plašil R., Hlavenka P., Macko P., Bánó G., Pysanenko A. & Glosík J., Journal 
o/ Physics: Conference Series, 4 (2005) 118-125. Sixth International Confer
ence on Dissociative Recombination: Theory, Experiments and Applications 
12-16th July 2004, Mosbach, Germany, DR2004 book of Abstracts; abstract 
pp. 61. 

VIII. Dynamical constraints and nuclear spin caused restrictions in HmD;i 
collision systems 
Gerlich D., Windisch F., Hlavenka P. & et al., Phil. Trans. R. Soc. A, 364 
(2006) 3007-3034. 

IX. Action spectroscopy of Ht and D2H+ using overtone excitation 
Glosík J., Hlavenka, P., Plašil R., Windisch F., Gerlich D., Wolf A. & Kreckel 
H., Phil. Trans. R. Soc. A, 364 (2006) 2931-2942. 

X. Near infrared second overtone cw-cavity ringdown spectroscopy of 
D2H+ ions 
Hlavenka P., Plašil R., Bánó G., Korolov I., Gerlich D., Ramanlal J., Tennyson 
J. & Glosík J., !nt. J. Mass Spectrom., 255-256 (2006) 170-176. 

XI. Near infrared second overtone cw-cavity ringdown spectroscopy of 
H2D+ ions 
Hlavenka P., Korolov I., Plašil R., Varju J., Kotrýk T. & Glosík J., Czech. J. 
Phys., 56 (2006)(Suppl. B) 749-760. 

XII. Rekombination of KrH+ and XeH+ ions with electrons in low tem
perature plasma 
Korolov I., Novotný O., Plašil R., Hlavenka P., Kotrýk T., Tichy M., Kudrna 
P., Glosík J. & Luca A., Czech. J. Phys., 56 (2006)(Suppl. B) 854-864. 

XIII. Combined Langmuir probe, electrical and hybrid modeling charac
terization of helium glow discharges 
Bánó G., Hartmanny P., Kutasiy K., Horváth P., Plašil R., Hlavenka P., Glosík 
J., Donkó Z., Plasma Sources Sci. Technol., submitted (2007). 

A.2 Proceedings of conferences 

The full list of author's papers published in proceedings of conferences with more than 2 
pages of length. 

I. Recombination of Ht ( v=O) ion. cavity ring-down spectroscopy in 
pulsed microwave discharge 
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Bánó G., Glosík J., Macko P., Hlavenka P., Plašil R., Pysanenko A., Poteriya 
V. & Dryahina K. (2003), in ISPC 16th, pp. 1-6. 

li. The recombination of Ht(v=O) ions with electrons in low tempera
ture plasma - the application of the cavity ring-down spectroscopy 
Glosík J., Bánó G., Macko P., Hlavenka P., Plašil R., Kudrna P. & Pysanenko 
A. (2003), in XX/II ICPEAC. 

III. Application of time resolved cw-diode laser cavity ring-down spec
troscopy and langmuir probe for study of Ht recombination with 
electrons 
Glosík J., Macko P., Bánó G., Hlavenka P., Plašil R., Poteriya V. & Pysanenko 
A. (2003), in S. de Benedictis & G. Dilecce, eds., Prontier in Low Tempera.ture 
Plasma Diagnostics V, FLTPD V, pp. 98-169. 

IV. Application of cavity ring-down spectroscopy for study of recombi
nation of Ht(v=O) ions in afterglow plasma 
Glosík J., Plašil R., Bánó G., Macko P., Hlavenka P., Pysanenko A. & Kudrna 
P. (2003), in 11th International Symposium on Laser-Aided Plasma Diagnostic, 
LAPD 11, pp. 1-5. 

V. Decay of Ht dominated low-temperature plasma 
Macko P., Bánó G., Hlavenka P., Plašil R., Poteriya V., Pysanenko A. & Glosík 
J. (2003), in P. Sutta, J. Mullerova & R. Bruner, eds., 14th Symposium on 
Application of Plasma Processes, SAPP 14th, pp. 57-58, Mil. Academy. 

VI. Study of the recombination in hydrogen dominated plasma 
Pysanenko A., Plašil R., Novotný O., Hlavenka P., Kudrna P., Glosík J., Bánó 
G. & Macko P. (2003}, in J. Safrankova, ed., Week of doctoral students, pp. 
452-455, Matfyzpress. 

VII. The nt second overtone absorption spectra in near-ir region using 
cw-cavity ring-down spectroscopy 
Hlavenka P., Macko P., Bánó G., Plašil R., Pysanenko A. & Glosík J. (2004), 
in 4th Cavity Ring Down User Meeting, p. 17. 

VIII. Cavity ring-down spectroscopy studies of plasma 
Hlavenka P., Macko P., Bánó G., Pysanenko A., Plašil R. & Glosík J. (2004}, 
in J. Safrankova, ed., Week oj doctoral students, pp. 394-400, Matfyzpress. 

IX. Time-resolved cw-cavity ring-down spectroscopy applied to studying 
the Ht ion recombination 
Macko P., Hlavenka P., Bánó G., Plašil R., Pysanenko A. & Glosík J. (2004), 
in Heeza, Nederland, p. 16. 

X. State specific probing of Ht using overtone excitation 
Glosík J., Plašil R., Hlavenka P., Kreckel, Wester R., Mikosch J., Gerlich D. 
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& Wolf A. (2005), in Interstellar Reactions from Gas Phase to Solids, Inter. 
Symposium DFG, p. 78. 

XI. Recombination Studies in a He-Ar-H2 Plasma 
Glosík J., Pla.šil R., Pysanenko A., Novotný O., Hlavenka P., Macko P. & 
Bánó G., Recombination studies in a He-Ar-H2 plasma, Journal oj Physics: 
Conjerence Series, 4 (2005) 104-110. Sixth International Conference on Dis
sociative Recombination: Theory, Experiments and Applications 12-16th July 
2004, Mosbach, Germany DR2004 book of Abstracts; abstract pp. 23. 

XII. Near-ir Df absorption spectra using cw-cavity ring-down spectroscopy 
Hlavenka P., Macko P., Bánó G., Pla.šil R., Pysanenko A. & Glosík J. (2005), 
in K. Hensel, ed., Joint Symposium oj SAPP XV and EUJJSPP'05 - 3rd EU
J apan joint Sympossium on Plasma Processing, pp. 1 71-172. 

XIII. Recombination of HCNH+. Calculation of kinetics of HCNH+ for
mation in ftowing afterglow 
Korolov I., Novotný O., Hlavenka P., Pla.šil R. & Glosík J. (2005), in J. Safrankova, 
ed., Week oj doctoral students, pp. 347-352. 

XIV. The recombination in deuterium containing plasma at temperatures 
130 - 300 K 
Novotný O., Plašil R., Hlavenka P., Macko P., Bánó G., Pysanenko A. & Glosík 
J. (2005), in J. Mostaghimi, T. Coyle, V. Pershin & H. Salami Jazi, eds., 17th 
International Symposium on Plasma Chemistry (ISPC), p. 836. 

XV. Hf studies using near ir lasers 
Pla.šil R., Glosík J., Hlavenka P., Bánó G., Korolov I. & Gerlich D. (2005), in 
Interstellar Reactions from Gas Phase to Solids, Inter. Symposium DFG, p. 
101. 

XVI. The recombination of spectroscopically identified H3+{v=O) ions 
with electrons 
Plašil R., Hlavenka P., Macko P., Bánó G., Pysanenko A. & Glosík J., There
combination of spectroscopically identified Hf (v=O) ions with electrons, Jour
nal oj Physics: Conjerence Series, 4 (2005) 118-125. Sixth International Con
ference on Dissociative Recombination: Theory, Experiments and Applications 
12-16th July 2004, Mosbach, Germany, DR2004 book of Abstracts; abstract 
pp. 61. 

XVII. Recombination in helium/hydrogen afterglow plasmas 
Glosík J., Korolov I., Novotný O., Plašil R., Hlavenka P., Varju J. & Kotrýk 
T. (2006), in ESCAMPIG XVIII, pp. 119-120, EPS. 

XVIII. High resolution spectroscopy of Hf, H2D+ and D2H+ with CRDS 
and LIR 
Hlavenka P., Plašil R., Korolov I., Bánó G., Gerlich D. & Glosík J. (2006), in 
EGAS 38th, p. 185. 
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XIX. Nir spectroscopy of Ht, H2D+ and D2H+ in plasma 
Hlavenka P., Plašil R., Korolov I., Bánó G. & Glosík J. (2006), in M.T.D. Grill 
V., ed., 15th Symposium on Atomic and Surjace Physics and Related Topics, 
pp. 225-228, IUP- Innsbruck University press. 

XX. High sensitivity CRD spectroscopy of H 3Q+ 
Hlavenka P., Votava O., Korolov I., Plašil R., Varju J., Kotrýk T. & Glosík J. 
(2006), in Week oj doctoml students. 

XXI. Flowing afterglow study of pressure dependence of recombination in 
helium-hydrogen plasma 
Korolov I., Novotný O., Plašil R., Hlavenka P., Kotrýk T. & Glosík J. (2006), 
in Week oj doctoml students. 

XXII. Recombination of Kr ff+ ions with electrons in ftowing afterglow 
plasma 
Korolov I., Novotný O., Plašil R., Hlavenka P., Kotrýk T .. & Glosík J. (2006), 
in ESCAMPIG XVIII, pp. 133-134, EPS. 

XXIII. High resolution nir spectroscopy of Ht, H2D+ and D2H+ in pulsed 
hydrogen/deuterium plasma 
Plašil R., Hlavenka P., Korolov I., Varju J., Kotrýk T. & Glosík J. (2006), in 
ESCAMPIG XVIII, pp. 121-122, EPS. 

XXIV. High resolution laser spectroscopy of ions, 16 th Symposium on 
Application of Plasma Processes 
Hlavenka P., Varju J., Plašil R., Korolov I., Kotrík T., Votava O., Glosík J. 
(2007), SAPP, Podbanské, January, 20-25, 2007, Book of Abstracts, pp. 87-88 

A.3 Presentations 

The list of author's presentations: posters and talks. 

I. Cavity Ring-Down Spectroscopy Studies of Plasma 
Hlavenka P., Macko P., Plašil R., Kudrna P., Poteraya V., Pysanenko A., Bánó 
G., Glosík J., WDS 2004, Prague, Czech Republic, June 15-18, 2004, talk 

II. Near IR nt Spectroscopy using cw-Cavity Ringdown Spectrometer 
Hlavenka P., Macko P., Plasi! R., Bánó G., Glosík J., 4th GRD user meeting 
2004, 8. 10. 2004, Heeze, Netherlands, poster 

111. Near IR nt Spectroscopy using cw-Cavity Ringdown Spectroscopy 
Hlavenka P., Macko P., Bánó G., Plašil R., Pysanenko A., Glosík J., SAPP 
XV, 18.1.2005, Podbanské, Slovakia, poster 

IV. Application of Synchronous Detection in CRD Spectroscopy of Hy
drogen Plasma 
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Hlavenka P., Korolov I., Plašil R., Bánó G., Glosík J., WDS 2005, 9. 6. 2005, 
Prague, Czech Republic, poster 

V. NIR spectroscopy of Ht, H2D+ and D2H+ in plasma 
Hlavenka P., Plašil R., Korolov I., Bánó G., Glosík J., SASP XV, February 
2006, Obergurgl, Austria, poster. 

VI. High Resolution Spectroscopy of Ht, H2D+ and D2H+ with CRDS 
and LIR 
Hlavenka P., Plašil R., Korolov I., Bánó G., Gerlich D. and Glosík J., EGAS 
98, June 2006, Ischia, Italy, poster. 

VII. Near infrared second overtone cw-cavity ringdown spectroscopy of 
H2D+ ions 
Hlavenka P., Korolov I., Plašil R., Varju J., Kotrík T., Glosík J., , SPPT 22, 
June 2006, Prague, Czech Republic, poster. 
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I. Studium iontu Htpři kryogenních podmínkách 
Hlavenka P., Faculty oj Mathematics and Physics, Charles University, Prague 
(2009}, Diploma work 
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Appendix B 

Recombination in presence of 
other ions 

The Langmuir probe is the favored diagnostic tool for determination of the electron density 
in cold plasma. It can be also used for the measurement of ion number density and EEDF 
(electron energy distribution function) too. Its popularity is given by its simple realization 
and localness of the measurement. The probe composed of a tiny wire is inserted into 
plasma and from the voltage-current characteristic several parameters of plasma can be 
derived. An good overview of the technique and analysis is covered in (Swift & Schwar, 
1970). In this work, spectroscopic technique was used for the plasma diagnostics. This 
technique cannot be used for electron number density diagnostics, instead, the population 
of selected energy level of ion is probed. 

As long as the plasma contains only one type of ions, the electron number density and 
ion number density are equal and both methods give the some density measurement. This 
was the case of Hj recombination study at hydrogen densities (Hj] ,...., 1013 cm-3 , where 
the Ht formation was negligible and the only Hj loss channel were the recombination 
and ambipolar diffusion - both processes destroy Hjions and electrons simultaneously. 
At higher [Hj] Ht formation presents an additional loss channel for HjŤhis process, 
however, doesn't affect electron density. At such conditions, the value of the effective 
recombination rate coefficient measured by LP and by absorption spectroscopy systemat
ically differ. In this chapter the difference in the measurement techniques are covered and 
the effective recombination coefficients CY.ef I for each techniques are derived. 

The balance equation for electrons in plasma is 

(B.1) 

ne is the electron number density, O:i is the recombination rate coefficient of Ai with 
electrons and llD represents the diffusion process. The general balance equation for ion 
Ai: 

(B.2) 
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where the product of reaction C + D produces Ai. In the case of plasma composed only 
from Hjand Htions with recombination rate coefficients a3 and as, assuming stationary 
state 

ne = [Hj] + [Ht] 
dne 
dt 

(B.3) 

(B.4) 

Ht ions are produced in a three body reaction with H2 and He and destructed by dissoci
ation induced by collision with He. In the case of equilibrium between Htassociation and 
dissociation 

k35 
Hj + H2 +He Ht + He 

k53 

(B.5) 

k35 [Ht) [H2J = k53 (HtJ (B.6) 

The equilibrium constant Ke defines the relation between the forward k1 and reverse kr 
rate coefficient. In the case of a three-body and two-body reaction, as the case bere, 

- _ k1 _ k35 _ [Ht) 
Kc(ó.H, 6.S, T) - -k - -:::--- - [ +] [ ] 

r k53 H3 H2 
(B.7) 

To express Ht using Hj, we introduce the coeffi.cient R ( that is not a function of time in 
the stationary approximation). 

[Ht] = [htp] [H2] Kc(T) = R(T) [Ht] (B.8) 

(B.9) 

B.1 Spectroscopic diagnostics 

When spectroscopic methods are employed in the DR study, only one specific ionic specie 
is monitored, in our case ion Hj(v=O). The balance equation {B.4) transforms into 

dne 
dt 
ne 

d[H+] 
(1 +R) 3 

dt 

= 
= 

-

-a3 (Hj] ne - 0!5 (HtJ ne - VDne 

[Hj) (1 +R) 

-a3 [Hj)2 (1 +R) - ct5 (Hj)
2 

R{l +R) 

-VD [Hj] (1 +R) 

d [=t] = - (03 + 0!5R) (Hj) 2 
- VD (Ht) 

(B.10) 

(B.11) 

(B.12) 

(B.13) 

The effective recombination rate coefficient O.ef I = O!CRDS that we obtain when fitting 
the [Hj] (t) decay by formula (4.8) is thus 

d [Hj) 
dt 
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B.2 Langmuir probe diagnostics 

B.2 Langmuir probe diagnostics 

Langmuir probe measures the electron number density evolution ne 

ne - (HtJ + (HtJ ::::} [ +] ne 
H3 = (1 +R) (B.16) 

dne 
-0.3 (Ht) ne - 0.5 (Ht) ne - vvne (B.17) = 

dt 
dne 0.3 + o.5R 

(B.18) - - - (l + R) ne - 11vne dt 

The effective recombination rate coefficient O.eff =O.LP that we obtain by fitting the ne(t) 
electron number density decay by formula ( 4.4) is 

dne 
dt 

0.LP -
0.3 + o.5R 0.3 + 0.5 (H2] Kc(T) -

(1 + R) 1 + [H2] Kc(T) 
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Attached publications 

I. Decay of Ht dominated low-temperature plasma 

Reprinted from Acta Physica Slovaca 54 (2004) 263-271 
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acta physica slovaca vol. 54 No. 3, 263 - 271 June2004 

DECAY OF Hj DOMINATED LOW-TEMPERATURE PLASMA 

P. Mackot 1, G. Bánóf2, P. Hlavenka*, R. Plašil*, V. Poterya*, A. Pysanenko*, 
K. Dryahina*, O. Votava#, J. Glosík*3 

*Charles University Prague, Mathematics and Physics Faculty, 
Department of Electronics and Vacuum Physics, V Holešovikách 2, Prague 8, Czech Republic 

t Comenius University, Faculty oj Mathematics, Physics and /nformatics, 
Department oj Plasma Physics, Mlynska dolina F2, 84248 Bratislava, Slovakia 
i Res. lnst. for Solid State Physics and Optics, HAS, Konkoly-Thege út 29-33, 

l 121 Budapest, Hungary 
# J. Heyrovský Institute of Physical Chemistry, Academy oj Science s oj the Czech Republic, 

Dolejškova 3, 182 23 Prague 8, Czech Republic 

Received 9 April 2003, accepted 20 April 2004 

Decay studies were carried out in the afterglow of low temperature plasma generated by 
pulsed microwave discharge in He with small admixture of Ar and H2. ln such a mixture 
all ions fonned during a microwave discharge are by ioo-molecule reactions converted to 
H! ions. The decay of the H! dominated afterglow plasma was monitored by means of 
infrared cavity ring-down spectrometer (CRDS) employing a cw-diode laser. Measurements 
were carried out at temperature of ,..., 350 K and total pressure of 0.66-2.66 kPa. The CRDS 
signal on the 112= 3 ~ O transition of H! (observed at around 1.4 µm) was detected at 
different moments during the discharge afterglow. Knowing the absorption cross-section the 
evolution of the absolute number density of H! ( v=O) during the afterglow was detennined. 
The recombination rate coefficient calculated from the decay curves (al hydrogen number 
density of [H2] = 3-8x 1020 m-3 ) is o= (l.8±0.8)x 10-13 m3 s- 1

. The absorption spectra 
provided us the kinetic temperature of H!(v=O) ions during discharge and the afterglow. 
Detailed description of the experimental set up is also given bere. 

PACS: 52.38.Dx, 42.62.Fi 

1 lntroduction 

The recombination of Hj°(v=O) ions with electrons is an important ionisation loss process in 
natural and laboratory plasmas. Hj(v=O) ions were detected in interstellar clouds and in at
mospheres of Jupiter, Saturn, Uranus and Neptune (see e.g. review by A. Dalgamo [I], and 
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review by T. Oka [2]). Despite the fact that the recombination of Ht ions with electrons is one 
of the most studied recombination processes both experimentally and theoretically, the agree
ment between theory, experiment and astronomical observations was not achieved yet (see data 
and discussion in ref. [3-12]). Recombination rate-coefficient values reported in the literature 
differ by an order of magnitude. Our earlier stationary afterglow measurements [3, 13, 14] indi
cated that the recombination rate of Ht depends on the partial pressure of H2. At H2 densi
ties higher than 5x 1018 m-3 the obtained effective recombination rate coefficient saturated at 
"' 1.2x 10-13 m3 s-1, while it dropped below lx 10-14 m3 s- 1 towards lower hydrogen den
sities (< 1017 m-3). The rate of Hj recombination may depend strongly on the rotational 
and vibrational excitation level of the recombining ions. Our previous studies were carried out 
without identification of intemal excitation of recombining ions (Langmuir probe was used for 
measurements of electron density). 

Density of ions in a given vibrational and rotational level can be detected by spectroscopic 
absorption methods. Used method has to be very sensitive in order to monitor fast decay of ion 
density over several orders of magnitude with accuracy high enough to determine recombination 
rate coefficient. Infrared absorption was used by Amano [IO] to obtain decay of Ht (v=O) ions 
in the afterglow of pure hydrogen plasma at 27 - 80 Pa. Frequency-tuneable infrared laser and 
discharge cell with multitraversal mirrors were applied in the experiment. The recombination 
rate coefficient was determined to be a: =(l.8±0.2)x 10-13 m3 s-1 at 273 K. In this experi
ment also the temperature dependence of the recombination rate coefficient was observed in the 
range of I 00-300 K. Fehér and co-workers also reported results of absorption measurements 
[ 15]. In this case, due to the low purity of the vacuum system, the obtained rate coefficient of 
2x 10-13 m3 s-1 should be considered as an upper limit for the recombination of Ht(v=O) with 
electrons at near thermal energies. 

The aim of the present work is to start reinvestigation of the Ht recombination with elec
trons in a well-defined intemal state. For that reason we have built an infrared cw diode-laser 
cavity ring-down spectrometer (CRDS), that can measure the absolute value of number density 
of Hj ( v=O) in a plasma, both du ring the discharge and during the afterglow. 

2 Principie of CRDS 

Cavity Ring-Down Spectroscopy has been introduced in 1988 by O' Keefe and Deacon [ 16] as the 
technique allowing high-sensitivity absorption measurements using pulsed laser sources [ 17-19]. 
Even if pulsed lasers have the great advantage of a large spectral coverage (NIR to UV), they still 
remain expensive. laboratory instruments. More recently, cw-CRDS technique was introduced 
functioning with cw single-frequency lasers [20-25]. The high sensitivity ofthe method is dueto 
the enhancement of the effective optical path-length when laser light is reftected back and forth 
between the mirrors of the optical cavity. Prior to the detection of the ring-down signal the laser 
beam is coupled into the cavity through one of the mirrors. Using low-power cw diode lasers the 
intensity in the resonator becomes high enough on ly when the wavelength of the laser is matched 
to a given resonator mode. For that reason one of the cavity mirrors is usually placed on a piezo
electric transducer. This way periodical wavelength matching can be achieved by sweeping the 
length of resonator through the resonance position. Once the light intensity becomes high enough 
the laser beam is switched off and the decay of the light intensity (leaking through one of the 
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mirrors) is detected. Assuming linear absorption the decay is exponential with decay time T(v), 
given by: 

1 1 d 
-() = - +-Lca(v). 
TV To 

(I) 

vis the frequency ofthe laser light, To is the decay time in the absence of absorption, d and a(v) 
are the length and absorption coefficient of the absorbing medium, respectively. L is the length 
of the cavity. 

In the present experiments we used the experimental scheme of cw-CRDS developed by 
Romanini et al. [20,21 ]. We extended the method by the possibility of time-varying density 
measurement of absorbing species. The wavelength of the laser is tuned to the absorption lines 
ofthe overtone band v2 = 3 +-O observed at around 1.4 µm [26]. Supposing the Ht density to be 
of 1016 m-3 and temperature of300 K the absorption coefficient ofthe strongest line ofthis band 
(at 6807 .3 cm- 1) is about 10-5 m-1 (see line intensities given in [27 ,28]). This value is two 
orders ofmagnitude higherthan the detection limitofCRDS, 10-7 m-1, commonly achieved by 
mirrors having reflection of99.995 %. 
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Fig. I. Upper panel: Schemalic data showing lime dependence of lhe Hf densily during lhe discharge and 
the afterglow period. Simulated CRDS signal obtained with time delay of t (as compared to the moment 
when lhe discharge is switched oft) is also shown. Lower panel: delailed view of lhe CRDS signal. The 
laser is switched off at lhe moment ti. when lhe signal reaches level I. Dala acquisilion starts at t 2, when 
the signal drops below level 2. 
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3 Experimental details 

There are two possible operation regimes of the apparatus that can be used during the mea
surements. In first case the discharge operates continuously and the CRDS signal is detected at 
different laser frequencies. This way the absorption spectrum of the discharge is obtained. We 
use this regime to find the position of the Ht absorption lines [26]. In the second case the dis
charge operates in pulsed regime and the time dependence of the Ht density is obtained during 
the afterglow. For that the CRDS signal (belonging to a given absorption line) has to be detected 
with variable time delay t as compared to the moment when the discharge is switched off. The 
procedure is schematically shown in the upper panel of Fig. I and will be discussed later. As far 
as the temperature of the ions is constant during the afterglow period, it is enough to perform the 
measurements for the centre of the Doppler profile of the absorption line. 

Figure 2 shows the schematic diagram of the experimental set-up. The microwave cavity is 
placed at the centra] part of the discharge tube (made of Pyrex with inner diameter of 40 mm). 
Plasma is generated by ,..., 1 ms long, microwave pulses (2.45 GHz) at repetition frequency of 
,..., 220 Hz. Well-defined high voltage pulses are used to drive the magnetron. The effective 
length of the plasma column is estimated to be 50 mm. The microwave fall-off time in the 
cavity (after switching the magnetron oft) is monitored by a high frequency diode DJ that is 
placed in front of the cavity. During the afterglow the measured microwave signal decreases 
significantly within < 100 µs. In addition light emission from the discharge is monitored by an 
optical spectrometer that is equipped with a photo-multiplier tube. As an example we mention 
the spontaneous emission on a line around 900 nm (not identified) that decreases by two orders of 
magnitude within < 40 µs in the afterglow. In Fig. 3 microwave signal and signal corresponding 
to the light emission are plotted. 

In Fig. 4 the kinetic temperature of the Ht(v=O) during discharge and during very early 
afterglow is plotted. The kinetic temperature was determined from the Doppler broadening of 
the spectral line. During the microwave pulse kinetic temperature is ,..., 350 Kand it immediately 
decreases down to buffer gas temperature when microwaves are switched off. Actual wall tem
perature was ,..., 320 K because of heating of the discharge tube by microwaves. At decay time 
> 50 µs the signal to noise ratio is so small that it is impossible to determine kinetic temperature, 
but there is no reason to assume that it will be different from the buffer gas temperature. The 
rotational temperature was also estimated by the comparison of line intensities corresponding to 
different rotational states. These measurements have low accuracy so we can only confirm that 
rotational temperature was close to 320 K, as one will expect in afterglow plasma at buffer gas 
pressure near to l .33 kPa. 

Used high purity gases pass through Jiquid nitrogen traps prior to entering the discharge 
tube. ln the present experiments large flow of (99.999 grade) He is used to dilute eventual 
impurities desorbing from the walls. Mirrors of the optical cavity are placed at the end sides 
of the tube. To avoid deterioration of the mirrors by eventual plasma enhanced deposition, the 
discharge volume is separated from the mirror mounts by diaphragms of 6 mm diameter. Further 
suppression ofthe deposition is achieved by flow of gas (He) that enters the discharge tube nearby 
the mirrors and Hows through diaphragms towards the discharge region by action of a large roots 
pump. Pressure of the gas in the discharge tube is measured by capacitance manometer. The 
composition of the gas mixture is controlled by MKS mass-flow-controllers. Typical conditions 
are as follows: He How 0.67 Pa-m3s-1 (400 sccm), Ar How 5x 10-3 Pa·m3 s-1 (3 sccm), H2 
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TRIGGER 

Fig. 2. The experimental set-up: OI - optical isolator, BS - beam-splitter, F-P Fabry-Pernt interferome
ter, AOM - acousto-optical modulator, D1 - lnGaAs photodiode, D2 - avalanche InGaAs photodiode, L 
- lenses, PH - pinhole, M1,2 - dielectric mirrors, Da - high-frequency diode, MON - monochromator 
equipped with photomultiplier tube, PULSE G. - pulse generator, MW G. - microwave generator, PO -
piezo-element driver, MC - microwave cavity. 

flow (0.83-I.67)x 10-3 Pa·m3 s-1 (0.5-1 sccm). 

The experimental set-up of cw-CRDS is also shown in Fig. 2. An external cavity single mode 
tuneable diode laser (Sacher Lasertechnik) with output power of about 3 m W is applied. The laser 
wavelength is tuneable by the external cavity in Littman configuration (from 1450 to 1480 nm). 
An optical isolator avoids re-injection of the reflected beam into the laser diode. Splitting up 
the beam, small part of the light is led into a Fabry-Perot interferometer (free spectral range of 
3.33 GHz) that monitors the frequency shift during the measurements. The principal laser beam 
passes through an acousto-optic modulator (AOM) that is used to stop the propagation of the 
light towards the discharge tube. A space filter composed of two lenses and a pinhole of 50 µm 
is applied next. The first Jens (focal length of 100 mm) focuses the laser beam onto the pinhole. 
A diaphragm that is placed after the pinhole selects the Oth mode from the diffraction image. The 
second lens (focal length of 50 mm) matches the beam, having the free-space paraxial Gaussian
like profile, to the TEM00 mode of the cavity. The cavity is 710 mm long and is composed by 
two supermirrors having reflectivity of 99.995% around 1470 nm (Layertek, radius of curvature 
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Fig. 3. Upper panel: Microwave signal obtained by fast diode placed close to the microwave cavity. The 
zero of the time scale is given to the time when voltage on the magnetron was switched off. The sharp peak 
al "' 0.5 ms corresponds to high voltage peak deliberately given to the magnetron to ignite discharge. From 
the detail on the right side it is obvious that microwaves drops significantly within < 100 µ.s. Lower panel: 
Light emission detected in the 900 nm region. Again emission falls to zero within < 40 µ.s. 

of 100 cm). One of the mirrors is mounted on a piezoelectric transducer in order to modulate the 
cavity length. This way the laser frequency can be periodical/y matched to one of the resonator's 
TEMoo modes. 

The ringdown signal, transmitted through one ofthe cavity mirrors, is detected by an avalanche 
lnGaAs phorodiode D2 and is amplified by a transimpedance ampJifier (500 kn, bandpass up to 
I MHz). The signal is digitised with a 14 bits 2 MHz PC card (ADLink 20\0). io observe c\ean 
ringdown decays, the laser beam is interrupted by the AOM once the signal of TEMoo mode 
transmission goes above a given threshold (level I in Fig. 2). Data acquisition starts when the 
signal drops below level 2 as indicated in Fig. 2. The laser frequency can be driven by a signal 
from the D/A converter of the ADLink 2010 PC card. The same card acquires the signal from 
the Fabry-Perot interferometer. 
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He+, Ar+, ff+ and Ht ions are created in the discharge by electron impact. These ions are 
with nearly collisional rate ("' 10-15 m3 s-1 ) converted to Ht by ion-molecule reactions with 
H2 (sometime in several steps). If we assume that Ht is recombining with rate coefficient 
"' 10-13 m3 s- 1, we can find from balance equations that Ht will be dominant ion in a steady 
state conditions of the discharge (shortly before switching microwaves oft). When the mi
crowaves are switched off fast electrons relax rapidly and production of energetic particles and 
ions is terminated. At hydrogen number densities [H2] "' 1021 m-3 remaining ions are converted 
to Ht within few microseconds. Since Ht is the dominant ion already during the discharge pe
riod the absolute change of the Ht density in the transition period from microwave discharge to 
afterglow is not very significant. Eventual formation of metastable particles during the discharge 
will not change substantially time scale of formation of Ht because of fast penning ionisation 
at [H2 ] "' 1021 m-3 . Taking into account the rate of the decrease of the microwave and light 
emission signal (Fig. 3), and the rate of formation of Ht we can conclude that within < 50 µs 
Ht ions are dominant in the afterglow. If we further consider that vibrationaly excited Ht(v) 
ions are deactivated in collisions with H2 with rate coefficient"' 5x 10-17 m3 s- 1 than we can 
conclude that approximately 50 µs after discharge is switched off the afterglow plasma is dom
inated by Ht (v=O) ions. This simple picture agrees with accurate calculation of the kinetics of 
formation of Ht in the afterglow (see e.g. [3]). 

Figure 5 shows a typical decay curve of the Ht density. Assuming that during the afterglow 
period Ht ions are lost from the volume by recombination and by diffusion to the walls, the time 
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Fig. 5. Upper panel: Time dependence of the Ht (v=O) density during the discharge afterglow. The fitted 
curve has the general shape given by equation (2). Lower panel: Detailed view of l/[Hf (v=O)] in the early 
afterglow. 

dependence of the ion density (in quasineutral conditions) can be expressed as: 

[Hj) = [(a· TI)+ [H~Jo) e ... ~ - a. Tl)r1

, (2) 

where cr is the recombination rate, TI) is the characteristic diffusion time and CH!1o represents 
the density at t = O. The corresponding fitted curve is also depicted in Fig. 5. The nearly linear 
time dependence of the reciprocal value of the Hf density (see the detailed view in the lower 
panel of Fig. 5) in~icates that recombination is the dominant loss process in the 0.08 - 0.2 ms 
time period. As an average result of many different data sets the recombination rate-coefficient 
was derived to be (l.8±0.8)x 10-13m3 s-1. This value belongs to hydrogen density of about 
4x I020m-3 and is in good agreement with our earlier values obtained in stationary afterglow 
measurements using a Langmuir probe [3, 13, 14]. 

Finally it is noted, that the characteristic ring-down time r 0 in the empty resonator is,..., 43 µs. 
It follows chat the abrupt drop of the Hf (v=O) density right after the discharge switches off 
cannot be reproduced by our simple evaluation method. A better iterative method was also 
tested, in which the changes of the Hj density during the ring-down period were taken into 
account [29]. The results indicate that the corrections have only minor effect on the cr values. 
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Abstract 

The recombination of spectroscopically identified H3 +ev= O) ions with thermal electrons has been studied in pulsed afterglow plasma by 
means of an infrared cavity ring-down spectrometer (CRDS). Time-resolved measurements of the H3 + (v = O) density were carried out in 
helium buffer gas with small admixtures of argon and hydrogen. The gas temperature was ~330 K, and the total pressure ranged from 8 to 
16 mbar. The CRDS signal on the v2 = 3 +- O transition of H3 + (A. = 1.4 µm) was monitored as a function of tíme during the díscharge 
afterglow. Since the absorption cross-sectíon ís known, the decay ofthe H3 +(v = O) number densíty and hence, the recombínatíon coefficíent 
can be deduced. At hydrogen number densitíes [H2] = l x 1014 to 8 x 1014 cm-3 the measured recombinatíon rate coefficíent was found to 
be a= (1.6 ± 0.6) x 10-7 cm3 s- 1• 

© 2004 Elsevíer B.V. Ail rights reserved. 

Keywords: Recombination; H3 + ions; Cavity ring-down spectrometer; Infrared absorption spectroscopy; Hydrogen plasma 

1. Introduction 

The dissociative recombination ofH3+(u =O) ions with 
electrons has been studied for a long time, both experi
mentally and theoretically. The interest in the process was 
renewed when this ion species was detected in interstellar 
clouds as well as in the ionospheres of outer planets (see, 
e.g., reviews by Dalgamo [l] and Oka [2]), and by the 
advent of the powerful ion-storage ring (ISR) experimental 
technique. Although much progress has been made in recent 
years, an entirely satisfactory agreement between theory, 
experiment, and astronomical observations remains to be 
achieved. The history of such studies will not be presented 
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in detail here since it has been covered adequately before 
(see e.g„ [3]). 

Two types of experiments are used for electron-ion re
combination studies. Beam experiments, in the form of 
"merged beams" or "ion-storage-rings" (ISR) provide nearly 
mono-energetic cross-section data under single-collision 
conditions, while observation in "pulsed" or "ftowing" af
terglows yield thermal rate coefficients a(T). The ISR data 
[ 4,5] agree rather well with results of the recent theoretical 
calculations by Kokoouline and Greene [6-8]. The 300 K 
rate coefficients inferred from those experiments [ 4,5] and 
from the theoretical cross sections fall in the range from 
6 x 10-8 to 1 x 10-7 cm3 s-1, the variation apparently be
ing due to differing rotational state distributions of the ions. 
The afterglow measurements present a more complicated 
picture. Depending on methods used, experimental condi
tions, and the authors' interpretation of their results, pub
lished rate coefficients at 300 K range from below 1 X 1 o-8 
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to ~2 x 10-7 cm3 s-1. This wide range of results raises 
the question to what extent the physical conditions under 
which recombination occurs play a role, or if the H3 + ions 
under study differed in their state of interna! excitation. 
Vibrational excitation has often been invoked as having a 
strong influence on the recombination rate (see. e.g„ Smith 
and Spanel [9]). However, the only afterglow experiment in 
which unambiguous identification of the recombining ion 
was achieved is that of Aman o et al. [ 1O,11] who used an 
infrared absorption technique to monitor the H3 + (v = O) 
decay in a discharge afterglow in hydrogen at pressures 
from 0.1 to 1 Torr. The inferred recombination coefficient 
was 1.8 x 10-7 cm3 s-1 at a gas temperature of 210 K. 
White some aspects ofhis experiment have been challenged 
[9], Amano's experimental methods are valid and, with the 
possible exception of his data at very low gas temperatures 
[12], his results must be considered as reliable. 

On the other hand, our stationary-afterglow measure
ments (advanced integrated stationary afterglow experiment 
or AISA) [3,13,14] have consistently indicated that the 
recombination rate of H3 + ions depends on the partial pres
sure ofH2. At hydrogen densities above l x 1012 cm-3 the 
recombination rate coefficient a was found to saturate at 
~1.3 x 10-1 cm3 s-1, in acceptable agreement with many 
other determinations. However, it was also found to decline 
to values below I x 10-8 cm3 s- 1 at far lower hydrogen den
sities, tlrnt is in a pressure range that was not investigated in 
earlier afterglow experiments. Similar results were obtained 
in the study of recombination of D3 + ions [3, 15]. Possible 
reasons for this behaviour have been proposed. Capture of 
electrons into long-lived intermediate H3* states, that are 
stabilized in a subsequent collision with an Hi molecule, 
has been suggested by Gougousi et al. [ 16] to explain the 
weaker pressure dependence that they observed at higher 
Hi pressures. It should be noted that these three-body re
combination mechanisms were proposed at a time when 
available theories [ 17, 18] predicted that binary recombina
tion of H3 + (v = O) should be extremely slow. The need for 
invoking such three-body mechanisms has been lessened 
by the new theoretical results since most afterglow data, 
especially those obtained at early afterglow times and at 
high Hi concentrations, exceed the theoretical results and 
ISR data by only about a factor of two. Nevertheless, the 
observed strong decline of a(H3 +) at low Hi concentrations 
below the recent theoretical value appears to be real and is 
still in need of a satisfactory explanation. 

Our previous experimental studies [3,13-15] were carried 
out without identification of interna) excitation of recombin
ing ions and are thus open to some criticism. Although there 
is no definite proof, it is quite possible and perhaps likely 
that the H3 + recombination rate depends on the vibrational 
state of the ions, and it is far from obvious that different 
afterglow and beam measurements refer to ions in a same 
rotational and vibrational state or distribution of states. It is 
the long-term goal of our current research program to in
vestigate recombination ofH3 + with complete characteriza-

tioo of tbeir interna) states under plasma conditions. As th 
first step towards this goal we have built a new appara c 
(the Test Tube), equipped with an infrared cw-diode-Ja~ 
CRDS, that can measure the density decay of ions in a sp er 
cific ro-vibrational state. The first application ofthis meth:~ 
is the subject ofthis paper. To our knowledge this is the flrs 
time that fast ion-density evolutions have been monitore~ 
by the cw-cliode laser CRDS technique. In some respects 
our method i similar to the absorption techniquc used by 
Amano [11 ], but it provides the higher sensitivity that is 
needed to measure the ion conccntration in afterglow plas. 
mas at moderate electron densities (near I 010 cni-3). 

While the work that we present here is, in part, a "proof. 
of-concept" rather than a completed project, the results show 
that ground-state H3 + (v = O) ion s are indeed the dominant 
species in helium-argon-hydrogen afterglow plasmas at 
high Hi concentrations, and that the effective recombination 
of H3+(v =O) ions is fast (at [H2] ~1014 to 1015 cm-3). 
This again raises questions about the interpretation of the 
slow recombination observed in the ftowing-afterglow ex
periment by Adams et al. [19] and Smith and Spanel [9], 
which was ascribed to H3+(v =O) ions. 

2. Experimental apparatus and methods 

As was mentioned in the Introduction, the Test Tube 
experiment was primarily designed to test the optical sys
tem that will be integrated Jater into our AISA experiment. 
Thus, the design was kept simple. Fig. l shows a schematic 
diagram of the apparatus and the optical cavity. It consists 
of a discharge tube, made from 4 cm (interna! diameter) 
Pyrex tubing, and a microwave waveguide in which the 
plasma is generated [20]. The plasma is generated by mi
crowave pulses, ~0.5 ms Jong, with a repetition frequency 
of ~250 Hz. The effective optical length of the plasma col
umn is estimated to be 5 cm. Gas fillings consisted ofhelium 
buffer gas with small admixtures of argon and hydrogen. 
Typical gas flows are: <l>He = 350 sccm, <!>Ar = 2 sccm, 
4>H2 = 0.5-5 sccm. The total pressure in the discharge tube 
was 8-16 mbar. A large flow of He was used to dilute pos
sible impurities due to outgassing from the walls during the 
discharge, and to protect the surface of the super mirrors 
from plasma-enhanced deposition. 

The ion-chemical processes subsequent to the discharge 
pulse are the same as those in our AISA experiment and 
have been described in detail earlier [3, 13, 14]. Briefty, ions 
and metastable helium atoms, created during the microwave 
discharge, are rapidly converted to H3 + by a sequence of 
ion-molecule reactions involving Ar+ and ArH+ as inter
mediate ions. The production scheme is well known and 
has been previously verified by kinetic modelling and mass 
spectrometric observations. 

The novel aspect of this experiment is the observation of 
the time-dependent concentration of H3+(v = O) by opti
cal absorption of the v2 = 3 +- O overtone band [21]. A 
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Fig. I. The experimental set-up: OI: optical isolator, that avoids re

injection of the reftected beam into the laser diode; BS - beam-splitter; 
F-P: Fabry- Pernt interferometer, used to monitor the frequency shift 

during the measurements; AOM: acousto-optical modulator; D1: InGaAs 
photodiode; D2 : avalanche InGaAs photodiode; L : lenses; PH: pinhole; 
M1.2: dielectric mirrors; D3 : high-frequency diode; MON: monochromator 
equipped with a photo-multiplier tube. 

scheme of cw-cavity-ring-down spectrometer (CRDS), de
veloped by Romanini et al. [22,23], was employed for this 
purpose. 

The physical principles of CRDS have been described 
in numerous publications (see, e.g., [22,23], and references 
cited therein). One measures the exponential decay of the 
laser light intensity that is coupled into a high finesse opti
cal cavity. The characteristic decay time depends on losses 
in the resonator and on absorption in the medium that is 
enclosed in the cavity. In our arrangement the mirrors of 
the optical cavity are placed at the ends of the discharge 
tube. A single-mode tuneable diode laser with output power 
of about 3 m W is used as the light source. The laser beam 
passes through an optical isolator that avoids re-injection 
of the refiected beam into the laser diode. Then the laser 
passes through an acousto-optic modulator (AOM). In order 
to suppress higher, transverse cavity modes, the laser light is 
also passed through a spati al filter, composed of two lenses 
and a pinhole of 50 µm in diameter. The optical cavity is 
710 mm long. The mirrors have refiectivity of 99.995% at 
Wavelengths near 1470nm. In order to tune the cavity one 
of the mirrors is mounted on a piezoelectric transducer. This 
way the laser frequency can be periodically matched to one 
of the resonator's TEMoo modes. The light intensity is de
tected by means of an avalanche InGaAs photodiode and is 

digitised by a 14 bit/2 MHz PC card. When the laser wave
length matches one ofthe resonator's modes the light is cou
pled into the cavity and the photodiode signal rises rapidly. 
When the signal reaches the desired threshold level the laser 
beam is blocked by the AOM. This technique makes it pos
sible to obtain clean and reproducible ring-down signals. In 
an empty resonator the characteristic time ofthe exponential 
intensity decay is ,....,43 µs. 

Two experimental procedures are used during the H3 + af
terglow measurements. In the first, the laser is scanned over 
a certain frequency range and the CRDS signal is detected 
at different laser frequencies. Here, the discharge can be 
operated in either the continuous or the pulsed mode. The 
observed absorption spectra serve to identify the precise 
position of the H3 + absorption lines [20]. 

In the second procedure, the laser is tuned to the 
6807.3 cm-1 transition of the v2 = 3 ~ O overtone band 
[21,24,25]. The discharge is run in the pulsed mode and 
the time dependence of the H3 + density is measured during 
the discharge and during the afterglow. At this stage, the 
periodic motion of the piezoelectric mirror hol der is not yet 
synchronised with the discharge pulses. Hence, the whole 
discharge and afterglow period is randomly covered by 
ring-down events during numerous consecutive discharge 
pulses. In order to increase the frequency of the ring-down 
events an active tracking scheme is applied that keeps the 
optical cavity near the resonance position [23]. In addition, 
a slowly changing (active) offset is superimposed on the 
fast periodic motion of the piezoelectric mirror holder in 
order to compensate for the thermal drift of the optical 
cavity. 

The data analysis is complicated by the fact that the H3 + 
concentration changes significantly on the time scale com
parable to the cavity ring-down time, especially during the 
early afterglow when the [H3 +(v= O)] concentration is large 
("'1011 cm-3) and recombination occurs rapidly. As a con
sequence, the ring-down signal is close to single exponential 
only in the late afterglow, but not at early times. Therefore, 
an iterative method is used to process the data at early times. 
In the first iterative step, we assume that the H3+(u = O) 
density remains constant during the cavity ring-down time. 
In that case, the ring-down signals have a simple exponen
tial fonn. We now assume that the spatial distribution of the 
absorbing medium does not change in time and can be de
scribed by an effective length leff· After switching the laser 
off, the light intensity in the resonator changes as: 

Bl(v, t) 1 
-- = -l(v, t), 

8t TRD 
with 

1 1 - = - + C(v)n(t). (1) 
TRD TQ 

Here, v is the laser frequency, To is the ring-down time 
constant of the empty resonator, and n(t) = [Hj(v = O)] 
at time t. The constant C is proportional to the spectral line 
intensity S;j (in Hitran notation [26]), absorption line pro
file /(v), speed of light c, effective length leff, and is in
versely proportional to the length ofthe resonator L: C(v) = 
Sijf(v)cleff/ L. At a given wavelength the general solution 
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of (1) is given by: 

( 
t- to 1/ / ') l(t) = /(to)exp --- - C n(t )dt , 

ro to 
(2) 

where to is the start time ofthe ring-down decay. In the first 
approximation, as mentioned above, we assume a constant 
density for each ring-down event, i.e., n 1 (t') = nt (to) . The 
CRDS signal is then fitted to a single exponential function 
and the value of l/ro + Cni (to) is obtained. In the exper
iment the value of the empty cavity ring-down time, ro, 
can be determined from the late-afterglow data where the 
density [H3+(v =O)] is negligible. In the subsequent (i-th) 
iteration steps n;(ť) is assumed to have the form n;(ť) = 
n;(to) + [n;-1 (t') - n;-1 (to)]. This means that we use the 
shape of the density variation obtained in the previous step 
to calculate the integral in (2) while only the n;(to) value 
(acting as an additíve constant) is fitted again. This method 
was tested by applying it to computer-generated ring-down 
signals that simulate the evolution of n(t). The shape of the 
simulated density variation was chosen to be similar to the 
expected experimental data, taking a constant value for the 
active discharge period and an abrupt fall in the afterglow. 
Fig. 2 shows that the procedure converges after six iteration 
steps and that the afterglow density decay is satisfactorily 
reproduced. However, artificial oscillations are still present 
right before the onset of the afterglow. 

Beca use of the experimental conditions, the H3 + density 
needs to be measured most precisely in the first few hun
dred microseconds of the afterglow. Hence, one has to be 
sure that the microwave discharge has been terminated at 
the beginning of this time interval. Fig. 3 shows the time 
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dependence of the microwave signal (measured in the mi
crowave waveguide by means of the diode D3, see Fig. I) 
and the spontaneous discharge light emission. It can be seen 
that both signals diminish within 50 µ,s in the afterglow. 
Most probably the rate at which the light intensity signal 
falls is limited by the response time of the detection system. 

If we assume, in agreement with the experimental re
sult, that H3 + ions recombine with a rate coefficient of 
""'10-7 cm3 s- 1, and that the overall ion density is about 
3 x 1011 cm-3, we find from the balance equations that 
H3 + will be the dominant ion species at the end of the dis
charge. Other ion species are converted to H3 + within few 
microseconds since at [H2] ""'1015 cm-3 their decay time is 
! ""'(10-9 X 1015 )-l S =10-6 S. 

3. Results and discussion 

The new CRDS system was first tested on the resid
ua! H20 vapour remaining in the discharge chamber [20]. 
Before the measurements the apparatus was evacuated to 
""'I mbar. The laser wavelength was tuned to the region 
around 6805 cm-1 and was scarmed through the absorption 
lines of the H20. Data taken from HITRAN 96 database 
[26] were used to calibrate the laser wavelength. Then the 
discharge tube was pumped down and the working gas 
mixture (helium, argon, hydrogen) was adrnitted to the dis
charge tube. Helium was purified further by a liquid nitrogen 
trap to suppress the residual Jeve! ofH20. The upper panel 
of Fig. 4 shows a typical absorption spectrum obtained by 
CRDS in a continuous discharge. It covers three absorption 
lines in the v2 = 3 +- O overtone band of H3 + (v = O). A 
comprehensive discussion of these lines has been given bY 
Ventrudo et al. [21]. A detailed scan over the most intense 
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fig. 4. Absorption spectra of H3 + (v =O) obtained in a continuous mi
crowave discharge. Upper panel: three absorption lines in the v2 = 3 <--O 
overtone band. Lower panel: detailed scan over the 6807.3 cm- 1 transi
tion. Dotted line represents calculated absorption line at 370 K. 

6807.3 cm-1 transition (see the lower panel in Fig. 4) indi
cates that the Doppler linewidth (neglecting other broaden
ing effects) corresponds to a kinetic temperature of about 
3 70 ± 15 K in the active discharge. When the discharge is 
switched off, this ionic temperature decreases to the wall 
temperature ( ~330 K) within 50 µs. The accuracy of these 
measurements is not very high, due to rapid decrease of the 
absorption signal with decreasing H3+(v =O) density. The 
discharge tube was warmed up during experiment. On the 
basis of our measurements we conclude that H3+(v = O) 
are kinetically relaxed to the gas temperature during the first 
50 µs, as one might expect since the ions have made several 
thousands of collisions with He atoms during that time. 

A typical density decay of H3 + (v = O) ions in the after
glow is shown in Fig. 5. Six iteration steps (see the previous 
section) were used in the data reduction. The data points 
represent averages of approximately 2200 measured points 
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Fig. 5. Measured density decay ofH3+(v =O) ions obtained at following 
experimental conditions: 8 mbar of He+ 0.8% Ar+ 0.2% H2 buffer gas 
fiowing at 410sccm. 
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per millisecond. The decay curve in Fig. 5 was fitted to an 
analytical formula describing recombination and diffusion 
losses of the ions (see e.g„ [3]). Diffusion and reactions 
with possible impurities control the nearly exponential den
sity decay in the late afterglow. The joint characteristic time 
of these diffusion-reaction losses is found to be longer than 
0.5 ms. Hence, diffusion and reactions have only a minor in
fluence on the measurement of the much faster recombina
tion rate. The recombination rate coefficients obtained from 
all measured decay curves are shown in Fig. 6, together with 
our previous results from the AISA apparatus [3] and the 
high pressure flowing afterglow (HPFA) apparatus [27,28]. 
The data are plotted as a function of the hydrogen density. 
It can be seen that at a hydrogen density of ~s x 1014 cm-3 

the three data sets overlap very well. In the present exper
iment we have found the recombination rate coefficient to 
be a= (1.6 ± 0.6) x 10-7 cm3 s-1. 

It should be noted that the present recombination co
efficient is based on H3 +ev = O) density measurements, 
whereas the electron density was observed in the AISA 
experiments. Both methods should give the same result if 
H3 + (v = O) were the dominant ion spec i es in both exper
iments. The good agreement between the two experiments 
suggests that this was the case, but it does not provide 
conclusive proof for the absence of other ion species, 
for instance H3 + ions in vibrational states v > O. How
ever, if vibrationally excited ions were present, they were 
most likely present in both experiments. The formation of 
H3+(v = O) and relaxation of H3+(v > O) ions occur in 
the very early afterglow, i.e„ the brief period /::;.t between 
the end of the discharge and the time interval during which 
recombination is analysed. In the Test Tube this time is t>,,t 

(Test Tube) ~o.os ms; in the much larger AISA chamber 
this time is 300 times larger, !:;.t(AISA) ~ 15 ms. Since col
lisions with H2 molecules are responsible for the formation 
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and vibrational relaxation of H3 +, the product t:!..t [H2] is 
the relevant quantity. It follows that one can expect similar 
plasma conditions in the two experiments when the hydro
gen density in the Test Tube is "'300 times the hydrogen 
density in the AISA experiment. The above calculation tells 
us that [H2] = 1.7 x 1012 cm-3 in the AISA experiment is 
equivalent to [H2] = 5 x 1014 cm-3, the concentration that 
was used in the Test Tube. Fig. 6 shows that for these con
ditions both experimental techniques give essentially the 
same recombination rate aArsA([H2] = 1.7 x 1012cm-3) ~ 
aTT([H2] = 5 x 1014 cm-3) ~ 1 - 1.6 x 10-7 cm3 s-1. 

This observation is consistent with the explanation that 
H3+(v = O) ions are the dominant ionic species in the 
afterglow period of both experiments. 

4. Conclusions 

Our experiments clearly demonstrate the feasibility of ob
serving the concentration of H3 + (v = O) ions in rapidly de
caying afterglow plasma by the cavity ring-down technique. 
Improvements in the detection sensitivity will be needed in 
order to carry out such measurements at the lower ion con
centrations that are present in pulsed and flowing afterglow 
systems. These systems allow simultaneous measurements 
of electron densities and are equipped with mass spectrom
eters, features that are essential for a complete characteri
zation of the plasma. Also, an extension of the ring-down 
technique to vibrationally excited H3 + would be desirable. 

We find that the recombination rate of H3 + (v = O) at 
330K is a = (1.6 ± 0.6) x 10-7 cm3 s-1 at a hydrogen 
density of "-'5 x 1014 cm-3 . This value is in good agree
ment with results of many earlier afterglow experiments 
[3, 11, 13,14, 16,29-31] and confirms the conclusions ofthose 
authors that their values refer to ground-state ions. How
ever, the storage-ring data [4] and the recent theory [6,7] 
gave values that are about two times lower. The cause of 
this discrepancy and the fall-off of a(H3 +) at low H2 con
centrations need to be explored further. In order to perform 
state-resolved measurements at lower hydrogen densities we 
pian to combine the CRDS method with the AISA apparatus 
[3] in the near future. 
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The recombination of spectroscopically identified Ht (v = O) 
ions with electrons 

1. Introduction 

R Plašil, 1 P Hlavenka, 1 P Macko, 2 G Bánó, 3 A Pysanenko 1 and J Glosík 1 

1 Charles University Prague, Mathematics and Physics Faculty, Department of Electronics and Vacuum 
Physics, V Holešovičkách 2, Prague 8, Czech Republic 
2 Comenius University, Department of Plasma Physics, Bratislava, Slovak Republic 
3 Research Institute for Solid State Physics and Optics, HAS, Budapest, Hungary 

E-mail: radek.plasil@mff.cuni.cz 

Abstract. We report a study of the recombination of Hj (v =O) ions with thermal electrons at 330 and 
100 K. A near infrared cavity ring-down absorption spectrometer (CRDS) working on the v2 = 3 <- O 
transition of Hj(.A = 1382nm) has been used to monitor the Hj(v =O) ion number density in decaying 
afterglow plasma. The plasma was created in helium gas with small admixtures of argon and hydrogen 
by pulses of microwaves. The measurements were carried out for hydrogen number densities ranging 
from 1013 up to 1016 cm-3 . The total pressure in the clischarge tube was 4-10 mbar. The temperature 
of the recombining ions was determined from the Doppler broadening of absorption lines. The obtained 
effective recombination rate coefficients are a(Hj (v = O)) = (0.8±0.3)x 10-7 cm3s-1 and a(Hj(v =O))= 
(2.3±1.l)x 10- 7 cm3s- 1 at 330 and lOOK, respectively. The influence of the formation of Ht at higher 
pressures and lower temperature is also discussed. 

Several plasma techniques are available for studies of ion recombination with electrons. Typically 
the decay of a plasma in which a certain type of ions dominates is monitored and from the measured 
decay curves the rate coefficients are extracted in such experiments. Stationary and flowing afterglow 
techniques are the most common examples, where the plasma decay is monitored in time and in 
space, respectively. In the majority of these experiments electron number densities are measured (by 
Langmuir probes or microwave techniques) and recombination rate coefficients are calculated under the 
assumption of quasineutrality. Only in few experiments the ion density was measured directly using ion 
spectroscopy techniques [1]. The reason is that typical ion number densities in low temperature plasma 
used for afterglow studies are very low (order of 108-1011 cm-3); this is sufficient for electron density 
measurements but only in very special cases such low densities of ions can be measured directly. The 
anomaly of the recombination of the Ht ion [2] and discrepancies among results obtained from different 
experiments are the reasons to try to measure the ion number density directly and possibly also the 
temperature of the recombining ions during the afterglow. Cavity ring-down spectroscopy (CRDS) is a 
very suitable technique for such afterglow studies. It allows state specific density measurements, with 
identified vibrational and rotational level of the ions, and, at the same time, the kinetic energy of the ions 
can be determined from the Doppler broadening of the absorption lines. CRDS measures the absolute ion 
density as needed in recombination studies. On the other band certain limitations of the CRDS technique 
arise from the fact that only a single quantum state of the ion is probed and therefore one has to assume 

© 2005 IOP Publishing Ltd 118 



I 

: He/Ar/H2 

i!===~~}-.Ji'~mirror 

: pressure 
: gauge 
I 

E I d ~a) 

1 1F 
'* I ~ 
Cl 
c ·o_ 
E 
::J g-
Q) 

E 

liquid nitrogen 

119 

Figure 1. Schematic diagram of the 
apparatus. Highly refiective mirrors 
used for CRDS are mounted on both 
ends of the discharge tube. The micro
wave waveguide (a) was used to generate 
plasma in the discharge tube. It can 
be substituted by a plasma generator 
with large microwave cavity (b). In the 
second case the discharge tube can be 
cooled by liquid N2 . The buffer gas was 
fl.owing in the direction from the mirrors 
towards the discharge to prevent plasma 
enhanced deposition and destruction of 
the mirrors. 

that the distribution of ions in different states is in equilibrium corresponding to the kinetic temperature. 
At the helium number densities used in aur studies we can assume that electrons are thermalized within 
few microseconds during which they have thousands of collisions with helium atoms. Because of the 
relatively high number density of hydrogen molecules we can also assume that the recombining ions 
are rotationally and vibrationally relaxed to the buffer gas temperature. Therefore the rate coefficient 
determined for a specific Hj quantum state is representative for all Hj ions predominantly in the lowest 
vibrational state (v = O). Beca use of the relatively high tempera ture (330 and 105 K in the experiments 
described here) we can also assume that the population of ortho- and para-Hj(v =O) corresponds to the 
equilibrium at the given temperature. An advantage of measurements at high pressures is therefore the 
fast relaxation, while a disadvantage is that association processes are enhanced and particularly at low 
temperatures attention has to be paid to the formation of Ht ions, as will be discussed in some detail 
Jater. 

2. Experiment 

Cavity ring-down spectroscopy (CRDS) is used in this experiment to measure the time-resolved Hj 
densities in stationary afterglow. Figure 1 shows a schematic diagram of the apparatus. It consists of 
a glass discharge tube of 4 cm diameter, in which the pulsed plasma was generated. The plasma was 
generated either by a microwave generator connected to a waveguide ( "'0.5 ms pulse length, "'250 Hz 
repetition frequency) orby a magnetron coupled to large microwave cavity ( "'0.5 ms pulse length, 50 Hz 
repetition frequency). A fast high voltage switch with a rise time of the order of a few rnicroseconds 
was used to control the magnetron voltage. The use of the large microwave cavity has the advantage of 
generating a longer plasma colurnn ("' 30 cm in the ca vity versus "'7 cm in the waveguide) that enables 
to measure lower Hj densities. On the other band, because of better plasma adjustment the ion density 
is higher in the waveguide (5 x 10 11 cm- 3 versus 5 x 1010 cm-3 in the large microwave cavity). 

The buffer gas flowing through the discharge tube consisted of helium with small admixtures of 
argon and hydrogen. A typical mixture composition has been as follows: [He]= 3 x 1017 cm- 3 and 
[Ar]= 1 x 1015 cm- 3• To obtain the dependence of the recombination rate on the hydrogen number 
density the fiow rate of hydrogen was varied from 1013 up to 1016 cm- 3

. The total pressure in the 
discharge tube was 4-1 O mbar. The number density of Hj, necessary for calculation of the recombination 
rate coefficient, was measured by CRDS on the v2 = 3 +---- O transition of Hj around the wavelength of 
1380 nm. CRDS, first demonstrated by O'Keefe and Deacon [3], is based on the observation of the ring
down decay rate of an injected laser beam stored in a cavity comprised of ultra-high reflective spherical 
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Figure 2. Scheme of the cw-CRDS 
apparatus, see description in the text. 
A A-meter, a Fabry-Perot etalon and an 
absorption cell (with water vapors) were 
used to measure the laser frequency. PD: 
photodiode, APD: avalanche photodiode. 

mirrors. For our measurements, we used an alternative approach that employs continuous wave (cw) laser 
sources using the transition intensities calculated by Neale et al. [4]. This approach was fi.rst proposed 
by Lehmann in 1996 [5] and followed by Romanini et al. [6, 7]. Figure 2 illustrates the concept of cw
CRDS. The physical principles are described in the mentioned references and can also be found in our 
earlier papers [8-10]. 

Briefly, a single mode diode laser tunable by an external resonator is used. The laser beam passes 
through an optical isolator with backward isolation of 35 dB, followed by an acousto-optic switch (AOS). 
The AOS is used to interrupt the cavity injection once the build-up in the ring-down cavity occurs. It 
allows obtaining clean ring-down decays. After passing through the AOS, the mode 1 of the AOS is 
matched by a spatial filter to the TEM00 mode of the ring-down cavity. The cavity output is focused 
by a single lens to an InGaAs avalanche photodiode. The cavity mirrors (radius 1 m) are mounted on 
tilt stages. One stage includes a piezoelectric tube for modulating the cavity length. Two detection 
approaches are possible. Either the cavity length is modulated by slightly more than /,.,/2, thus producing 
a passage through resonance with the laser wavelength twice per modulation period. Or alternatively, 
a tracking circuit is used that modulates the cavity length around the resonance length and, at the same 
time, adjusts the offset of modulation to maintain the resonance events in the middle of the modulation 
range. By using this circuit, the maximum ring-down repetition rate is about 300 Hz. The ring-down 
decay signal is digitized by a 14 bit/2MHz PC card. The wavelength of the laser line was measured 
online by a A-meter and the laser tuning was monitored by a Fabry-Perot etalon of 1 GHz free spectral 
range. To avoid plasma-enhanced deposits on the mirrors, the inlets of the He buffer gas are located close 
to the mirrors so gas is flowing from the mirrors towards the discharge region. 

2.1. Hj line positions 
Prior to the measurements of the Hj decay in pulsed discharge mode, we worked in continuous mode 
in order to assign the absorption spectrum of Hj. The most intense absorption line is shown in figure 3. 
The wavenumber scale in this figure (horizontal axis) was linearized by using fringes of the etalon and 
absolutely calibrated using the accurate value for the water line visible next to the Hj line. We estimate 

the accuracy of the Hj line frequency measurement to be 0.015 cm- 1. The scale of the absorption 
coefficient (vertical axis) of the water lines is different from that of the Hj line because the absorption 
column of Hj was only about 7 cm while residua! water vapor was along the whole cavity (length 71 cm). 
The integrated area of the water line gives an H2 O partial pressure of 1.4 mPa, that is 1 o-6 in comparison 
with the total pressure. This shows the high purity of the gases used and of the vacuum system. 
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Figure 3. Hxample oť an Hj 
absorption line mea ured in con
tinuous di charge u ing cw-CRDS. 
From the Une profile the indicated 
ion temperaLUre was ca.lculated. The 
observed fiiO absoll'tion line was 
used to improve the accuracy of lhe 
ab orption frequency measurement 
of chi Hj line. The t:hin line r pre-
ents th calculated HiO pectrum 

in the rneasuJed inl'erval. 

The key parameter nece sa.ry for tbe descciption of a plasma is the pla ma temperature. In non thermal 
pla ma ithas to be replaced by a combination of ion and electron rernperature particularly for describ.ing 
the role of recombioation in the pla .ma. For this reason the temperature dependencie of pecific 
rate coefficients are of particular interest in the tudie of tbe elementary plasma processe . For the 
de cription of an Hj domi nated pla ma the tempera ture dependence of the recombination rate coefficient 
ha to be detennined, thus we need to measure lhe actual temperatW'e of the decaying plasma. For 
simplicity we will as ume bere that the pla rna i close to thermodynamic equiUbrium during its decay, 
meaning tbat aU component (ion , electron and neutra! ) can be cbaracterized by the ame temperature. 
In uch a case it js ufficient to mea ure the temperature of one of the e components. 

ln the pre ent experiments we are usi.ng the Doppler broadeoing of the spectral line to mea ure 
the temperatuJe. We are u iog different approaches to determine the plasma tempera.ture in low and 
high temperature experiment , re pectively. In experiments with the large microwave ca vity at 330 K, 
when the di charge column length i almost haJf of tbe cell Jength, we u ed the strongest water line 
at 7243.012cm- 1 and meac;ured the evolution of it profile during the decay of the pla ma. By fitting 
the water Line at different decay time with a Gaus function we obtained the evolution of its Doppler 
width. From this data the variation of temperature during the afterglow was obtaioed a hown in 
figure 4. Note that immediately after the microwave pul e the temperature was about 340 K and the 
temperature i decreasing within 0.5 m to 325 K, corresponding tó the temperature of the discharge tube 
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Figure 4. Example of the gas temperature 
evolution during the afterglow as detem1ined 
from the Doppler broadened H20 ab orption 
line at 7243.012cm- 1
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Figure 5. Example of the measured Hj density 
decay and kinetic temperature evolution during 
the afterglow as determined from the width of 
the Hj absorption line v2 = 3 +- O R(l,0) at 
7241.260 cm-1. Note the different time scales 
used in the upper and in the lower panel. The 
insert shows an example of the line profile 
measured at 0.15 ms. 

wall. The temperature determined from the measurements of the Hf line width during the afterglow 
gives approximately the same values, however with larger errors due to the weaker line amplitude. 

At ,..._, 100 K, when the discharge tube walls were cooled with liquid nitrogen, the gas temperature 
could not be determined from the Doppler width of water line since all residua! water molecules had 
been trapped on the tube wall. In thís case, it was necessary to use the evolutíon of the Hf line width 
to measure the plasma temperature during the afterglow; an example of this data is given in figure 5. 
There are three plots included in the figure: The evolution of the Hf ion number density during the 
afterglow, the evolution of the ion temperature, and (in the insert) an example of the measured line 
profile corresponding to a decay time of 0.15 ms. Note that the upper and lower plots have dífferent time 
scales. The temperature was measured just during the early afterglow (up to 0.6 ms in the plot) when the 
plasma density is high enough to obtain a reliable absorption signal and a corresponding absorption line. 
Prom the data plotted in the lower panel it is obvious that during the early afterglow, which is dominated 
by recombination, the temperature of the plasma is about 105 K. The discharge tube was cooled by liquid 
nitrogen in these measurements so the actual temperature of the discharge tube was close to 73 K. 

3. Data analysis, results and discussion 

If recombination and diffusion are the dominant processes in decaying hydrogen plasma the balance 
equation can be written in the form 

(1) 

Here we already considered that Hf and Ht ions, with different rates of recombínation, are present in the 
decaying plasma. Diffusion losses are introduced by the last term. If the ion number density is measured 
in the experiment, the balance equation has to be rewritten using the measured quantity, in our case the 
Hf number density [Hf]. Under the assumption of quasineutrality and using R= [HtJ/[Hf], we obtain 

(2) 

An effective recombination rate coefficient a3t-RDs = ~ + Ra5 can be introduced in this kínd of 
differential equation. Furthermore, if R is constant during the decay, the solution of this differential 
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Figure 6. Upper panel (a): Decay of [Hj] during the 
afterglow at 500 Pa and 100 K in the large microwave 
cavity. Lower panel (b): Plot of the reciprocal 
value 1/[Hj] versus time; the slape in this plot 
is proportional to the apparent recombination rate 
coefficient, in our case to a5ros. 

equation can be expressed analytically. Under conditions where diffusion can be neglected the analytical 
solution yields a proportionality of 1/[Hj] to the decay time, as is the case for recombination in plasma 
with only a single type of ions. An example of the obtained dependencies of [Hj] and 1/[Hj] on the 
decay time is plotted in figure 6. The accurate value of a5tRDS can be obtained by fitting the data with a 
function considering both recombination and diffusion losses. 

The measurements were carried out using several transitions in the second overtone band of [Hj]. 
The observed transitions, some of which were used for the recombination studies, are plotted in figure 7. 
Naming convention and frequencies are taken from [11]. 
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Figure 7. Transitions observed in the 
present study. Included are also transi
tions used in the Heidelberg study of a 
laser-induced reaction (see the paper of 
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ies are indicated by full lines. Other 
observed transitions are indicated by 
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Figure 8. Measured effective recom
bination rate coefficients as obtained 
in AISA experiments and a3rns mea
sured by CRDS in the Test-Tube ex
periments at temperatures of 330 Kand 
100 K. The AISA measurements are 
presented and discussed in our previous 
paper [12]. 

The initial plasma density (number density of [Hj]) varied over two orders of magnitude from 5 x 109 

to 5 x 1O 11 cm-3• We were able to monitor the decay of [Hj] over one order of magnitude, so depending 
on the initial number density the decay time varied from rv0.3 up to rv3 ms, with shorter decay time 
corresponding to higher initial density and vice versa. We did not observe any correlation between the 
initial conditions and the obtained recombination rate. 

Recombination rate coefficients obtained in the present study are plotted in figure 8 as a function of 
the hydrogen number density, together with data obtained previously in AISA experiments [12]. The 
particular transitions used to obtain the recombination rate coefficient are indicated. We should stress 
here that the AISA data were obtained by measuring the electron number density using a Langmuir probe 
without identification of the interna} ion state, the ions were identified only by a mass spectrometer (see 
the paper of Glosík et al. in this volume). The main benefit of the use of CRDS in the present work is 
the determination of the Hj recombination rate from a direct measurement of the Hj density. 

From the plotted a3rRDS we can clearly see increase of the obtained values with increasing 
hydrogen number density, which is related to the already discussed relation a3rRDs = ~ + Ra5 and 
the proportionality of R to [H2]. The term proportional to R is expressing the influence of rapidly 
recombining Ht ions on the plasma decay. Under certain experimental conditions the actual value of 
the ratio R depends on ne, [H2], [He] and temperature. For the conditions of the present experiment at 
100 K the second term is represented by the dashed line in figure 8. The term Ra5 can be neglected for 
[H2] < 3 x 1013 cm-3, but has to be taken into account for higher H2 concentrations. The formation of 
Ht is slow at higher temperatures and its influence is playing a role only at higher [H2] densities, which 
is enhancing the formation of Ht ions. If the plasma is in thermodynamic equilibrium the ratio R can 
be calculated for given temperature and partial pressures of helium and hydrogen. From the measured 
dependence of aeff CRDS on [H2] the values of a3 and a5 can then be obtained. 
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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 µ,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 x 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. Ali rights reserved. 
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1. lntroduction 

Since hydro gen 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 confirrned the long expected pres
ence of H3 + in space and has reopened interest in the problem of 
the interaction of this simplest polyatornic 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 a!so in !aboratory produced plasmas. The physics 
ofH3 + 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 Jong been 
anticipated that enhanced isotopie fractionation effects should 
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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 DzH+ 
is the Iaboratory 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+, D1H+ 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 (SIFf 



P. Hlavenka et al. I lnternational Joumal o/ Mass Spectrometry 255-256 (2006) 170-176 17! 

[ 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 interna! 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 
I x 10-8 to 3 x 10-7 cm3 s-1 for H3+ [26-30] and 2 x 10-8 

to 2 x 10-7 cm3 s- 1 for D3 + (24,31-35] . Poor characterisation 
of interna! 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 expe1iments. 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 interna! 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 interna! states ofH3 + -like 
ions we have recently built a test tube apparatus. ln the present 
experiment D2H+ ions were produced in pulsed microwave dis
charge in He/Ar/H2/D2 mixture. The discharge was ignited by 
4ms Jong pulses ofmicrowave (60-120W) in a waveguide with 
repetiti on period I O ms inside a silicate glass tube with interna! 
diameter of 2.3 cm. After adjustment, the plasma column has 
effective length ~5 cm. Fig. l shows a schematic diagram ofthe 
apparatus and indicates position of mirrors of the optical cavity, 
which is described in detail in next section. The discharge tube 
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Fig. 1. Schematic diagram of the test lube. The pulsed microwave discharge 
takes place in a liquid nitrogen cooled tube. For CRDS two highly reftective 
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 Joss 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 previousl y 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 fiow <1> 101 was around 800 sccm (standard 
cubic centimetre per minute) with the <l>Hel<I> Arlct>H2 / ct>o2 ratio 
equal to 800/1.311/(0.05-1). 

The time constants for ion-molecule reactions are some tens 
( ~20) of microseconds at the gas partial pressures u sed. The 
partial population of individua! ions and the degree of deutera
tion depends on the temperature and on the partial pressures of 
hydro gen 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 lEMoo of optical cavity (/=0.75 m) cmn
posed of two concave mirrors Ml and M2 (r= I 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-Péro! 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 ro was ~31 µs. The value ro is a property of the resonator 
and varies little with the frequency change. The actual absorption 
coefficient a of the absorbing medium can be directly calculated 
from the measured decay time r (ringdown time) 

a= (:o-~) l~c' 
where c is the speed of light, d the length of cavity, and l is 
the length of the plasma. Theoretically, liro should appear as 
a smooth baseline of lir, and it should be straightforward to 
obtain the required (liro - lir). 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 ro 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 µs. 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. 
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Fig. 3. Time evolution of number densities during the measurement period, 
measured on the centre of absorption peak. Upper panel: D2H+(v=O) number 
density according to the 202 +- 313 transition. The ratio Di/(D2 +Hi) was 0.4. 
Lower panel: HJ +(v= O) number density, measured on the centre of v2 = 3 +-O 
(P22) HJ + trans i ti on at 6877 .546 cm- 1. Marked are the time interval s correspond
ing to "Signal" and to "Background" (baseline), used by synchronous detection 
for deterrnination of rand ro 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 ~O (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 = T Kinlon = T Rot = 180 K, derived from Doppler broad
ening, the absorption coefficient in the line centre is, according 
to [58], 1.13 x 10- 18 cm- 1 per moleculecm-3. Using this value 
gives an H3 + number density during the discharge of [H3 +] 
~2.5 x 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 
DzH+ 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 si tu calibration 
of the wavemeter has been accomplished. For this calibration we 
used CRD spectra of traces of HDO and Hz O at room tempera
ture desorbed from the liquid nitrogen trap of the Dz inlet. We 
compared them with the recently published data on NIR spectra 
of Hz O 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 DzH+(v =O) 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 µm). 
Examples of measured absorption lines are plotted in Fig. 4 . 
The transition frequencies obtained are listed in Tahle 1. 
Note that the measured transitions form a clear series. The 
in situ calibration enables us to measure frequencies with 
accuracy ± 0.002cm-1. 

The experiment was guided by the use of transition frequen
cies predicted using the ultra-high accuracy ab initio model of 

Table I 
Second overtone transitions (v1 + 2v3 +-O) of D2H+ measured by NIR-CRDS 
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Fig. 4. Second overtone absorption spectra (v1 + 2v3 +-0) of D2H+ measured 
by NIR-CRDS in modulated microwave discbarge. Full lines indicate the best 
fits by Gaussian function. From the Doppler broadening of absorption lines the 
kinetic temperature TK;n1on = (220 ± 50) K of ions in the microwave discharge 
was calculated. Therotational temperaturc TRot = (210 ± 50) K was estimated by 
comparing the peak areas corresponding to 2o2 and Ooo 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 ~O) studies, 
see studies in [54) , the laser induced reaction study in [45] orthe 
first overtone studies of HzD+ and D2H+ by Farnik et al. [22) . 
While this excellent agreement must in part be dueto 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 v 1 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 residua! 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/Hz and He/Ar/H2/D2. The observed ion 

Ortho/para ]~a' Ke! +- J~a'' Kc11 E'[K] Wavenumber [cm-1] VExp - V'Tbeor Intensity [cm-1/cm-2] 

VExp Vfheor 

Orth o 202 +--- 313 146.3 6534.377(1) 6534.374 -0.003 J.89 X 10-9 

Para 101 +- 212 50.2 6535.950(1) 6535.943 -0.007 9.68 X 10-IO 
Ort ho Ooo +- 111 o 6536.319(2) 6536.301 -0.018 J.09 X 10-9 

Experimentally obtained transition frequencieS, lJExp. with error estimates, are compared to theoretically predicted frequencies, VTheor [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 ha ve obtained an enhancement of 
the ion kinetic temperature during the microwave discharge by 
70-lOOK [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 µ.s. 

The comparison of the intensities corresponding to the two 
ortho states, Ooo and 202 of D2H+ (v= 0), gives a rotational tem
perature T Rot = (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. lt 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
Jations [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 tlle 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 presentexper
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 neutra! 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 ldnetic 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 H20 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 Ecollon (and corresponding Tco!Ion) is lower 
than EKinlon because the He atoms are cold. This Econon deter
mines the interna! (rotational in our case) excitation of the ions. 
This is only a qualitative picture butone which points at a differ
ence between EKinion and Ecol!on (for further reading see papers 
on drift tube experiments where many aspects of this problem 
are discussed including the reasons for introducing TKinion and 
Tcollon [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 x 108 s- 1 

and 5 x 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 
e!ectron density ne ~ 2 x 1011 cm-3 and the recombination rate 
coefficient ~10-7 cm3 s-1) equal to ~50 µ.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, Eco!Ion (characterised by Tcol!on). 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 oj ion number densities 

Once transition frequencies for DzH+( v= O) 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 ofD2H+(v =O) ions is plotted in Fig. 3. The calculation of 
absolute number density was made under the assumption of ther
mal equilibrium T = T Kinlon = T Rotlon = 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 HJ + 
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. Prom the plots in Fig. 3 we can see that number 
density ofH3 + 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 ofthe discharge 
with and without the D2 admixture. The lower recombination 
rate coefficients of deuterated ions in comparison with recombi
nation rate coefficient ofH3 + 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 altemative 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 DzH+(v =O) ion number density in the plasma is plot
ted as a function of relative number den si ty ofD2 in respect to tlle 
overall number density ofD2 and H2, indicated as D2/(D2 + H2). 
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ative number densities in He-Ar-H2-D2 plasma at 7 mbar and 110 W rrůcrowave 
pulse. The measurement in pure D2 was not achievable because of an approx.i
mately 2% H2 content in the 0 2 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 residua] discrepancy 
with the intensity of one measured DzH+ 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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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 x 10-9 cm- 1

. The measured sec
ond overtone transition frequencies are in good agreement with ab initio predictions with 
systematic shift -0.l 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 Hj and its deuterated analogues (H2 D+, D2H+ and Dj) 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 Hj ion and its isotopomers have been targets of ongoing extensive experimental 
and theoretical investigations [4]- [9]. Infrared spectrum of Hj ion under laboratory 
conditions was first measured in 1980 by Oka [10], followed by spectroscopic studies 
of fundamen al [11 , 12], ov rton [13 1 ] and vibrational hot bands [Ui]. Those 
laboratory studies also lead to detection of Ht 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 Hj 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 isotopie 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]. 

Czechoslovak Journal of Physics, Vol. 56 (2006), Suppl. B B749 
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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 Ht and its deuterated analogues and their 
comparison to theoretically predicted energy levels and transitions. Since the re
sults of the D2 H+ project showed some discrepancies in the measured and calculated 
intensities, as well as in the work of Fárník 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 Ht -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 Ht, H2 D+, D2H+ 
and Dt 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 </>Hel</> Ar/</> H2 /</> 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 fa.st optical switch 
and the trapped light intensity decays due to the mirror loses a.s well a.s 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 a of the absorbing medium can be directly calculated from the 
measured change in decay time T (ringdown time), a = (1/To - 1/T)~ , 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 To 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, a.s demonstrates Fig. 1. As a solution to 
this problem a synchronous detection with a direct To 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) perone RD event 
is rv 6 x 10-1 per pass, or 1.2 x 10-7 cm-1 in ca.se of 5 cm plasma column. As the 
statistical distribution of measured RD decay times is close to the normal distribu
tion and a.s the average frequency of RD events is rvlOO Hz, the sensitivity can be 
easily increased using averaging. 

2.3 Synchronous detection 

The synchronous detection system, explained in detail in previous work [25], a.s well 
a.s 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 fa.st 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 ( rv 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 a.s 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 ,__O (P22) Ht line at 6877.546 cm- 1 recorded 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 Ht(v = O) 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 Kand Ht average number density [HtJ ~ 1.9 X 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 +-- O(P22 ) Ht line at 
6877.546 cm-1 has been recorded, see Fig. 1. According to our previous studies 
[31 , 32 , 26] and in agreement with data from our kinetic model, Ht 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 H2 D+ 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 H20 
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 sítu calibration of the wavemeter has been 
accomplished. For this calibration we used traces of HDO and H20 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 H20 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 =O) ions 

The NIR second overtone absorption spectrum of H2D+(2v2 + v3 <---- O) was ob
tained by scanning over the region 6458-;- 6467 and 6491-;- 6492 cm -l. Examples of 
measured absorption lines are plotted in Fig. 3. The transition frequencies obtained 
are listed in Tahle 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 Tahle 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 <---- O) D2H+ measurement the shift was much smaller, 
rv0.01 cm-1, see discussion in [25]. The reason for the different level of prediction 
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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 D2 H+ involving one v 1 and two v3 stretching quanta, but not for two 
bending v2 and one stretching v3 quanta as in the case of H2D+štill the agreement 
obtained here between the experiment and theory for H2D+ is better as compared 
to the differencies observed in the Ht ( v2 = 3 ;--- O) studies, see ref. [26] and the 
laser induced reaction study in [38] or the first overtone studies of H2D+ and D2H+ 
by Fárník et al. [20]. 

O/P JK~K~ E [K] Wavenumber [cm- 1] intensity 

li 

v~xp Llv [cm- 1 /cm- 2] +- Jf(„ K" l/~xp Vth 

ortho 111 +- 202 6.3 6459.031(3) 6459.029 6459.133 -0.102 6. 74 X 10 10 

para Ooo +- 111 o 6466.501 (8) 6466.526 6466.635 -0.134 5.37 X 10-lD 

para 101 +- 212 65.8 6491.322(3) 6491. 342 6491.451 -0.129 6.74 X 10-10 

Table 1. Second overtone transitions (2v2 + v3 <---- O) of H2D+ measured by NIR- CRDS. 
Experimentally obtained transition frequencies, v~xp• with error estimates, are compared 
to theoretically predicted frequencies, Vth [22, 36] and their difference ~v = v!_P - Vth is 

shown. For comparison the experimental data v~xp 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 = O) 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-
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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 fl.uctuation. 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 = O), 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 x 108 s-1 and 5 x 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. 

Czech. J. Phys. 56 (2006) B755 



P. Hlavenka, I. Korolov, R. Plašil, J. Varju, T. Kotrfk, J. Glosfk 

400 

300 

g 
I-~ 200 

100 _....._ 1,f-2
02 

H,D' 

--- 0
00
+-1

11 
H,D' 

--o-- 2
02
+- 3

13 
D

2
H' 

O.O 0.2 0.4 0,6 O.B 1.0 1.2 1.4 1.6 

Time [ms] 

Fig. 4. The evolution of H2D+ and D2H+ 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 neutra! 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 =O) 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 = O) 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 H 2D+ 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 x 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 <lid 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 x 10-8 cm-1 , this effect ha.s not been reported in previous experiments with lower 
sensitivity. 

The mea.surements of H2 D+ ion number densities were repeated for different 
ratios of partial pressures of D2 and H2. In Fig. 6 the H2D+(v = O) ion number 
density in the pla.sma is plotted a.s a function of relative number density of D2 in 
respect to the overall number density of D2 and H2, indicated a.s 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 Fárník et al. [20]. 

4 Conclusion 

This work follows closely author's previous work on the second overtone spectra 
of D2 H+. The mea.surement of the transition frequencies was guided by ab initio 
theoretical predictions, which proveď 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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Fig. 6. Average relative population of H2D+(v =O) and D2H+(v =O) as a function of 
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Experiments were performed at overall pressure rv7 mbar and 110 W microwave power. 
The measurement in pure D2 was not performed because of an approximately 2 3 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 x 1011 and 1.0 x 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 pian MSM 0021620834 that are financed by the Ministry of Education of 
the Czech Republic 
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The ff! ion and its deuterated isotopologues H2D+, D2H+ and D! play an important 
role in astrophysical and laboratory plasmas. The main challenge for understanding 
these ions and their interaction at low temperatures are state-specific experiments. This 
requires manipulation and a simple but efficient in situ characterization of their low-lying 
rotational states. In this contribution we report measurements of near infrared {NIR) 
absorption spectra. Required high sensitivity is achieved by combining liquid nitrogen 
cooled plasma with the technique of NIR ca vity ringdown absorption spectroscopy. The 
measured transition frequencies are then used for exciting cold ions stored in a low
temperature 22-pole radiofrequency ion trap. Absorption of a photon by the stored ion is 
detected by using the laser-induced reactions technique. As a monitor reaction, the 
endothermie proton (or deuteron) transfer to Ar is used in our studies. Since the formed 
ArH+ (or ArD+) ions are detected with near unit efficiency, the stored ions can be 
characterized very efficiently, even if there are just a few of them. 

Keywords: spectroscopy; Wa; D 3H+; cavity ringdown spectroscopy; 
hydrogen plasma; action spectroscopy 

1. Introduction 

Triatomic hydrogen and deuterium containing ions II! I H2D+' D2H+ and nt 
have been the subject of a number of studies over the years. The main reason is 
the fundamental interest in these ions owing to their simplicity. Another 
important reason is also their great astrophysical significance. It has long been 
expected that, particularly in cold interstellar regions, deuterated H! will be 
present (Geballe 2000; Millar et al. 2000; Roberts et al. 2003, 2004). 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 103 of their non-deuterated 
analogues. Doubly and triply deuterated species were also observed (Roueff 2000; 
Vastel et al. 2003, 2004; Roueff et al. 2005). This seems very surprising if we 

* Author for correspondence (juraj.glosik@mlf.cuni.cz). 
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Figure 1. Lowest rotational energy levels of studied ions (Ramanlal et al. 2003; Ramanlal & 
Tennyson 2004; J. Tennyson 2005, personal communication). The letters pand o indicate para and 
ortho states, respectively. The stars indicate the states observed by CRDS in the microwave 
discharge cell. 

realize that the general cosmic abundance of D is approximately 10-5 that of H. 
These recent astronomical observations, together with new experiments {Hirao & 
Amano 2003; Amano & Hirao 2005) and the recent theory of recombination, 
stimulated intensive studies of reactions of Mt, H2D+, D2H+ and Dí ions with 
neutrals and electrons. 

Owing to the large separation between the rotational energy levels {see 
figure 1) of these ions, particular interest is on the state-specific low-energy 
interactions relevant to the interstellar conditions. 

Having in mind the available experimental techniques such as beams {Kreckel 
et al. 2005b), traps (Gerlich et al. 2002) and plasma experiments (Fárník et al. 
2002; Plašil et al. 2002; Macko et al. 2004a), it is clear that an in situ 
characterization and/or manipulation of low-lying rotational states is impera
tive. We decided to use the near infrared (NIR) laser absorption spectroscopy for 
the in situ characterization of these ions. The decision was based on the 
availability of the highly accurate calculations of the transitions for these ions 
(Ramanlal et al. 2003; Ramanlal & Tennyson 2004; J. Tennyson 2005, persona} 
communication). Nevertheless, for a real high-resolution study of these ions 
(e.g. in anion trap), it is necessary to measure the actual transition frequencies in 
a well-defined and very sensitive experiment. The recently developed NIR cavity 
ringdown absorption spectroscopy (NIR-CRDS) is a very convenient method for 
such type of measurements. Using Nffi-CRDS, we obtain several second overtone 
transition frequencies from lowest rotation states of Hí, H2D+ and D2H+ (see 
figure 1). Having this information we were able to study these ions in a 22-pole 
ion trap by the laser-induced reaction (LIR) technique. The LIR technique 
allows characterization of studied ions even if there are just a few of them stored 
in the trap. 
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Figure 2. Microwave discharge celt. The optical cavity of the CRDS with the microwave ca vity and 
the liquid nitrogen cooled discharge tube. 

2. Experiments 

The experiments were carried out in three laboratories. The absorption spectra 
were first measured in a plasma experiment-in a 'microwave discharge cell' 
(Macko et al. 2004a) equipped with a CRDS (Charles University in Prague). 
Actual LIR studies were carried out using two low-temperature radiofrequency 
(RF) ion traps (MPIK Heidelberg and TU Chemnitz). 

(a) Near infrared cavity ringdown absorption spectroscopy studies using 
microwave discharge cell 

In the present experiment, ions were produced in a pulsed microwave discharge 
in a He-Ar mixture with small admixture of H2 and 0 2. The discharge was ignited 
by a 4 ms long microwave pulse in a liquid nitrogen cooled discharge cell. The 
discharge tube was made from silicate glass (inner diameter=2.3 cm). The total 
pressure in the discharge was 6-8 mbar. The wave guide cavity is optimized for 
coupling energy to plasma. Figure 2 shows a schematic diagram of the microwave 
discharge cell. Positions of the mirrors of the optical ca vity are also indicated. The 
gas handling system and the discharge cell are based on ultrahigh-vacuum 
technology in order to avoid reactive decay of plasma owing to reactions with 
'impurity molecules'. A large flow of ultra pure He was used to dilute possible 
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Figure 3. The 22-pole RF ion trap with the 'off axis' ion source and the pulsed monitor gas inlet. 
The version used at TU Chemnitz for D2H+ studies. 

impurities owing to outgassing from the walls during the discharge. The kinetics of 
the formation of the studied ions is well established (Poterya et al. 2002; Glosík 
et al. 2003, 2005) and will be described only briefly bere. The He+ ions created 
during the microwave discharge are at high He pressure and low temperature 
( approx. 7 mbar and T He= 100 K) rapidly converted to Het. These molecular ions 
together with metastable atoms (Hem) are rapidly converted in collisions with Ar 
to Ar+. In successive reactions with hydrogen or deuterium, lfá, H2D+, D2H+ 
and Dá ions are formed. These ions relax in further collisions with neutral atoms 
and molecules to states corresponding to the buffer gas temperature ( Ttt0 ). 

Actually, the kinetic temperature of the ions is slightly higher during the discharge 
but comes immediately down when the microwaves are switched off (Macko et al. 
2004b). Discharge conditions and timing are adjusted to optimize the population 
of the studied ions and hence maximize the signal from CRDS. The physical 
principles of the continuous wave cavity ringdown spectroscopy have been 
described in numerous publications (Romanini et al. 1997; Morville et al. 2004). 
The actual set-up used in the present experiments is based on fibred distributed 
feedback laser diode. 

Because the ions are generated by a pulsed discharge, a synchronous detection 
was applied to increase the sensitivity of detection (Hlavenka et al. 2006b). 
Absolute values of wavelengths were measured by a wavemeter based on a 
Michelson interferometer combined with a Fabry-Pérot etalon. In order to 
obtain the line positions with high accuracy, an in situ calibration of the 
wavemeter has been accomplished using absorption by traces of H20 and DHO in 
He buffer gas. In some experiments, a reference absorption cell was used to 
calibrate the wavenumber scale. 

( b) 22-pole radiofrequency trap 

Two standard 22-pole RF low-temperature ion traps were used for the study of 
ion relaxation and LIR.s. The main task was to characterize the kinetic and the 
internal energy of the stored ions. The ion trap at MPIK Heidelberg was 
originally built as the ion source for TSR (Test Storage Ring; Mikosch et al. 2004; 
Kreckel et al. 2005a). The ion trap in TU Chemnitz was recently built for studies 
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of ion-molecule reactions and collisional relaxation of low-temperature ions 
(down to 4 K). The configuration of the second ion trap is depicted in figure 3. 
The main body of the ion trap is made from copper and it is placed on the top of 
a cold head. The He buffer gas is precooled by flowing through the copper block 
of the ion trap base. The reactant gas can flow into the trap with the buffer gas or 
it can be injected to the trapas a pulsed beam from the side (see figure 3). The 
number densities of the gases in the trap are measured by a calibrated ionization 
gauge. The number densities of reactant gases can also be estimated by 
measuring the rates of known ion molecule reactions. Ions are produced by 
electron, impact in a separated storage ion source and mass selected prior to 
injection to the trap. 

In the ion trap, up to 106 particles can be stored, but in the conditions required 
for low-temperature LIR.s experiments just a few hundred ions can be effectively 
stored and used. The main limitations are given by pressure limits {in the ion 
source and the trap) and amplitudes of RF and DC field. In the pulsed regime, 
where ions have to be detected in a short time, the limit is also given by time 
constants of the detector system. Owing to the low number of ions, data over 
thousands of cycles have to be accumulated to obtain good signal-to-noise ratio. 
This is very time consuming and requires a good stability of the system. The 
laser system and frequency measurement are identical with the one described 
earlier. In addition, an absorption cell with NH3 was used for calibration. 

3. Results and discussion 

(a) D21I'" 

The high-resolution second overtone absorption spectra (vibrational transition, 
Vi +2V:J-0} ofD2H+ containing three low-lying energy levels were measured with 
the CRDS in the microwave discharge cell in the pulsed He-Ar-H2-D2 discharge. 
Description of the technical details, experimental conditions and some additional 
results are given in a separate publication (Hlavenka et al. 2006a}. All measured 
absorption frequencies were in a very good agreement ( ± 0.015 cm -I) with 
calculated values (Ramanlal et al. 2003; Ramanlal & Tennyson 2004; J. Tennyson 
2005, personal communication). The prediction of the transition frequencies was 
better for D2H+ (Hlavenka et al. 2006a} than for H2D+ (Hlavenka et al. 2006b; 
S. Schlemmer 2006, private communication) and Hj ions (Mikosch et al. 2004}. 
With the knowledge of the accurate values of transition frequencies we started the 
experiments with the RF ion trap. 

To characterize the ions stored in the ion trap, with just a few hundreds of 
them in one filling cycle of the trap, we used the resonant absorption of NIR 
photons by the stored ions-LIR method (Schlemmer et al. 2002; Mikosch et al. 
2004; Kreckel et al. 2005a}. The principie of LIR is very simple. In the presence of 
a suitable reactant, the internal energy of an excited ion (by the absorption of the 
NIR photon, approx. 0.9 eV) is opening an otherwise endothermie reaction 
channel and a formed product ion is detected by a mass spectrometer. In this 
way, even absorption of one single photon can be detected. The absorption 
probability and hence the signal is proportional to the laser beam intensity. The 
probability of the product ion formation is, in addition, proportional to the 
reactant number density (Ar in the present experiment) and to the lifetime of 
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Figure 4. The test of the pulsed Ar beam at 14 K. The slow decay (T=35 ms) of Hí (closed 
symbols) and the corresponding slow formation ofthe product ions are measured with low constant 
concentration of Ar (less than 5X 1010 cm-3

). The fast decay (T= 1.5 ms) of Hí (open squares) is 
observed when the pulsed Ar beam is used. lndicated is the position (time delay) of the Ar pulse. 

the excited ions (which in general is not known). The Ar number density has to 
be high enough to monitor the excited ions and as low as possible in order to 
minimize condensation on the electrodes of the trap. Owing to the problems with 
the condensation of Ar at low temperatures (approx. 10 K in experiment with 
D2H+), we decided to use a pulsed Ar beam. The pulse valve was opened 30 ms 
after the injection of the ions and the pulse duration was 0.3 ms. The ions were 
detected (the trap was opened) 60 ms after the injection of the ions. From 
previous measurements with the pulsed valves in the present geometrical 
configuration, we know that during the pulse, the Ar number density is over two 
orders of magnitude higher than 30 ms after the pulse. 

The system was tested by a fast reaction of HI with Ar. We measured that 
30 ms after the Ar pulse (i.e. at the end of the cycle and at the start of the 
following cycle) the reaction·time is less than 1.5 ms. From this, it follows that 
the reaction time during the Ar pulse is of the order of 10-100 µs. We assume 
that the lifetime of the excited ions is longer or comparable with this measured 
reaction time. The timing, the decay of primary ions (HI) and the formation of 
the product ions (ArH+ and Ar+) are shown in figure 4. The test is very 
important because a reliable calculation of the 'proper' Ar number density in the 
22-pole at approximately 14 K will be very difficult. 

After the adjustment of the duration and intensity of the Ar beam, the LIR.s of 
D2H+ ions were studied. The ion composition was measured 60 ms after the 
injection. We observed ArH+ and ArD + ions formed in reactions of D2H + ions with 
Ar in the first few collisions after the ion injection, prior to the relaxation in 
collisions with He. The formation of these ions cannot be avoided in the present 
experiment. The observed production of ArH+ was by a factor of two higher than 
the prod uction of ArD +. This can indicate very strong isotope effect in the reaction 
of excited D2H+ with Ar. When the trap is irradiated by IR laser, the additional 
D2H+ ions are excited and in reaction with Ar new ArH+ and ArD+ ions are 
formed. With a few milliwatt laser diode, this process is very slow. To obtain 
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Figure 5. Absorption spectra of the ground state HDt ions corresponding to (v1 +2VJ+--0) 000 +--1 11 
transition. (a) CRDS measurements in the plasma at 100 K, the measured kinetic temperaturo of the 
ions Tk;n=220 K. The measured transition frequency is 6536.319{2) cm- 1

. (b) LIR measurements at 
10 K. The measured transition frequency is 6536.317{8) cm- 1

, Tk;„={9±4.5) K. In this experiment 
removal of HDt ions is monitored. 

variation of D2H + signal owing to LIR, the laser wavelength was modulated and the 
synchronous detection was used to increase sensitivity. By scanning the frequency 
of the laser, the absorption spectra corresponding to the ground state ions were 
obtained (see figure 5). From the Doppler broadening of the absorption line, the 
kinetic temperature of the absorbing ions was obtained. Note that the kinetic 
energy of the absorbing ions, not the temperature of the monitoring gas (Ar), 
determines the line broadening. The temperature of the trap was measured by a 
silicon diode placed on the copper block, but the reading can be slightly higher than 
the actual temperature of the He buffer, partly owing to distortions by the trap RF 
field. Having transition frequencies, we have made several attempts to measure 
absorption by the lowest para state (see figure 1), but we were not successful; this 
can indicate a low population of ions in this state in the trap. 

(b) Ht 
In a continuous microwave discharge, pulsed microwave discharge and during 

an afterglow the second overtone NIR absorption spectra of Hj(v=O) were 
measured using the CRDS (Macko et al. 2004a,b; Plašil et al. 2005; Hlavenka 
et al. 20066). The measurements were carried out at several pressures and at 
several temperatures of the buffer gas. Altogether, we measured 10 transitions, 
mostly corresponding to the absorption by the ions in the lowest rotational 
states. The measured transition frequencies were in good agreement with the 
theoretical predictions by Neale et al. (1996) and earlier experiments (Ventrudo 
et al. 1994). These CRDS measurements were part of our studies of 
recombination of Wa (v= O) ions with electrons ( Glosík et al. 2005). Very precise 
values of the transition frequencies corresponding to the absorptions of ions in 
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Figure 6. The absorption spectra of thc ground state H!, corresponding to (3t>i +-O) R(l ,O) 
transition. The measured transition frequency is 7241.235(17) cm- 1

• (a) CRDS measurements in 
the plasma at 130 K. (b) LIR measurements at approximately 120 K. In this experiment production 
of ArH+ ions is monitored. 

three lowest rotational states were used in LIR measurements of excited Hí with 
Ar (Mikosch et al. 2004; Kreckel et al. 2005a). The ion trap, which was optimized 
as an ion source for TSR, had the gas inlets passing through the copper base of 
the trap; therefore, the measurements were possible only for temperatures in 
which Ar was not frozen completely. Actually, the temperature was stabilized at 
55±5 K. Again the laser was modulated and synchronous detection was applied. 
In this experiment, the ArH+ product ions were monitored. Examples of the 
absorption line obtained in both CRDS and LIR experiments are shown in figure 6. 

The results and conclusions from this study were used in the characterization of 
the Hí ions injected to the TSR for recombination studies (Kreckel et al. 2005b). 

4. Conclusion 

The second overtone absorption spectra of hydrogen and deuterium containing 
ions Hí, H2D+ and D2H+ were measured (see compilation in figure 1) using 
Nffi-CRDS of the plasma in the microwave discharge and during the afterglow. 
The obtained transition frequencies were then used for LIR studies of Hí, H2D + 
(in progress) and D2H+ in an RF ion trap with Ar (pulsed and diffused) as a 
monitor gas. The kinetic temperature of the trapped ions was obtained from the 
Doppler broadening of the measured absorption lines. When using the beam of 
Ar, we were able to characterize the trapped ions at temperatures down to 9 K. 

This work is a part of the research pian MSM 0021620834 that are financed by the Ministry of 
Education of the Czech Republic and it was partly supported by Kontakt CZ-8/2004, GACR 
(202/03/H162, 205/05/0390, 202/05/P095), GAUK-278/2004/B-FYZ/MFF, GAUK-226/2005/ 
B-FYZ/MFF. 
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Discussion 

The four following questions are connected with experimental studies of 
recombination of Ht with electrons in afterglow plasma. The new results of 
these studies indicating the dependence of the effective recombination rate on He 
pressure were mentioned in the introductory part of the lecture. 

C. H. GREENE (University oj Colorado, Boulder, USA). Do your newest afterglow 
experiments determine an approximate value for the gas phase two-body 
dissociative recombination rate for e- -Ht? 

D. ZAJFMAN ( Weizmann Institute oj Science, Israel; Max-Planck Institute, 
Heidelberg, Cermany). Can you measure the dissociative recombination in your 
apparatus as a function of He gas density? 
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E. HERBST (Ohio State University, Columbus, USA). Can you extrapolate the 
effective two-body rate for Há + e- to determine real two-body coefficient? 

B. J. McCALL (University oj Illinois at Urbana-Champaign, USA). Do you view 
your dissociative recombination measurements as being in conflict with the 
storage ring measurements? 

J. GLOSIK. We are studying recombination of Há with electrons in afterglow 
plasma at 100-300 K. Three different experiments were used in these studies
stationary afterglow (AISA; Glosík et al. 2000, 2001; Plašil et al. 2002; Poterya 
et al. 2002), flowing afterglow (FALP; Glosík et al. 2003, 2005) and microwave 
discharge cell with near infrared cavity ringdown absorption spectroscopy (NIR
CRDS; Macko et al. 2004a; Plašil et al. 2005). He pressure in these plasmas is 
100-1500 Pa. In such conditions, ion collides with He every few ns. Electron 
collides with He several times in a ns. At hydrogen partial density approximately 
1012 cm-3

, ion collides with H2 every approximately 1 ms. At electron and ion 
densities n.i-~ -109 cm -a ion collides with electron typically within 10 ms. 
Because of all these collisions, ions and electrons will be thermalized prior to 
their mutual collision. 

If in a process of recombination a long-lived highly excited intermediate H3' is 
formed it can in principie happen that Hj will collide with He or H2 before it will 
ionize or unimolecularly irreversibly dissociate (in the sense of dissociative 
recombination). In this collision, Ha can be ionized, quenched, dissociate or 
collision will be elastic. The rate of overall electron density decay will depend on 
the lifetime of H3 and on frequency of collisions with He and/ or H2• If H3 is highly 
excited Rydberg state then the rate coefficient for interactions with neutral He or 
H2 can be approximately 10-9 cm3 s-1 or even more for large principal quantum 
number. At a pressure of approximately 1000 Pa, this gives less than or equal 
to 3 ns between collisions. This 3 ns is comparable with lifetimes of highly excited 
Rydberg Ha molecules. In our very recent F ALP experiment, we observed 
dependence of the overall recombination process on H2 pressure and in addition 
to AISA experiments we observed also dependence on He pressure. These results 
are prepared for publication. These observations are not in conflict with recent 
storage ring results because if the lifetime of Hj is less than or equal to 3 ns it will 
dissociate within the recombination region; so mass 3 will not be observed 
between products. We expect that from the observed pressure dependencies we 
will be able to obtain (as a limit) real two-body coefficient. Further experiments 
to support our concept are in progress. 

J. M. BOWMAN (Emory University, Atlanta, GA, USA). Can you determine 
information on the mode-specific reaction cross-sections from specific vibrational 
states of flt? Also, do you have any information on mode-specific vibrational 
relaxation? 

J. GLOSIK. The time-scales of our experiments are 500 and 60 ms for Há and 
D2H;+" respectively. Highly vibrationally excited ions react with Ar immediately 
after injection. The ions with low vibrational excitation are probably quenched in 
collisions with He or radiate. We expect the ions are vibrationally relaxed within 
a few ms (rovibrational relaxation was studied theoretically and experimentally 
by Kreckel et al. (2004)). At the low temperatures used, the ions can be excited 
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only rotationally and we can monitor the population of these states. The aim of the 
presented experiments is in situ characterization of ions in the trap, so state-specific 
reactions can be studied, but it means reactions of rotationally excited ions. 

H. HELM (Physikalisches Institut der Universitii.t Freiburg, Freiburg, Cermany). Is 
there an explanation for the strong isotope effect in ArD+ and ArH+? 

J. GLOSIK. In LIR study of D2H+ ions with Ar as a monitor gas, we observed 
ArH+{623) and ArD+{383) ions. The majority of these ions was produced 
immediately after the injection of D2H+ ions from the source, prior to cooling of 
these ions in collisions with He buffer. We cannot comment on interna! excitation 
of injected ions and also we do not have an explanation for the strong isotope 
effect. In the experiments, we were measuring the decrease of D2H+ ion number 
density dueto the laser excitation and consequent reaction with Ar (see figure 5). 
The synchronous detection was applied to obtain the corresponding signal. 
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