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ABSTRAKT

NAzov PRACE: Rekombindcia iénov v plazme pri 50 — 300 K
Autor: Peter Rubovic
VEDUCI DOKTORSKE] PRACE: Prof. RNDr. Juraj Glosik, DrSc.

ABSTRAKT: Hlavna cast’ tejto doktorskej prace spociva v stidiu rekom-
bindcie atomdarnych a moleculdrnych iénov v nizkoteplotnom plazma-
tickom prostredi s dorazom na efekt tretich telies. Boli pouzité met6dy
stacionarnej dohasinajticej plazmy s cavity ring down spektrometrom
a kryogénnej prudiacej dohasinajiicej plazmy. Elektronom asistovana
zrazkovo radiativne rekombindcia i6nov Ar" bola $tudovana v teplot-
nom rozsahu 50 — 100 K, héliom asistovana zrazkovo radiativna rekom-
bindcia bola pozorovana tiez. I6n H a jeho izotopoldég D3 boli stu-
dované ako v pradiacej dohasinajtcej plazme, tak aj spektroskopicky v
staciondrnej dohasinajticej plazme. Bindrne rekombinaéné koeficienty
a terndrne rekombinacné koeficienty pre héliom asistovant ternarnu
rekombindciu boli uréené v teplotnom rozsahu 50 — 250 K. Tieto koe-
ficienty boli stanované aj pre ortho- a para- konfigurédcie spinu jadra
i6nu H3 v teplotnom rosahu 80 — 200 K.

KrocovE sLovA: disociativna rekombindcia, zraZkovo radiativna rekom-
binacia, FALP, CRDS, HY, D}:, Art
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ABSTRACT

TIiTLE: Recombination of Ions in Plasma at 50 — 300K
AUTHOR: Peter Rubovic
SurervisOR: Prof. RNDr. Juraj Glosik, DrSc.

ABSTRACT: Main part of this doctoral thesis lies in a study of recom-
bination of atomic and molecular ions in low temperature plasmatic
environment with emphasis on effect of third bodies. Stationary After-
glow equipped with Cavity Ring Down Spectrometer and Cryogenic
Flowing Afterglow with Langmuir Probe II were used to obtain recom-
bination rate coefficients. Electron assisted collisional radiative recom-
bination of Ar™ ion was studied in the temperature range of 50 — 100 K
and helium assisted collisional radiative recombination was observed
too. Both HJ and its isotopologue D} were studies in flowing after-
glow and spectroscopically in stationary afterglow as well. Binary re-
combination rate coefficients and ternary recombination rate coeffi-
cients for helium assisted ternary recombination were determined in
the temperature range of 50 — 250 K. These coefficients were deter-
mined also for pure ortho- and para- nuclear spin configurations of
H7 in the temperature range of 80 — 200 K.

Keyworbs: dissociative recombination, collisional radiative recombi-
nation, H}, D}, Ar™"
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INTRODUCTION

This work summarizes four years of my doctoral studies under super-
vision of prof. Juraj Glosik in the Laboratory of Elementary Processes
at Department of Surface and Plasma Science, Charles University in
Prague. My study was entirely devoted to a process of recombination
of ions with electron. It may sound as an easily understandable topic
but reality is different. Complexity of this process remains challenging
for physicisits, both theoretic and experimental, even at the beginning
of 21% century.

Even more challenging topic is H3 . This most simple triatomic molec-
ular ion manages to puzzle physicists already for more than one hun-
dred years! It is not without any reason that Bates et al. (1993) gave
H;r more than suitable nickname “enigma”. Over the time, there have
been many discrepancies and contradictory studies. Some of them are
resolved, some of them wait for their time to come.

Thus, one can only guess how unpredictable the conjuction of the
aforementioned two topics - dissociative recombination of Hj ions
with electrons can be. Majority of this work is dedicated to its experi-
mental study. Both stationary and flowing afterglow type experiments
were used with emphasis on impact of third bodies, such as helium or
electrons, on overall recombination process at temperatures down to
50 K.

This work is divided into 6 chapters according to the topics. Chap-
ter 2 deals with theoretical description of recombinations of ions with
electrons. Overview of experimental techniques used for recombina-
tion studies is also given. In Chapter 3 basic facts regarding HJ ion are
mentioned and review of its dissociative recombination measurements
is included. Chapter 4 is devoted to the description of the experimen-
tal apparatuses used in this work and supplementary measurements
of newly built Cryo-FALP II apparatus are shown. In Chapter 5 expe-
rimental results on recombination of Ar™ ions, as well as of H;r ions
and its isotopologue D3 are summarized.



INTRODUCTION

1.1

GOALS OF THE THESIS

The focus of this work is concentrated on the topic of the recombina-

tion of ions with electrons in low temperature plasmatic environments

with emphasis on the effect of third bodies on overall recombination.
The goals of the thesis can be summarized in the following points:

Calibration of newly built Cryo-FALP II apparatus.

Study of both electron assisted and helium assisted collisional
radiative recombination of Ar" ions with electron in the temper-
ature range of 50 — 100 K.

Study of binary and helium assisted ternary recombination of
HJ and D7 ions in the temperature range of 50 — 250 K.

Recombination studies of specific nuclear spin state modifica-
tions of H ion in the temperature range of 80 — 200 K.

Study of possible effect of H, as third body on Hj recombina-
tion at 300 K.



RECOMBINATION OF IONS

Reaction of positive ion with electron is subject of study for more than
one hundred years. If a singly ionized atomic ion is recombining, there
are not many possibilities how to proceed. A free electron with a pos-
itive kinetic energy reacts with an ion whose energy can be removed,
so it can enter a bound state. If there is no third body present, a photon
radiation is one of the only possibilities for taking away excess energy.
The process is called radiative recombination:

At +e X A4 hy. (1)

The other possibility is dielectronic recombination. It is worth remark-
ing that both processes are quite inefficient and reaction rate coeffi-
cient for radiative recombination is agg < 10719 cm3s~'. When the
third body is present in the aforementioned reaction, it can take away
energy and thus make the reaction more efficient; the process is called
collisional-radiative recombination (CRR) and it will be discussed thor-
oughly in section 2.3.

However, if a molecular ion is recombining instead of an atomic ion,
the situation is different. A molecular ion has internal structure and
thus it can transfer electron into a bound state while breaking one or
even more chemical bonds. This process is called dissociative recombi-
nation (DR) because electron capture is stabilized by dissociation. The
process is very efficient and its properties, as well as means of its ex-
perimental research, are to be discussed in the following sections 2.1
and 2.2.

2.1 DISSOCIATIVE RECOMBINATION

The first theoretical concept treating DR of molecular ions
ABT +e~ 225 A4 B (2)

was given by Bates (1950). He suggested a two-step mechanism in
which an unstable molecule is formed by capture of electron by molec-
ular ion leading to formation of an unstable neutral molecule. It is fol-
lowed by a rapid dissociation into neutral fragments. It is important
to mention that incoming electron does not interact with molecular
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Rydberg state is a
state with a very
high principal
quantum number.

nuclei but with the electron cloud, and the aforementioned fast disso-
ciation prevents neutral molecule formed in the first step to autoion-
ize. Rate coefficient of this process was estimated to be in the order of
apr ~ 1077 cm3s~!. This mechanism of DR can be found in literature
labelled as a direct one.

Another process was proposed in 1960’s independently by Bardsley
(Bardsley, 1968a; Bardsley, 1968b) and by Chen and Mittleman (Lars-
son and Orel, 2008). They proposed that kinetic energy of electron can
be transformed by exciting a vibrational mode in the molecule while
being captured into a Rydberg state. This step is followed by predis-
sociation of the Rydberg state by an electronically doubly-excited, re-
pulsive state. To distinguish this mechanism from that of Bates (1950)
they labelled it as an indirect one.

To illustrate the basic mechanisms of DR one need to hold all inter-
nuclear distances in a molecule constant except for the dissociation
coordinate. A slice through the electron potential surfaces of the ion,
Rydberg molecule, and dissociative states are displayed in Fig. 1.

AB” A+B

+

A+BY ]

AB’

Energy

AB (Rydberg)

Internuclear distance

Figure 1: Schematics of both direct and indirect DR mechanisms. In direct
mechanism, the molecular ion AB™ in its ground vibrational states collides
with an electron with kinetic energy ¢ and doubly excited neutral molecule
AB** is formed. Autoionization becomes prohibited due to rapid movement
of atoms A and B and dissociation occurs on the potential curve. In indirect
process, there is an intermediate step where a vibrationally excited Rydberg
state if formed. Cross sections of DR depends on ¢ for direct mechanism and
on ¢’ for indirect mechanism.

Complexity of DR lies in the fact that both direct and indirect mech-
anisms are paths to the same dissociation products and they can in-



2.2 EXPERIMENTAL TECHNIQUES

terfere with each other. Thus every theoretical model dealing with DR
must account for the interference and the results depend strongly on
the details of molecular states.

2.2 EXPERIMENTAL TECHNIQUES

The experimental techniques used for DR investigation can be divided
into two main categories: afterglow techniques and merged-beam tech-
niques.

In afterglow techniques, reaction rate coefficients and products are
derived from observed electron and ion densities, optical emissions,
and neutral products during afterglow phase of plasma (Johnsen and
Guberman, 2010). The analysis of an afterglow plasma can be compli-
cated due to number of processes taking place, as it is common that
not only one kind of DR process is happening. However, what one may
see as complication, can be of interest for plasma physics in general.

On the other hand, merged-beam techniques and storage rings are
free of these complications and they are closer to a theorists view of
the problem. There is a single beam of a positive ion reacting with a
beam of electrons at well defined mutual energy. It might sound as an
ideal experiment for studying DR but as has been recently pointed out
(Petrignani et al., 2011), the method has its own drawbacks.

2.2.1  Afterglow Techniques

Studies of ion chemistry are often carried out in so called swarm exper-
iments. They are characterized by the presence of particles in ensem-
bles, or swarms. These particles can be neutral molecules, atoms, ions
or electrons. Most of swarm techniques are carried out in an afterglow
plasma for several reasons. Firstly, it is a very accessible way to cre-
ate low ionized environment with required atomic or molecular ions.
Secondly, when using an active discharge, energetic, non-thermalized
electrons are present but they are quickly thermalized (together with
other particles in plasma) due to multiple collisions with buffer gas
in the afterglow. Thus the afterglow is very well defined environment
characterized by its temperature T and partial densities of reactants.
An important feature of swarm experiments is that it is possible to
measure only macroscopic values like temperature, rate coefficients of
reactions, drift velocity etc. It is not possible to measure properties of
individual particles (e.g. their actual energy); or properties of single
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collisions (e. g. their cross sections which depend on the actual relative
velocity of colliding particles).

Most of these techniques were developed in 1950’s and 1960’s and
we will briefly discuss two of them which are relevant for this work.
The first one is Stationary Afterglow (SA). This technique is based on
measuring plasma properties during its decay. Stationary refers to a
space configuration of the experiment. Discharge is repeatedly ignited
in a gas mixture for a short period of time to form plasma dominated
by ions which will be studied. Afterwards plasma decay is monitored,
mainly by microwave diagnostic techniques often supplemented with
a quadrupole mass spectrometer. A disadvantage of this method is
that ion chemistry occurs also during active discharge where energy
of electrons is not well defined and therefore the processes in plasma
can be complicated. A good example of SA experiment is Advanced Inte-
grated Stationary Afterglow (AISA) developed in our laboratory (Plasil et
al., 2002), which can be seen in figure 2. SA equipped with Cavity Ring
Down Spectroscopy (CRDS) will be described in Sec. 4.1 of this work.

AISA Wind
indow Heating / Cooling system

Aucxiliary
Probe

Magnetron
245 GHz
0.30 W J_L
0.5ms

25 Hz

Baratron

. /T

10 cm

Figure 2: Overview of AISA apparatus (Plasil et al., 2002).

Main drawbacks of SA technique are improved in Flowing After-
glow (FA) experiments. In contrast to SA, a buffer gas introduced into
a flow tube is flowing through an apparatus which is pumped usu-
ally by a large Roots pump. Velocity of flow v is used for conversion
between the position on flow tube axis and time of plasma decay. Usu-
ally, helium or neon are used as a buffer gas. Plasma is formed by a
discharge in the upper section of the flow tube. Downstream, where
electrons are thermalized by collisions with buffer gas, reactant gases
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are added. Space (and therefore time) separation of gas inlets is one of
the main advantages of this technique — different regions dominated
by different processes (removing metastables from buffer gas, ion for-
mation, recombination dominated plasma, detection of ions or elec-
trons) are separated and well defined. This method also offers great
chemical variability.

There are many modifications of this technique and we will mention
several of them. The original FA apparatus was developed by Fehsen-
feld et al. (1966), see figure 3, and was equipped by a quadrupole
mass spectrometer at the end of the flow tube. In 1970’s, axially mov-
able Langmuir probe was added to FA to monitore electron density in
the flow tube (Mahdavi et al., 1971; Smith et al., 1975). This modifica-
tion is commonly called Flowing Afterglow with Langmuir Probe (FALP).
Another widely used modification of FA is Selected Ion Flow Tube (SIFT),
where ions, produced in a separate ion source are then entering the
flow tube, preselected by the quadrupole mass spectrometer (Adams
and Smith, 1976). Rate coefficients of majority of ion molecule reac-
tions studied up to now were measured by SIFT (Ikezoe et al., 1987).
Cryogenic Flowing Afterglow with Langmuir Probe II (Cryo-FALP II), a mod-
ification of FALP with an ability to measure at stable temperature in the
range 50 — 300 K will be described in Sec. 4.2.

DISCHARGE
REGION \/ancrnn REGION

REACTANT .
GAS MASS SPECTROMETER

Figure 3: Drawing of the original FA apparatus (Fehsenfeld et al., 1966).

The methods for determining the recombination rate coefficient «
are essentialy the same for both of the mentioned afterglow experi-
ments. Under assumption that there is only one positive ion species
present in plasma, which is quasineutral (the electron and number
densities are equal n. = n;), the electron continuity equation is given

as
oMe(t, )

= —oan2(t, ) —DaV2ne(t, 7), (3)



RECOMBINATION OF IONS

where D, is the ambipolar diffusion coefficient of the ion. If diffusion
is slow enough the reciprocal electron number density can be written

as
1 1

ne(t, ) me(t=0,7)

and o can be obtained directly from the slope of the graph displaying
time dependence of the measured reciprocal electron number density,
so called “1/n.” plot. However if diffusion losses are comparable to
the recombination losses, one can fit the electron number density loss
with the following equation:

+ ot (4)

dne(t) 20y Dane

where A is the fundamental diffusion length of the plasma container,
T is measured at the center of the container (in case of the flow tube
its axis), and the position r is converted to time of plasma decay t. For
a more sophisticated method of the aquired data analysis see Sec. 4.2.4
of this work.

2.2.2  Merged Beam and Ion Storage Rings Experiments

Altough the aforementioned techniques were not table top, they can be
definitely called small scale experiment. However, this cannot be said
of Ion Storage Ring (ISR) experiments which conquered the DR experi-
ments in late 1980’s and 1990’s. Only the basic principles of this very
complicated and complex technique will be given here. For more de-
tailed review of these experiments please see Larsson and Orel (2008).

A single pass merged beam technique was developed in 1970’s (Auer-
bach et al., 1977) and while it was an important step, it was superseded
by the more powerful ISR technique. What is common for both of them
is that electron-positive ion recombination takes place in two merged
electron and ion beams of nearly the same velocity. In a single pass
merged beam, the ion beam passes through the electron target beam
only once and after analysis it is destroyed. However in ISR the ions
circulate in the ring and pass through the interaction region multiple
times. The advantage of ISR does not lay in higher efficiency of ion
beam but in the solemn fact that the long storage time of ions in the
ring results in deexcitation of all their excited states which radiate on
the ion storage time scale.

It should be noted that the result from ISR studies is not a recombi-
nation rate coefficient for a single temperature T but set of ion-electron
relative velocity dependent cross sections. Rate coefficients, as known
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from afterglow experiments, can be inferred using Maxwellian veloc-
ity distribution.

2.3 COLLISIONAL-RADIATIVE RECOMBINATION

As was already indicated in the introduction of this chapter, ion-electron
recombination, as essentialy two-body process, can be enhanced by in-
volving the third body:

AB* e 4+ M MR A LB LM, 6)

where M stands for the third body and Ky.crr is the ternary recombi-
nation rate coefficient of the process. Collisional-radiative recombination,
as this process is often called (third body recombination can be found
in literature too) can be divided into two essential categories depend-
ing on the nature of the third body. If M is neutral particle, the process
is called neutral-assisted collisional-radiative recombination (N-CRR) and it
will be discussed in section 2.3.1. If M is electron, the process is called
electron-assisted collisional-radiative recombination (E-CRR) and it will be
discussed in a separate section 2.3.2.

It has to be noted that effects of CRR can be usually negligible in af-
terglow experiments with the neutrals number densities < 10'” cm—3,
temperatures ~ 300K, and the electron number densities < 10'° cm—3.
However, if one departs from these conditions by rising the neutral
(electron) number densities or by lowering the temperature, the ef-
fects of the third bodies have to be taken into account, as they can
substantially enlarge an impact of the recombination.

2.3.1 Neutral-Assisted Collisional-Radiative Recombination

In case of N-CRR, the excess energy originating from recombination is
taken away by neutral particle. N-CRR can be described as

XN-CRR

ABT +e  +N 5 A+ B4N, (7)

where N stands for neutral particle and on-crr is corresponding ef-
fective binary recombination rate coefficient of N-CRR. Corresponding
ternary recombination rate coefficient Kn.crr can be obtained as

N
KN-CRR = T]\%RR . (8)

This process has been studied since early 1920s, starting with work of
Thomson (1924). A successful diffusion model (Pitaevskii, 1962; Flan-
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nery, 1991; Wojcik and Tachiya, 1999; Wojcik and Tachiya, 2000) treats
the electron energy states as a continuum. Comparedg to experimental
data, it gives a good estimation of the recombination rate coefficient.
Flannery (1991) gives the following equation for the effective binary
rate coefficient for atomic ions in their parent gas:

m 8kgT,
ON-CRR = 87TM te RoR2 \/ %O—e,atom -[NT, (9)
atom e

where m, and m,iom are masses of electron and atoms respectively, R
is a trapping radius (in this theory electrons colliding with the atom
inside the trapping radius recombine with unit probability and the
probability outside of the radius is equal to zero), R, = e? /4meokpTe,
Te is the electron temperature, and 0¢ atom is an electron-atom momen-
tum transfer cross section. Following assumption that Rp = Re we
get a T2 temperature dependence, which agrees also with that of
Pitaevskii (1962) (for Rp = 2/3R.) and Thomson (1924).

The model of Bates and Khare (1965) takes into account stepwise col-
lisional deexcitation of Rydberg states of the ions and its values below
125 K are very similar to those of Pitaevskii (1962) and Flannery (1991).
Due to more pronounced temperature dependence ~ T~27 values at
300 K are two times lower.

The aforementioned theories treated system of atomic ion in its par-
ent gas. Hence it is important to clarify the dependence of on.crr 0N
mass of neutral atom if it is different. The answer is still unclear, how-
ever Bates and Khare (1965) suggested that at low temperatures and
neutral atom number densitied [N], an.crr should be proportional to
the reciprocal value of ion-atom reduced mass. Later calculations (Wo-
jcik and Tachiya, 1999; Wojcik and Tachiya, 2000) only agreed with
this.

Ternary effect for Ar' ions in helium buffer gas can be solved using
(9) and (8), taking the momentum transfer cross section of electron-
helium collisions o¢pe = 5.4 X 10716 cm? (Crompton et al., 1967) as
energy independent getting

T _2.5
Kie-crr = 1.2 x 10727 <3006K> cm®s!. (10)

The experimental results obtained at temperatures above 300 K are
in a good agreement with the theoretical calculations (Bates and Khare,
1965; Flannery, 1991) both in magnitude of the recombination rate co-
efficients and its temperature dependence. These experiments were
conducted for atomic and also for molecular ions (He;) (Berlande et

10
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al., 1970; Deloche et al., 1976; Gousset et al., 1978; van Sonsbeek et al.,
1992). Experimental data below 300 K are very rare. The experiment by
Cao and Johnsen (1991) was performed in the temperature range of 80—
150 K in a mixture of atmospheric ions (probably O, NJ and NO™)
in helium buffer gas giving ternary recombination rate coefficients in
agreement with theory and experiments at higher temperature.

One of the ions whose behaviour is not in agreement with the theory
is the HJ ion (together with its isotopologue D3). Overview of the
experimental data of H] DR together with their explanation will be
given in sections 3.3 and 3.4. Data acquired during my doctoral work
will be presented in section 5.2

2.3.2 Electron-Assisted Collisional-Radiative Recombination

When recombining by E-CRR, electron and positive ion form metastable
complex colliding with another electron which carries away exceeding
energy. Using Eq. (6), the process can be described by following chem-
ical equation:

AB* + e +e ZEE neutral products + e, (11)
where ag.crr is the effective binary recombination rate coefficient of
the E-CRR. In general, a single collision with another electron is insuf-
ficient and chain of several energy-reducing collisions is needed to
prevent the autoionization of the neutral complex.

The E-CRR was described for the first time in the early 1960’s and
semi-classical theoreties of Bates et al. (1962), Mansbach and Keck
(1969), and Stevefelt et al. (1975) followed very soon. These theories ap-
proach the E-CRR by solving the coupled equations of the three-body
electron capture into the discrete Rydberg states, the ionization and
the stepwise collisional and radiative reduction of the electron energy.
Stevefelt et al. (1975) calculated the effective recombination rate coeffi-
cient and fitted it to a following equation:

Xp-crr =3.8 X 107 7T ne + 1.55 x 10107063

16X ]0—9Te—2.18n2.37 Cm3s—] ,

(12)

where n is the electron number density and T is the corresponding
temperature. The first term of Eq. (12) describes purely collisional re-
combination, the second term treats contribution from purely radiative
recombination, and the third term represents a correction for coupling
of the previous two terms. Due to steep temperature dependence of

11
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the collisional term (~ T~#9), it becomes dominant at low tempera-
tures and n. typical for our experiments. Hence we can express the
effective recombination rate coefficient of E-CRR as

9-]-;4.5 3.1

Necm’s™ ' . (13)

We can introduce the ternary recombination rate coefficient Kg.crr for
low temperature environments:

XE-cRR = 3.8 x 10~

KE-CrRR = @ =38x1077T, " em®s ™. (14)
(S

The so-called Stevefelt formula (12) remains widely used, however,
revised rates of electron capture into high Rydberg states and of the
energy between the high Rydberg states and free electrons were pub-
lished (Pohl et al., 2008). The new rates differ from the earlier ones,
altough the recombination rate remains almost unchanged. Eq. (14)
after Pohls revision would be

KEg-crr = 2.77 X 10*9Te*4'5 cm®s~ . (15)

However, we will use Stevefelts formula (14) throughout this work
keeping in mind, that the actual data can differ from theory almost by
one third.

Experimental studies of E-CRR were conducted mostly at electron
temperatures above 300 K; see Mansbach and Keck (1969), Berlande et
al. (1970), and Skrzypkowski et al. (2004), and references cited therein.
E-CRR is also of interest for formation of antihydrogen (Killian et al.,
1999; Pohl et al., 2008), and also for cold and ultra cold plasmas (Ren-
nick et al.,, 2011). Experimental data for temperatures below 300 K
are very scarce and all of them are from our laboratory (Kotrik et al.,
2011a; Kotrik et al., 2011b; Dohnal et al., 2013). I participated on the
latter two studies measured on Cryo-FALP II apparatus, which will be
described in section 5.1. For the abovementioned articles see Article I
and Article VI.
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HJ ion was discovered in 1911 by J. J. Thomson using early mass
spectrometry technique (Thomson, 1913). Containing only three pro-
tons and two electrons it is the simplest triatomic molecular ion and
thus serving as “benchmark ion” for quantum mechanical calculations.
However, as will be mentioned later, it does not mean that these calcu-
lations are always simple at the same time.

Process of H] formation

Hy +H, - H7 +H+1.7¢V (16)

was proposed by Hogness and Lunn (1925). As Oka (1983) pointed
out, this reaction is not only exothermic but it has a large cross sec-
tion without activation barrier too. The reaction rate coefficient was
determined to be k = 2 x 1077 em3s~ ! at 300 K (Glosik, 1994).
Martin et al. (1961) postulated the existence of Hj in the interstellar
medium (ISM). The importance of H;r for the interstellar chemistry was
recognized at the beginning of 1970’s independently by Watson (1973)
and by Herbst and Klemperer (1973). As H; has a low proton affinity
of 4.5 eV and high cross-section of proton transfer to other atoms and
molecules, H;r serves as a universal proton donor and initiates a chain
of ion-molecule reactions (McCall, 2006).

3.1 HJ sPECTROscoOPY

H7 ion has been widely studied in laboratory because it can be eas-
ily created in hydrogen discharge. However, it does lack both a sta-
ble electronic excited state needed for electronic spectrocopy, and a
permanent dipole, this time needed for rotational spectroscopy, thus
its spectroscopy is immensely difficult and only the infrared rotation-
vibration spectrum is observable. A discovery of its spectrum took sev-
eral years of work summed up in a pioneering article by Oka (1980)
who observed the first 15 lines of the v, fundamental band of HJ.
Since then an enormous work was done in Oka’s group and their
results can be found in refs. Lindsay and McCall (2001) and McCall
(2000).

The infrared transitions used to probe number densities of HJ states
in Stationary Afterglow with Cavity Ring Down Spectroscopy (SA-CRDS)

13
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Table 1: Transitions monitored in the H] recombination studies. Details on
spectroscopic notation can be found in Lindsay and McCall (2001). The en-
ergy levels are taken from Neale et al. (1996), the experimental line positions
are from Ventrudo et al. (1994).

Alem™ 1) SPECIES Ej(cm™ ') Ez(cm™ 1) TRANSITION
7234.957 °Hj 315.349 7550.316  3v}(4,3) + 0v9(3,3)
7237.285 PHY 64.1234  7301.4084 3v1(2,1) < 0v9(1,1)
7241.245 °H} 86.9591 7328.2041  3v1(2,0) « 0v9(1,0)

experiment are listed in Tab. 1. These transitions were used already in
previous spectroscopic studies of HJ, see Ventrudo et al. (1994) and
Mikosch et al. (2004). The lower energy levels of the transitions are
displayed in Fig. 4.

600 Ortho Para Para Ortho]]
500F ° o .

IE B L] |
5, %0 i(3,3) _
% 300} 2.1) —
L%’ 200 (2.2) -
1oo-i_(1’0) lay :
Ok S?;(o)) 1 1 I =

0
G

Figure 4: The lowest rotationaly energy levels (], G) of the ground vibra-
tional state of H;r (0,0) state is forbidden thus it is indicated by dashed
line. Adapted from Hejduk et al. (2012).

3.2 H; IN INTERSTELLAR MEDIUM

H; was indentified in extraterrestrial enviroment in 1989 through
emission spectroscopy of the Jovian atmosphere (Drossart et al., 1989),
shortly followed by observations in atmosphere of Saturn (Trafton et
al., 1993) and Uranus (Miller et al., 2000). The first identification of
HY in the spectra of dense interstellar cloud came in 1996 (Geballe
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and Oka, 1996) and in spectra towards diffuse interstellar cloud in
1998 (McCall et al., 1998).

The Hj ion in molecular regions of ISM is formed in a two step
process; H, molecule is ionized by cosmic rays with the rate coefficient

g
H, N Hj +e, (17)

followed by exothermic reaction (16). Destruction of HJ in ISM is po-
ssible through ion-molecule reactions and through DR with electrons,
which is determined by different conditions present in dense and dif-
fuse interstellar cloud, respectively.

The fractional ionization in dense interstellar clouds is several or-
ders of magnitude lower than in diffuse interstellar clouds. This is
caused by a low abundance of free electrons, and by a low cosmic
radiation flux causing radiation Herbst (2000). Thus the main HJ de-
struction channel in dense interstellar clouds proton transfer to atoms
and molecules like CO, N5, and O.

On the other side, n. in diffuse interstellar clouds, where the cosmic
ray penetration is high, is more than four orders magnitude higher
than in dense clouds Black (2000). As the reaction time of ion-molecule
reactions scales down with the number density of reacting molecule, it
becomes negligible at the number densities lower by several orders of
magnitude. Hence the dominant loss channel becomes DR of H3 with
electrons.

As reaction (16) is much faster than reaction (17), ionization of H;
by cosmic rays can be taken as a rate limiting step in formation of
HJ and it can be taken as a formation rate of Hj. Thus & can be
calculated from the observed column densities of H} (Indriolo and
McCall, 2012).

Another enigmatic face of H] is revealed here. Recent calculations
of the H3+ nuclear spin excitation temperature Tys from observations
in diffuse sightlines show, that it is lower than the excitation temper-
ature Tp1 of Hy, which can be taken as the kinetic temperature of the
cloud (Indriolo and McCall, 2012; Crabtree et al., 2011) with Ty ~ 70K
and Tys ~ 30K implying enrichement in para—Hgr population. It was
suggested that collisions between HJ and H can cause this nonther-
mal nuclear spin distribution of H; or that these collisions are in-
frequent or inefficient. However, recent study by Grussie et al. (2012)
shows, that nuclear spin equilibrium of HJ ions in collisions with
H,; is close to thermal equilibrium (TE). These observations demonstrate
a strong need for accurate state selected studies of processes involving
H;r, including its dissociative recombination.
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3.3 DISSOCIATIVE RECOMBINATION OF HJ

The process of H] dissociative recombination with electrons has been
studied continuously since the late 1940’s. The long and often very in-
teresting evolution of different experiments and theories accompany-
ing this process is summarized in several reviews, notably in Mitchell
(1990), Plasil et al. (2002), Florescu-Mitchell and Mitchell (2006), Lars-
son and Orel (2008), Johnsen and Guberman (2010), and Glosik et al.
(2010). The list of experimental values, which is far from being com-
plete, beginning with the study of Biondi and Brown (1949), is in Tab.
2.

The early HS recombination studies lacked the mass analysis and
they were probably marked by nonnegligible presence of impurities.
The observed fast recombination with rate coefficients in the order of
1076 cm3s ™! is partially caused by presence of HY ions and probably
due to the aforementioned impurities. SA experimental method was
significantly improved over the years and Leu et al. (1973), with the
first mass spectrometer equipped afterglow experiment, obtained rate
coefficient o = (2.3 £0.3) x 107" cm3s™! for H} in helium buffer gas.
Similar results were obtained by Macdonald et al. (1984) in neon buffer
gas.

However, Adams and Smith using FALP technique (Adams et al.,
1984; Smith and Adams, 1984) obtained value lower by an order of
magnitude o = 2 x 1078 cm3s~'. Similar results were obtained in a
MB experiment by Hus et al. (1988). Their “low” value was supported
by calculations of Michels and Hobbs (1984). Amano in his two studies
(Amano, 1988; Amano, 1990) used laser absorption spectroscopy and
his results with o = (1.8 £0.2) x 107 cm3s~! supported “high” value.
Fehér et al. (1994) tried to repeat Amano’s spectroscopical experiment
with addition of Langmuir probe but his results are unreliable due to
the presence of various impurities.

The beginning of the 1990s saw an outbreak of ISR experiments,
which supported the high value camp (Larsson et al., 1993; Sundstrom
et al., 1994). So did the experiments of Johnsen and his coworkers
(Gougousi et al., 1995). However, the low value camp was still sup-
ported by results of Smith and Spanél (Smith and Spanél, 1993a; Smith
and Spanél, 1993b) and by Glosik using AISA experiment (Glosik et al.,
2000). A whole series of experiments were done in Glosik’s group in
Prague. Their overview is given in the works by Korolov (2008) and
Kotrik (2013). Here I will only mention the fact that a fast helium
ternary recombination channel, which differs from that described by
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Table 2: Overview of experimental values of H] recombination rate coeffi-
cient. Adapted from Plasil et al. (2002) and Dohnal (2013). Used acronyms
are listed on p. 109.

SOURCE «[107 cm3s~ ']  TECHNIQUE COMMENT
Biondi and Brown (1949) 25 SA, uw
Richardson and Holt (1951) 20; 60 SA, uw pure H
Varnerin Jr. (1951) 3; 25 SA, uw pure H
Persson and Brown (1955) <0.3 SA, uw
Leu et al. (1973) 2.3 SA, uw 300K
Peart and Dolder (1974) 2.5 1B
Auerbach et al. (1977) 2.1 MB
Mathur et al. (1978) 1.5 IT
McGowan et al. (1979) 2.1 MB
Adams et al. (1984) < 0.2 FALP
Macdonald et al. (1984) 1.5 SA
Hus et al. (1988) 0.2 MB
Adams and Smith (1989) < 0.0001 FALP estimate
Amano (1990) 1.8 sA, IR 273 K
Canosa et al. (1992) 1.5 FALP; QMS
Smith and Spanél (1993a) 0.1 FALP
Smith and épanél (1993b) 0.2 FALP
Fehér et al. (1994) <2 sa, IR
Sundstrom et al. (1994) 1.15 ISR Cryring
Gougousi et al. (1995) 1.4-2 FALP
Laubé et al. (1998) 0.78 FALP, QMS
Tanabe et al. (2000) 0.7 ISR TARN II
Glosik et al. (2000) <0.13 AISA low [H>]
Jensen et al. (2001) 1 ISR ASTRID
Glosik et al. (2003) 1.7 FALP 250K
McCall et al. (2004) 0.68 ISR Cryring
Macko et al. (2004) 1.6 SA-CRDS 330K
Glosik et al. (2008) 0.75 FALP 260 K, comp.
Rubovi¢ et al. (2013) 0.6 FALP 300 K, comp.
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Bates and Khare (1965) (see also Sec. 2.3.1) was identified and theoret-
ically explained (Glosik et al., 2009b).

Majority of the H afterglow experimental values can be explained
by the aforementioned ternary process (see Glosik et al. (2008)) which
will be briefly described in a separate section 3.4. The only excep-
tion are values by Adams and Smith using FALP. Amano’s experiment
was the other exception for a long time but now it seems to be suf-
ficiently explained by existence of H ternary recombination channel.
This recombination channel behaves differently than aforementioned
He ternary channel and, of course, N-CRR as described in 2.3.1. This
process will be discussed in Sec. 5.4 of this work.

Another surprise came when the value of pure binary recombina-
tion rate coefficient i, which was obtained by extrapolating mea-
sured oss dependence on He number density to zero, gave values
that are in agreement with the latest storage ring results (McCall et al.,
2003; McCall et al., 2004; Kreckel et al., 2005) and even with theoretical
calculations (Kokoouline and Greene, 2003; Kokoouline and Greene,
2005). Now, the generaly accepted value of thermal recombination
rate coefficient at the temperature of 300 K is o = 7 x 1078 cm3s™!
(Larsson and Orel, 2008).

Theory by Fonseca dos Santos et al. (2007) predicted that at temper-
atures below 300 K para-H; recombines faster than ortho-Hj. This
prediction was partially confirmed in ISR experiments (Kreckel et al.,
2005; Wolf et al., 2006; Kreckel et al., 2010). Tom et al. (2009) reported
that para-HJ recombines two times faster than ortho-Hj at low col-
lisional energies corresponding to 10 K. However, it was found that
H7 ions in the ISR experiments with low collisional energies had rota-
tional temperature higher than 300 K (Kreckel et al., 2010; Petrignani
et al., 2011; Kreckel et al., 2012).

Even greater difference in recombination rate coefficients was ob-
served in SA-CRDS experiment at 77 K (Varju et al., 2011). Subsequently,
a wide temperature range 77 — 200 K was covered on that apparatus
and the results are discussed in Sec. 5.3 of this work.

3.4 HELIUM ASSISTED TERNARY RECOMBINATION OF H;—

As mentioned in Sec. 2.3.1, helium assisted collisional radiative recom-
bination of H‘; (and D3+) with electrons is an exception and it does not
behave in accordance with standard theories (Bates and Khare, 1965;
Flannery, 1991). The first studies of this process (Glosik et al., 2008;
Glosik et al., 2009b; Glosik et al., 2009a; Glosik et al., 2010; Kotrik et
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Figure 5: Diagonal elements of the calculated lifetime matrix Q of the three
lowest rotational incident channels for the e~ +HJ collisions. The lifetime of
resonances is given by Qj; /4. Adapted from Glosik et al. (2009b)

al., 2010) showed that the values of the ternary rate coefficient Ky, ex-
ceeded the standard theoretical values by more than two orders of
magnitude and morevover, they indicated nontrivial temperature de-
pendence.

HS* o/p thermal equilibrium ortho-H;
1 1 1 1

0 100 200 300 400
TIK]

Figure 6: Theoretical ternary rate coefficient Ky of helium assisted colli-
sional radiative recombination of H] and DJ with electrons calculated for
the ions in particular nuclear spin states and for the ions with internal state
distribution according to thermal equilibrium. Adapted from Kotrik (2013).

This interesting process was moreless successfully described and
calculated by C. H. Greene and V. Kokoouline (Glosik et al., 2009b)
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as a multistep mechanism, where the electron collides with H} and
a rotationally excited Rydberg state H} with the lifetime ~ 107 ps is
formed. Computed dependence of the lifetimes of the formed H3 on
the incident electron energy is plotted in Fig. 5. Note that the diago-
nal element Qj; of the calculated lifetime matrix Q is proportional to
the H3 lifetime. If the number density of a neutral buffer gas, i.e. he-
lium, is sufficient (> 10'7 cm™3), the lifetime of Hj is long enough
for a collision with neutral particle before autoionization of the H3.
It is supposed in Glosik et al. (2009b) that this collision changes the
electronic angular momentum (l-changing collision) and prevents the
autoionization.
Final ternary recombination rate coefficient is then calculated as

Kie = s - k- A, (18)

where «, is the rate coefficient of H3 formation, At its lifetime, and
ki is the rate coefficient for the l-changing collision between He and
H3. Calculated ternary recombination coefficients are plotted in Fig. 6.
A large difference between para- and ortho-HJ ternary recombination
below 300 K is predicted. This theory also treats D3 ion.

3.5 D3 10N

Importance of H;r was discussed in the sections above. However, its
deuterated isotopologues H,D™, HD7, and D} are important as well.
Beside from being a challenging task for theoretical physicists, deuter-
ation of H] and formation of the aforementioned isotopologues en-
able us to characterize the enviroment where the deuteration takes
place, including both interstellar plasma and enviroments, which are
believed to be similar to that of pre-protostellar cores (Gay et al., 20171;
Flower et al., 2004).

H,D* and HD; unlike H] and Dj have nonzero dipole moment,
thus their detection should be less problematical than in the case of
H ion. H;D" was observed in young stellar objects (Stark et al.,
1999; Caselli et al., 2003), and in dense interstellar cloud (Cernicharo
et al., 2007). HDEr was detected shortly after that in dense interstellar
medium of prestellar cores (Vastel et al., 2004; Parise et al., 2011). *
These findings confirm the expectation that multiple deuterated ions
play a key role the chemistry of the early universe (Gay et al., 2011).
As a direct consequence, a higher D/H ratio is a result of gas phase

1 For molecules detected in space see The Cologne Database for Molecular Spec-
troscopy.
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3.5 D] ION

Table 3: Transitions monitored in the D3 recombination studies. Details on
spectroscopic notation can be found in Lindsay and McCall (2001). The en-
ergy levels are taken from Ramanlal and Tennyson (2004) and Tennyson
(2012), the experimental line positions are from Dohnal et al. (2012a).

Alem™ 1) sPECIES Ej(cM~ ') Ey(cm™ 1) TRANSITION
5792.70 mp¥ 254.964  6047.645  3v}(3,2) « 0v9(4,2)
5793.90 oD} 0 5793.917  3v1(1,0) « 0v9(0,0)

models in ISM after inclusion of HDJ and DJ (Vastel et al., 2004). Un-
fortunately, D3 has not been detected in space yet.

For spectroscopic study of D recombination in SA-CRDS experiment
we had to find transitions within the wavelength range of the used
laser diode. The transitions listed in Tab. 3 were used to probe the de-
cay of D dominated plasma. The difference between the measured
line positions and quantum mechanical calculations by Ramanlal and
Tennyson (2004) and Tennyson (2012) was less than 0.02cm ™', for ad-
ditional details see Dohnal et al. (2012a).

For results of the D} recombination studies taken during my doc-
toral study refer to Sec. 5.2, where both binary and helium ternary
channels are discussed. The studies were conducted in both SA-CRDS
and Cryo-FALP II experiments.
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EXPERIMENT

Two experimental apparatuses, SA-CRDS and Cryo-FALP 1, were used
during the course of my Ph.D. study. I describe their principles and
configurations in the following sections. Subsidiary measurements,
e.g. velocity calibration and Oj recombination measurements used
for calibration of Langmuir probe, both for Cryo-FALP Il apparatus are
included. Basic information about para enriched H, are mentioned
too.

4.1 STATIONARY AFTERGLOW WITH CAVITY RING DOWN SPEC-
TROSCOPY

Stationary afterglow technique, as described in section 2.2.1, has been
used in Prague Laboratory of Elementary Processes in various con-
figurations since late 1990s. A highly successful AISA apparatus was
developed in order to study Hj recombination at low pressures, for
details see Plasil et al. (2002). CRDS was built in Prague in the early
2000s, first as an additional diagnostic method for AISA apparatus but
later it was added to a small glass discharge tube, creating SA-CRDS ap-
paratus. In this section the basics of absorption and cavity ring down
spectroscopy will be given in sections 4.1.1 and 4.1.2, followed by de-
scription of SA-CRDS apparatus 4.1.3.

4.1.1  Basics of Absorption Spectroscopy

Intensity I of monochromatic light with frequency v passing through a
homogenous absorbing medium decreases according to Lambert-Beer

law:
dI(x,v)

dx
where (V) is the absorption coefficient related to the absorbing medium
and x is the distance traveled by light in the medium. This equation
has a simple solution

=—a(V)I(x,v), (19)

I(x,v) = [pe *)x, (20)

where I is the initial light intensity.
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We can characterize spectral line by its photo-absorption cross sec-
tion o(v), which is defined through the absorption coefficient o and
the number density of absorbing species N as

a(v) = N(x)o(v). (21)

A line-shape function g(v) and an integral absorption coefficient (also
known as spectral line intensity S) are introduced as

o(v) =Sg(v). (22)
The line-shape function has to fullfill the following normalisation con-
dition: -
[ gtmav=1. (23)
0
Absorbance A is defined as
I
A = —log () , (24)
Io

and we can rewrite this using Eq. (20) under assumption of homoge-
nous medium:
A(v) = «(Vv]L, (25)

where L is the total distance traveled by light.

NUMBER DENSITY DETERMINATION
Population P of the energy level E, in TE is given as

Im —¢%
P(Em) = e k', 26
= Qm 0
where Q(T) is a partition function and gn, is a degeneracy factor. We
can calculate the value of the partition function at temperature T

QT =Y gme Wt (27)

m

from the following formula:
log Q(T) =) ai(logT)", (28)
i=0

where a; are numerically calculated coefficients. It is important to
keep in mind that at low temperatures only few energy levels are
populated, so it is not needed to sum (27) over m running to infinity.
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4.1 STATIONARY AFTERGLOW WITH CAVITY RING DOWN SPECTROSCOPY

Table 4: Coefficients for the partition function expression (28) for H (in TE),
PHJ, and °Hj taken from Hlavenka (2007).

HJ (inTE) PHJ °HJ
offset (cm™") 0 64.123  86.9591
ao —35.2007  1.6702  0.5579
aj 73.1854  —4.3613  2.8498
az —68.1800  8.2473  —6.1672
as 372205  —7.6655  6.7433
as —123723 36618 —3.9144
as 2.3413 —0.8479  1.1366
ae —0.1923 0.0764  —0.1275

The situation is similar also for Eq. (28) and it is sufficient to take finite
series. Detailed information for rotational levels of H3 can be found
in Hlavenka (2007), Neale et al. (1996), and Tennyson (2011). The a;
parameters are listed in Tab. 4.

A detailed derivation of the formula for determining the number
density can be found in Rothman et al. (1998) and Varju (2011). We
will give only the final formulas for H] ions in rotational states J,
of the ground vibrational state. If the states are distributed in accor-
dance with Maxwell-Boltzmann distribution, the integral absorption
coefficient is calculated as

Cgn _ Em _En—Em
§—_ 9 _, kBT(1—e ksT)A . (20)
VEnQUT) " ’
Variables and constants in this equation are listed in Tab. 5.
If the absorbance A is measured in the experiment, the number den-
sity N of the ions in the rotational state J,, at the centre of the Doppler
broadened absorption line is

_ AmGD(T)

N SML (30)

where op is the width of the spectral line, to be discussed below.
INTERNAL TEMPERATURES

In the previous paragraphs we considered temperature T as a temper-
ature describing the system in TE. In reality, however, internal degrees
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Table 5: Variables and constants in Eq. (29).

Symbol Description Units
S integral absorption coefficient cm
C 1/8mc =133 x 10712 cm~'s
In degeneracy factor for the upper level of the transition

gn = (250 + 1) x (2Jn+1)
Sn total nuclear spin of the upper level
Jn total angular momentum of the upper level
Em energy of the lower state
En energy of the upper state
Amn Einstein coefficient of the spontaneous emission s!
Vmn transition frequency cm ™!

of freedom are not necessarily thermalised. Therefore we have to dis-
tinguish specific temperatures, such as electronic T, vibrational Ty,
or rotational Tret of the particles, particulary H3 ions. Under TE, all of
these temperatures are equal to the kinetic temperature Tkin:

T=Te=Tvib = TRot = Tkin = - - - (31)

¢ Kinetic Temperature
Kinetic temperature in absorption spectrocopy experiments is
evaluated from Doppler broadening of a spectral line with cen-
tral frequency vy. Its shape is given by a Gaussian function of
the frequency v:

2

.] _ (v;vzoj
V)= e o, 2
g(v) Jomon (32)
where vg = vin and
k'BTKin
Op = Vo MCZ ’ (33)

where M is the particle mass. Please note, that commonly used
full width at half maximum (FWHM) can be obtained by multiplying
op with factor 2,/2log2. The kinetic temperature Txin is then
given by following expression:

oiMc?

Tin = .
Kin v %kB (34)
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4.1 STATIONARY AFTERGLOW WITH CAVITY RING DOWN SPECTROSCOPY

Doppler broadening is not the only spectral line broadening type
but it is the only relevant for this work. For H} ion in helium
buffer gas with pressure 1000 Pa and at temperature of T = 77K,
broadening of spectral line caused by Doppler effect is equal to
786 MHz while broadening due to collisions is only 36.1 MHz.

* Nuclear Spin Temperature
At temperatures ~ 80K, only the two lowest rotational levels of
H;r ion are populated (J,G) = (1,1) and (1,0), so it is possible
to introduce a nuclear spin temperature (gop = 25 + 1):

0f3 Jo — AE 329K
— — e kBINs =2 Tns
Pfy g (35)
and 3.9
TNs = — 55— - (36)
log(%72)

Of course, in TE T = Tys. In

* Rotational Temperature
If Eq. (31) cannot be validated, T in Eq. (26) refers to rotational
temperature Trot, which can be calculated from the ratio of po-
pulations of two rotational states |, and Juy:

P(Em) Om — ot/

= 22— *BTRot ,
P(Em’) Im/ (37)

Vibrational temperature Ty, can be introduced in a similar way.
However, vibrational states are effectively thermalised by colli-
sions with the buffer gas particles and with argon atoms, see
detailed discussion in Article II.

4.1.2  Cavity Ring Down Spectroscopy

In this work, continuous wave modification of CRDS is used and a brief
description of its principles will be given in this section. This spectro-
scopic technique was developed by Romanini et al. (1997). A laser light
is coupled into an optical cavity with highly reflective mirrors (their
reflectivity is > 99.98%). They are periodically swept by piezo element
until an optical resonator is formed (resonant cavity build-up) and the
power of laser light in the cavity rises. Incoming laser beam is then
interrupted by an acoustic-optic modulator after reaching a treshold
intensity measured by PIN or avalanche photodiode behind one of
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the mirrors. A basic scheme of the experimental setup can be seen in
tigure 7.

A laser light intensity I decreases with time t following the afore-
mentioned interruption due to the losses at the mirrors and due to the
absorption by the medium in the cavity, see Eq. (19):

t

I(t,v) =Toe =7 (38)

Signal behaving in accordance with this equation is called a “ring-
down signal”. The characteristic time of the intensity decrease T is a
function of the light frequency and it is inversely proportional to the
concentration of absorbing species in the medium:

—— =t 7AW, (39)

where d is a distance between the mirrors and A is the absorbance,
see (25). Tp is the time constant of a light decay in the empty cavity,
commonly called the baseline. Note, that it can be acquired almost “si-
multaneously” with t(v) during one discharge-afterglow cycle. While
T(v) is acquired early after switching off the discharge, when the mo-
nitored ion density if sufficiently high, to is aquired at the end of the
cycle, when there are almost no ions in the cavity. Frequency of ring-
down events is ~ 100 Hz. Following (39) we can write

d/ 1 1
=2 () 4

4.1.3 Stationary Afterglow with Cavity Ring Down Spectroscopy

SA-CRDS is an implementation of CRDS technique to SA, see Fig. 8. The
discharge tube is made of fused silica and distance between the mir-
rors is ~ 75 cm and internal diameter ~ 1.5 cm. Its uniqueness lies in a
synchronisation of the data aquisition system with a discharge switch.
During the discharge-afterglow cycle repeating with period of several
ms, the ring-down events are stochastic but after several hunderds of
thousands cycles, the time evolution of the measured states is moni-
tored with ~ 20 ps resolution. Detailed description of the technique
can be found in the following works: Varju (2011), Dohnal (2013), and
Hejduk (2013).

As a light source, a fibre-coupled distributed feedback (DFB) laser
diode is used. For studies with HJ a laser with the central wavelength
of 1381.55 nm was used. Its line-width is < 2MHz at 1 s time scale and
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4.1 STATIONARY AFTERGLOW WITH CAVITY RING DOWN SPECTROSCOPY

Figure 7: Top view of the placement of optical components. Adapted from
Varju (2011). Optical fibre from the DFB laser (a) is connected to two 95:5
fibre beam splitters (b). The main fraction of the laser exits the fibre via the
collimator (c). The optical isolator (d) follows. The beam shrinking telescope
from lenses (e) and (f) focuses the beam on the active region of the acousto-
optical modulator (g). The beam is focused on the pinhole (i) by the lens (h)
and mode matched with lens (j). Laser light is guided into the optical res-
onator by mirror (k). The HeNe guiding laser (I) and Fabry-Perot resonator
(m) are also placed on the same optical breadboard.
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maximal output power is 20 mW. The laser beam undergoes carefuly
set spatial filtering to form Gaussian profile matching to the optical
resonator (Hejduk, 2013). Wavelength is monitored absolutely using
wavemeter and relatively using a Fabry-Perot etalon. For an experi-
mental setup scheme see Fig. 7.

microwave

He, Ar, para/ortho-H,

Figure 8: Scheme of SA-CRDs apparatus. The discharge in a gas mixture is ig-
nited in the optical resonator consisting of two highly reflective mirrors. The
oscillating mirror helps to establish the resonance, i. e. to inject the laser light
into the cavity in random times. After the resonance is set and the resonator
is filled with light, the laser light is switched off and the light travels several
km in the cavity being gradually absorbed. Decrease of the optical signal es-
caping from the cavity, which is recorded by the detector is called ring-down.
Higher concentration of monitored ions results in increased absorbance of
the medium and shorter ring-down event. Adapted from Hejduk (2013).

A vacuum system used for SA-CRDS can be seen in Fig. 9. Its gas
handling system is shared with Cryo-FALP II apparatus which will be
described separately in section 4.2.3. He, Ar, and "H; (or D,) are
sourced from it. Para enriched hydrogen “H; is supplied directly from
°H, generator (see 4.3). Reasons for doing so are very simple. When
passing through flow meter, para-to-ortho H, conversion can take
place on its heated surface. We also do not want to store °H; in a ves-
sel kept at the room temperature. Hence the flow of “H; is controlled
by a temperature of the “H, generator’s cold head and calibrated by
a pressure above turbomolecular pump TMU 261 seen in Fig. 9 mea-
sured by gauge Py. Description of calibration procedure itself can be
found in Hejduk (2013).

The discharge tube is cooled by liquid nitrogen (for the wall temper-
ature of 77 K) or by its vapors. They are produced in a Dewar flask
by heating liquid nitrogen with a resistant wire immersed in it. The
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Figure 9: Vacuum system of SA-CRDS apparatus. Pr: Pirani gauge, B: capaci-
tance gauge, Pn: full range gauge, PTU: piezoresistive strain gauge.

vapors are guided in an insulated metal tube into the space between a
fused silica discharge tube and a microwave resonator afterwards.

For determining the recombination rate coefficient (2), we have to
monitor the number density of the specific ion after the discharge is
switched off. The number density of the ion in a specific state is cal-
culated using Eq. (30) and the overall number density is calculated
using Eq. (26). The advantage is that at low temperatures only several
states are populated. If they are monitored, the sum of their number
densitied forms the overall number density.

4.2 FLOWING AFTERGLOW WITH LANGMUIR PROBE

In this section, description of Cryo-FALP II apparatus will be given to-
gether with a necessary information on a diagnostic technique used
and calibration measurements. FALP technique is used in our group
for more than 30 years and there were several versions used in the last
15 years. These versions differed from the other ones used in the rest of
the scientific community not only by the ability to measure at higher
buffer gas pressures but also by the possibility to measure in a wide
range of temperatures. Pinnacle of the efforts represents Cryo-FALP II
apparatus, which can measure recombination at any temperature in
the range of 50 — 300 K.
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4.2.1  Langmuir Probe

The Langmuir probe represents simple but very robust and reliable
diagnostic method which is used for almost 100 years. Consisting of
a small metallic electrode immersed in plasma, it was developed by
Langmuir (1923), Mott-Smith and Langmuir (1926) and if several con-
ditions are fulfilled, plasma parameters, such as the electron number
density ne, their temperature Teand electron energy distribution func-
tion (EEDF) can be easily obtained from its current-voltage character-
istic. These conditions are:

¢ The probe is not emitting.
¢ The electron and the ion currents are independent on each other.

¢ There are only singly charged particles present in plasma (ions
and electrons) and their velocity distribution is maxwellian.

* The probe does not disturb plasma outside of a thin layer sur-
rounding it.

¢ The mean free path of electron and ions is longer than the Debye
shielding length.

There are several construction types of Langmuir probe but only a
single cylindrical probe description will be given here, as it is the one
used in Cryo-FALP I experiment. An example of a probe characteristic
can be seen in Fig. 10.

A typical probe characteristic can be divided into several regions
depending on a probe potential U:

1. U= U.ﬂ
If the probe is at the floating potential Ug, the electron current
on the probe is equal to the ion current, so the resulting current
is equal to zero.

2. U=U
Plasmzf potential Uy, is defined as potential, where both ions and
electrons are neither attracted nor repulsed by the probe. It is
obtained as an inflection point of the probe characteristic (Smith
et al., 1979).

3. U < Ug
If the probe potential is lower than the floating one, the region
is called “saturated ion current”, as majority of charged particles
colliding with the probe surface are positive ions.
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Figure 10: Absolute value of the current-voltage characteristic (open trian-
gles) measured with Langmuir probe on Cryo-FALP Il apparatus in Ar" dom-
inated plasma at temperature of T = 250K and He buffer gas pressure of
800 Pa. The second derivative of the probe characteristic is represented by
open circles. Floating potential Ug and plasma potential U, are denoted by
vertical dashed lines.

4. Ug SUSUp
However, as the voltage increases, the electrons with higher en-
ergy can overcome the repulsive potential and they fall on the
probe surface. Thus electron energy distribution can be obtained
varying the probe potential in this region. Assuming maxwellian
electron energy distribution, the electron current in this region
can be expressed as (Pfau and Tichy, 2007)

. [ kgTe —<cYs
1= _eneAprobe ﬁe kple (41)
e

where Apgpe is the probe surface and Us = Up — U. Hence the
electron temperature T can be obtained from the following equa-

tion:
eus

kBTe ’

where iy is constant independent on Us. Te can be obtained also

from the second derivative of the electron current:
dzi_ eUS

lnm :lnCT—kBTe .

Ini. =Inig— (42)

(43)

Again, Cr is constant independent on Us.
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EEDF can be obtained from the second derivative of the electron
current according to Druyvesteyn formula (Druyvesteyn, 1930):

22m.Us d?i_

ne 63 Aprobe duz '

fleUs) = (44)

5. U> U,
This region is called “saturated electron current” region. As the
name implies, the probe attracts electrons and repulses cations.
The electron current collected by the single cylindrical probe is
(Hutchinson, 2002)

2 A en,
io= )2 ke /el + kpTe. (45)
Me Tt
The electron number density can be obtained using the so-called
“i-square method” (Mott-Smith and Langmuir, 1926) from the
slope S of the i2 dependence on U:

™2 Me
e = [ 525 S, (46)
ZAérobe63

4.2.2  Cryogenic Flowing Afterglow with Langmuir Probe II

As we have mentioned in the introductory part of this section, in
Cryo-FALP II apparatus (for a schematic drawing see Fig. 11) the re-
action section of the flow tube can be cooled down to 40 K and re-
combination processes can be studied down to 50 K. Effective binary
recombination rate coefficients above 1 x 1078 cm3s™! can be reliably
measured. A very broad range of helium pressures and partial pres-
sures of reactant gases can be covered which makes this apparatus
an ideal instrument for measurements of rate coefficients of binary
and ternary recombination processes. I will cover only basic facts in
this work, as description of Cryo-FALP II can be found in the references
Kotrik et al. (2011b) and Dohnal et al. (2013) and technical details can
be found in Kotrik (2013) and Dohnal (2013).

The flow tube of Cryo-FALP 11 is divided into three sections, A, B, and
C which differ by its wall temperature Tw. The internal diameter of
the flow tube is ~ 5 cm, the length is ~ 80 cm. Helium buffer gas
flows through the glass section ( indicated as A in Fig. 11, kept at
room temperature) where it is partially ionized in a microwave dis-
charge (2.45 GHz, power of 10 — 30 W). Downstream from the dis-
charge Ar gas is added in order to remove helium metastable atoms
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Figure 11: Scheme of Cryo-FALP I apparatus. Adapted from Kotrik (2013).

further downstream at the beginning of the stainless steel section B
of the flow tube. This section is cooled to ~ 100 K by liquid nitrogen.
It should be noted that in sections A and B with temperatures above
100 K the recombination is very slow and the plasma decay is caused
mainly by ambipolar diffusion to the walls of the flow tube.

After precooling in section B the plasma enters stainless steel sec-
tion C. This section is connected to the cold head (Sumitomo CH-110)
by copper braids through a platform equipped with removable copper
blocks and heating elements, so the cold head cooling power and the
heath conductivity can be adjusted. Temperatures of the flow tube wall
in the range of 40 — 300 K can be achieved. To obtain good thermal in-
sulation the whole section C and the cold head are placed in another
vacuum chamber, see Sec. 4.2.3. Calculations showed that the buffer
gas temperature Ty, in section C is equal to the wall temperature Ty of
the flow tube, and that the ion and electron temperatures (Tion and
Te respectively) in the afterglow are equal to that of the buffer gas,
i.e. Te = Tion = The = Tw. The temperature distribution along the flow
tube and the resulting temperature of the He buffer gas was calculated
by a computer model (see Kotrik et al., 2011b). The calculated relax-
ation time constant for the electron temperature is < 0.1m:s, i.e. elec-
tron temperature relaxes to the buffer gas temperature quickly after
removal of the He metastables, see (Korolov et al., 2008; Glosik et al.,
1999). We verified the electron thermalisation by analyzing character-
istic times of ambipolar diffusion (see Sec. 5.1). These results support
the assumption Tyy = Te. The ion thermalisation is many times faster
(with time constant < 0.1us) because the masses of ions are similar to
those of the neutral atoms. This was also confirmed by spectroscopic
measurements in H] and D} dominated plasma at otherwise very si-
milar conditions (see Varju et al., 2011; Dohnal et al., 2012b; Dohnal
et al., 2012a).
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The recombination measurements are carried out in section C of
the flow tube based on the electron density decays, which are deter-
mined by an axially movable Langmuir probe (length 7 mm, diameter
18 um). To convert positions in the flow tube to afterglow time, the
plasma velocity has to be known. We did plasma propagation velocity
measurements summed up in Sec. 4.2.5.

The Langmuir probe characteristics are measured point by point on
several possitions along the flow tube axis. The reliability of these mea-
surements can be verified by measuring recombination rate coefficient
of well-known recombination process, e. g. dissociative recombination
of OF ions with electrons. For details see Sec. 4.2.6 of this work.

The temperature of the flow tube wall has to be monitored precisely.
We use several silicone diode thermometers and common diodes at-
tached at several positions along the flow tube, as well as on the plat-
form and cold head itself. After building Cryo-FALP II apparatus we
were trying several “cooling regimes”, results of these measurements
can be seen in Fig. 12. In the first, the B section of the flow tube was
kept at room temperature instead of being kept at 100 K by liguid ni-
trogen (LN,). After 4 hours of cooling temperature of section C was
~ 70K. In the second regime, we cooled down section B and after the
same time we approached the temperature of 68K and afer 5 hours
we got ~ 60 K. In the third case, we improved cooling using cryogenic
grease Apiezon N which makes better thermal contact between the
Cu braids and the platform and we saw very steep decrease of tem-
perature resulting in ~ 50K in 4 hours and ~ 40K in almost 7 hours.

4.2.3  Vacuum and Gas Handling System

Vacuum and gas handling system of Cryo-FALP II apparatus will be
briefly described in this section. The whole apparatus is based on
ultra high vacuum (UHV) technology in order to keep level of impurities,
such as H,O, Oy, and N3, as low as possible. These impurities react
with ions in the afterglow forming fast recombining ions (see Eq. (48)
and comments therein) which alter ionic composition of the afterglow.

Scheme of Cryo-FALP Il vacuum and gas handling system is shown in
Fig. 36. The system can be divided into three main parts: gas handling
system, insulating vacuum chamber of the flow tube, and the flow
tube itself.

The purpose of the gas handling system is to clean the gases before
entering the flow tube and to mix the reactant gases. Helium (purity of
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Figure 12: Measured temperature evolution of the section C of the flowtube at
three regimes. In the first regime (dashed line), the B section of the flow tube
was kept at room temperature instead of being kept at 100 K by LN,. In the
second regime (dotted line), section B was kept at 100 K. In the third regime
(full line), we used Apiezon N cryogenic grease. Adapted from Rubovi¢ et al.
(2011).

5.7) is cleaned by passing two inline molecular sieve traps filled with
zeolite, which are kept at LN, temperature. Before entering the flow
tube, helium is passed through LN, cooled cryopump. Other gases (Ar,
O;, Hy, D) are purified only by passing cryopump cooled by LN, or
by precooled ethanol (T ~ 170K), depending on the boilng point of the
gas. Ar gas is of 5.7 purity, H, and D, have declared purity of 5.0.

The flow of the gases is measured by mass flow meters (10000 sccm
range for He, 10 sccm range for Ar) and flow of the reactant gases is
regulated by mass flow controler with 10 sccm range. If desired reac-
tant gas flow has to be even lower, it can be mixed with He in reser-
voirs, which can be seen in in Fig. 36. Reservoir system is equipped
with a capacitance manometer with range 102 — 10° Pa.

The gas handling system is routinely heated to ~ 340 K. Before ev-
ery measurement a cleaning procedure lasting over 1 day takes place.
Lines are heated, repeteadly filled with appropriate gas at pressure of
several 10° Pa, and subsequently pumped. Molecular sieves are baked
to ~ 390K and repeteadly flushed with He. The background pressure
after the cleaning procedure is in the order of ~ 9-107°Pa. The re-
sulting estimated level of impurities in the used gas mixture is of the
order 10~2 ppm.
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The purpose of the insulating vacuum chamber is, as was already
mentioned in Sec. 4.2.2, to provide thermal insulation of the flow tube
and cold head, i.e. to minimize the convection heat losses. The back-
ground pressure is usually ~ 1073 Pa.

The flow tube pressure is maintained by turbomolecular pump and
ion sputter pump in between experiments, when it is heated to the
temperature of 315K. The background pressure is in the order of
1076 Pa. During the experiment, buffer gas is pumped through the
flow tube by a large Roots-type blower.

4.2.4 Data Analysis

As was already outlined in Sec. 2.2.1, data analysis in afterglow exper-
iments is usually quite straightforward. However, few details have to
be taken into account and they will be discussed in this section.
Electron number density ne in Cryo-FALPII is evaluated using “i-

square method”, see Eq. (46) and corresponding comments in Sec.
4.2.1. Decay of n. in quasineutral plasma dominated by singly charged
ion A™ is given by Eq. (3), which we modify a bit:

dn. d[AT]

dt 4t
where . stands for the effective (or apparent, overal) binary recombi-

nation rate coefficient and k is the rate coefficient of the ion-molecule
reaction of A™ with molecule B:

AT+BE CT+D, 48)

= —oceffne[A+] - k[A+] [B] - Dav[A+] ’ (47)

where C* is a fast recombining ion.
Using approximation of the fundamental diffusion mode (Chen,
1974) and aforementioned assumption (i.e. ne = A™), Eq. (47) can

be written as
dne

dt
where fundamental diffusion length A can be calculated as A = 1/]o,
T being the flow tube radius and Jo = 2.405 is the first root of Bessel

D
= —(Xeffng —kne (B] — T;ne ’ (49)

function.
Time constant of the diffusion losses is taken as
/\2
= — 0
D D. (50)

and time constant of the losses due to ion-molecule reaction (48) is
1

R = XBl (51)
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The so called “linear” losses, which are proportional to n. are then

defined as
. 2)
TL B D TR ' 5

Finally, we can rewrite Eq. (47) into a simpler form:

dn 1
dte = — Ot — ?Lne- (53)

The analytical solution of Eq. (53) has following form:

no
ne(t) = [ g (54)
Keff TLTLO * (e - 1> +e

where ngy and t( represent initial conditions. Both coefficients os and
71 can be obtained directly by fitting the measured n. to Eq. (54). Con-
stants D, for ambipolar diffusion are known for most of the cases and
number density of B (i. e. impurities) can be estimated from t1,. How-
ever, the dominant ion A" is usually formed from precursors and
it does not have to be fully formed at the beginning of n. measur-
ing. To resolve this problem, an “integral analysis” was developed by
O. Novotny (Korolov et al., 2008). Its core lies in the introduction of
time dependent parameter &, which is defined as

[AT](t)

&(t) = ()

, (55)

i.e. the fraction of A" number density to the overal ion number den-
sity. Using this parameter Eq. (53) can be rewritten as

dne o 2 ]
dt — O(eff‘z—v(t)ne ?Lne- (56)

After integration we get

In |:Tl,e(tb§:| 4 tb;ta = — Ot Jtab E’(t)ne(t)dt, (57)

where t, and t;, are integration limits. After A™ becomes dominant
and & = 1, plot of Eq. (57) becomes linear with slope equal to —a.
Time constant Ty, is taken as a parameter and it is calculated by mini-
mizing x? of the fit.

The derivation of Eq. (57) is valid under the assumption that o.¢ does
not depend on n.. However when studying E-CRR, agis dependent
on N, see Eq. (12). If no other recombination processes are present,
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we can treat this case by modifying the procedure of (57) derivation.
Firstly, we begin with Eq. (56):

dne . 3 1
Tl —KE-crrE(E)NS — Ene , (58)

and after integrating we get the following expression:

tp

= _KE-CRRJ E,(t)ng(t)dt . (59)

ta

ne(tb) th —ta
In [ne(ta)] * TL

Derivation of Kg.crr and 11, remains the same as for Eq. (57) and rate
coefficient og.

4.2.5 Velocity Calibration

As was already mentioned in Sec. 2.2.1, it is necessary to know the ve-
locity of the plasma propagation v along the flow tube axis to convert
distance z to time t. A simple time of the propagation method is used
to obtain the velocity calibration. The discharge power is modulated
periodically, so the electron number density n. is modulated too. Time
delay At of the n. distortion is measured by Langmuir probe at differ-
ent spatial positions and v can be obtained from the linear fit to the
measured dependence of At on z, see Fig. 13, where several sets of
plasma propagation velocity in He] dominated plasma are displayed.
Note, that a change in these dependencies is caused by gradual cool-
ing of plasma in the flow tube.

The results of the plasma velocity can be summarised as a function
of semiempirical similarity factor (Kotrik, 2013) FT/p depending on the
buffer gas flow rate F, its pressure p, and temperature T. This depen-
dency is displayed in Fig. 14 for both He] and Ar* dominated plasma.
As one would expect, it does not depend on the plasma composition.

A linear fit to the data in Fig. 14 (the dashed line) represents the
calibrating curve used for the determination of the plasma velocity at
given experimental conditions. This can be done using the following

formula: T ORT
v:vo—i-Sv(‘— 0 0>
p Po

where vy represents velocity measured at Foy, To, and po, S, denotes

the slope of the calibrating curve. These values are: vo = 8.45Tm - s,

Sy =3.047K " -m~2,and Fy - To/po = 2.483K -m3 - s~ 1.

(60)
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Figure 13: Plasma propagation velocity at the flow tube axis measurements
in Cryo-FALP II. The discharge is modulated and the time delay At of n. dis-
tortion is measured at the spatial position z. Data are obtained in He] domi-
nated plasma, experimental conditions are listed in the figure. Adapted from
Kotrik et al. (2011b).

4.2.6  Recombination of OF

The Langmuir probe has to be calibrated due to several reasons. One
of them is verifying the theoretical assumptions of the Langmuir probe
theory 4.2.1. The other reason is to overcome the uncertainities in de-
termination of Langmuir probe surface, i.e. its diameter and length
needed for the electron number density measurements (46). The mul-
tiplication of n. with eventual correction factor is equal to the multi-
plication of the measured recombination rate coefficient «. The key for
determination of the correction factor C is to measure the recombina-
tion rate coefficient of a well known ion and in subsequent comparison
with its generally accepted values. For this purpose, O3 ion was used
with the recombination rate temperature dependence (Spanél et al.,

1993):
oo =20 x 1077(300K/T)%%% em’s ™. (61)

O dominated plasma is formed in He/Ar/O, mixture involving
the reactions listed in Tab. 6. A set of these reactions was used in the
chemical kinetics model, which was computed before each measure-
ment. The conditions have to be set to form O] dominated plasma.
Number density of O, has to be high enough to assure fast O forma-
tion but one has to avoid excessive O} formation at higher [O]. The
flow and pressure of He buffer gas must be set correctly in order to
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Figure 14: Velocity calibration curve of Cryo-FALP II apparatus. Velocity v
dependence on similarity parameter representing experimental conditions is
measured for plasma dominated by both Hej and Ar™ (circles and squares,
respectively). Fit to the data is represented by dashed line, which is used as
the calibrating curve for determining the plasma velocity at given experimen-
tal conditions. Adapted from Kotrik et al. (2011b).

decrease losses caused by ambipolar diffusion. Example results of the
model compared to the experimental data can be seen in Fig. 15

Helium buffer gas dependencies of the O recombination rate coeffi-
cients for the temperatures of 155 K and 230 K are displayed in Fig. 16.
The mean of the data shows that the agreement with values given by
épanél et al. (1993) is very good. Data were obtained at wide He buffer
gas pressure range and no pressure dependence can be seen, nor any
dependece on O] number density was seen, so we can assume that
the recombination was not affected by O} recombination.

We measured at three different temperatures — 100 K, 155 K, and
230 K. The obtained results can be seen in Fig. 17 together with data
obtained in other experiments (McLain et al., 2004; Alge et al., 1983;
Walls and Dunn, 1974; Johnsen, 1987; Adams et al., 1984; Peverall et
al., 2001; Spanél et al., 1993). The agreement with both afterglow and
ISR experiments is obvious. Langmuir probe used in Cryo-FALP II exper-
iment is the same one, as mentioned in Korolov (2008) and the afore-
mentioned results indicate that the correction factor C = 1.6 (i.e. the
probe itself) remains unchanged.
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Table 6: List of the reactions which are included in the chemical kinetics
model of O; dominated plasma in He/Ar/O, mixture. Characteristic times
of the reactions are based on typical experimental conditions: [He] = 5 -
10" em=3, [Ar] =5-10"3 em™3, [02] =5-10"3 em 3, [He™] =1-10"%cm—3,
Nne = 107 em 3, T = 230 K. When several loss processes are included for one
species, the one with the smallest characteristic time is dominant. Adapted
from Rubovi¢ et al. (2012).

REACTION alem3s 1] [em—6s— 1] T [ms] SOURCE
He® + He + He — 1.1031 0.04 Tkezoe et al. (1987)
Hej + He
Het + Ar — Art + 1-10°13 200 Johnsen et al. (1973)
He
He™ + Ar — Art + 71011 0.3 Glosik et al. (1999)
He +e™
He™ + He™ — HeJ + 5.107 20 Urbain (1999)
o
He™ + He™ — Het + 1.5.-10—7 67 Deloche et al. (1976)
He +e™
He} + Ar — Art + 2.10—10 0.1 Tkezoe et al. (1987)
2He
He;r +e~ — 2He <3.10—10 30 Deloche et al. (1976)
Art +0, - 0F + 45.10711.(300/T)0-67 0.4 Midey and Viggiano (1998)
Ar
Art +e” +He — Ar 3.1026 67 Bates and Khare (1965)
+ He
OF +e~ - 0+0 2.0-1077-(300/T)0:-65 4.2 Spanél et al. (1993)
OEL + Oy + He — 8.9-10—31.(300/T)2:74 22 Smirnov (1977) and Boehringer et al. (1983)
OF +He
03 + 0, + 0, — 3.7-10739.(300/T)3 47-.103 Smirnov (1977)
0} +0,
OI +e — products 23106 0.43 Kasner and Biondi (1968)

4.2.7  Electron Temperature Verification

Electron temperature Te is one of the most important parameters affect-
ing dissociative recombination. It is usually evaluated from the second
derivative of the Langmuir probe current-voltage characteristics, see
Sec. 4.2.1 and Eq. (43), but its determination at low temperatures is
problematic.

However, a precise measurement of ambipolar diffusion losses in
the late afterglow can serve as a “diffusion thermometer”. In this
case we used the data from our study of Ar" ion recombination at
low temperatures, which can be found in Sec. 5.1. As we mentioned
in Sec. 4.2.4, the measured time constant Ty, constists of two compo-
nents; one representing ambipolar diffusion Tp and the other repre-
senting losses due to ion-molecule reaction Tr. The value of 1p de-
pends on temperature, helium buffer gas density, the characteristic
diffusion length A = R/2.405 of the flow tube, and the zero-field re-
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Figure 15: A comparison of the chemical kinetics model based on the reac-
tions listed in Tab. 6 with measured data at displayed conditions. After the
discharge ignition in helium gas, afterglow with He" and He; ions and He™
metastable atoms are created. After the addition of argon plasma is rapidly
converged into the Ar" dominated plasma. Oxygen is added later and OF
becomes the dominant ion. Adapted from Rubovi¢ et al. (2012).
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Figure 16: Measurements of the rate coefficients of dissociative recombination
of O3 with electrons at 155 K and 230 K at several pressures of He buffer
gas and over 1 order of magnitude of [O;]. There is a very good agreement
between the mean of the data (continuous line) and the generally accepted
value (épanél et al,, 1993). Adapted from Rubovi¢ et al. (2012).

duced mobility Ko of Ar' ions in He. Mason and McDaniel (1988) give
the following formula for ambipolar diffusion characteristic time (as-
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Figure 17: Temperature dependence of the measured recombination rate co-
efficient oy, pr Of the binary dissociative recombination of O; ions with
electrons. The present Cryo-FALP II data (large circles) are compared to pre-
vious results (McLain et al., 2004; Alge et al., 1983; Walls and Dunn, 1974;
Johnsen, 1987; Adams et al., 1984; Peverall et al., 2001; gpanél et al., 1993).
Adapted from Dohnal et al. (2013).

suming that electrons, ions, and gas atoms have the same temperature
Te = Tion = THe = T):

1 . 15K0(T) T —1
- =4.63 x 10 A2 [He]s . (62)

Since the zero field reduced mobility of Ar" in He is nearly constant
for temperatures below 300°K, a plot of [He]/tp versus T dependence
should be almost linear, with small deviations if the dependence of
Ko on temperature is included, for details see (Kotrik et al., 2011a).
Measured values of [He]/tp should be proportional to the tempera-
ture thus providing an independent measure of the otherwise diffi-
cult to determine electron temperature. Figure 18 shows the theoreti-
cal temperature dependence of [He]/Ttp, where 1p is calculated using
zero-field reduced mobility Ko (Viehland et al., 1991; Lindinger and
Albritton, 1975; Johnsen and Biondi, 1979).

Even small changes in temperature imply rather large changes of
[He]/tp and to illustrate this fact we included also values of [He]/tp cal-
culated for the temperatures that are 10 K higher and lower in Fig. 18.
As can be seen in Fig. 18, the “diffusion thermometer” becomes unre-
liable at temperatures below ~ 70K because the experimental values
[He]/7y include a contribution [He]/Ttr caused by reactive losses in
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Figure 18: Temperature dependences of [He]/tp and [He]/tr. Full line rep-
resents the theoretical temperature dependence of [He]/1p. Dashed lines are
calculated for 10 K higher or lower temperatures. The dash-dotted line la-
beled [He]/tr shows values corresponding to reactive losses due to AlriL for-
mation. Data measured on previous FALP experiments (open triangles) are
adapted from Kotrik et al., 2011a as well as data indicated by asterisk sym-
bols measured at 250 and 300 K. Open circles indicate measured [He] /T, and
closed circles indicate corresponding [He]/tp calculated for particular [He]
and [Ar]. Adapted from Dohnal et al. (2013)

the late afterglow (see Eq. (52)). Thus we corrected the experimental
values of [He]/ T (open circles) by subtracting an estimated reactive
loss term [He]/Tr in order to obtain the pure diffusion loss rate term
[He]/tp (solid circles). The reactive loss term [He]/tr was ascribed to
conversion of Ar™ ions to fast recombining Ar; ions, using the experi-
mental association ternary rate coefficient k, of Bohme et al. (1969). For
details of the actual analysis refer to Dohnal et al., 2013. This correc-
tion is included in Fig. 18 (dash-dotted line). Since the reactive losses
increase rapidly at lower temperatures, while the diffusion losses be-
come smaller, the accuracy of the “diffusion thermometer” becomes
poor below 70 K and corrections for reactive losses do not improve it
much. Nevertheless, this does not necessarily imply a difference be-
tween the flow tube wall temperature Ty, Te and Tion below 70 K as
will be shown in Sec. 5.1. For comparison in Fig. 18 we also show data
from the previous FALP and Cryo-FALP I experiments measured at
250 and 300 K (Kotrik et al., 2011a). In that case the whole flow tube
was cooled by liquid nitrogen to the same temperature and there was
no doubt about temperature equilibration.
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4.3 PARA ENRICHED H); GENERATOR

Total fractions of para PH, and ortho "H, hydrogen states in hy-
drogen gas in TE ("H;) at 300 K are 1/4 for PH;, and 3/4 for °H;.
These populations change only very slowly when the gas is cooled or
heated. However, several mechanisms for realigning the proton spins
exist (Hejduk, 2013). One of them is tu use a para-magnetic catalyst.
If "H; is brought into contact with such catalyst and cooled down to
very low temperaturest, hydrogen gas in nearly complete PH, popu-
lation in the lowest rotational state (vo = 0, ] = 0) can be prepared.
Afterwards, without the presenceof the catalyst and subsequent heat-
ing of the gas, it maintains its “low temperature composition of states”
for sufficiently long time to provide experiments with para-enriched
hydrogen (*H;). Measured time constant for backward conversion to
"H; in a glass cavity kept at room temperature was 97 £ 4 hours.

Para enriched H; generator, inspired by Tam and Fajardo (1999),
was built in our laboratory to work in conjuction with SA-CRDS ex-
periment. For details, please, refer to the works of Varju (2011) and
Hejduk (2013). In this device, Fe,O3 was used as a catalyst. A conver-
sion chamber filled with the catalyst is cooled by a cold head. The
actual fraction of PH, measured by nuclear magnetic resonance is
PH,]/[*Hz] = (87 £5) %. This is sufficient to form afterglow plasma
with fraction of PHJ (Pf3) higher than that in "H,, where Pf3 = 0.5,
see Fig. 19.

After the experiments on SA-CRDS, which are summarised in Dohnal
et al. (2012b), the HFeO, catalyst was changed and heat activated
in H, atmosphere. According to Zymak et al. (2013), who measured
the reaction rate coefficient of N* + H; reaction, Pf3 in the produced
°H, was (99.5 4 0.5%). This catalyst was used in the state selected
ng studies using Cryo-FALP II, see Sec. 5.3.
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Figure 19: Panel (a): Calculated temperature variation of the fractions Pf3 and
°f3 in thermal equilibrium, compared to measured values of Pf3 during the
discharge phase (open triangles) and during the afterglow (closed circles
and triangles) in experiments with either "H;, or ®*H,. Panel (b): Calculated
thermal-equilibrium fractions Pf; and °f;. The dashed horizontal lines indi-
cate the values of Pf; in experiments with either "H; or “H, (measured by
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NMR). Adapted from Dohnal et al. (2012b), see Article IV.
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The following section will cover all the results of my doctoral study
work. Their majority was already published and the publications are
found in the attachment of this work.

51 AR" RECOMBINATION

When measuring at room temperature, one does not have to take
neutral assisted ternary recombination (N-CRR) nor electron assisted
ternary recombination (E-CRR) into account due to their inverse and
rather steep temperature dependence (see Sec. 2.3). Impact of those
processes on the effective recombination rate coefficient of Ar" ions
measured at conditions typical for most of the afterglow experiments
is too small to be measured. However when reaching lower tempera-
tures, they have to be considered.

After constructing the Cryo-FALP Il apparatus, which can measure
recombination rate coefficients at temperatures down to 50 K, we de-
cided to study recombination of Ar" ion end effects of the aforemen-
tioned ternary recombination processes on its recombination. There
were several reason for choosing this ion. Firstly, the processes leading
to its formation in helium buffered afterglow plasma are well known.
The second reason was that we could follow the study by Kotrik et
al. (2011a) who studied E-CRR of Ar" ions at temperatures down to
77 K using Cryo-FALP I apparatus. And the last reason is that radia-
tive recombination of Aris negligible (see Eq. 1), so only the ternary
processes exhibit.

5.1.1 Art Formation in Plasma

Discharge is ignited in the helium buffer gas flowing through a glass
discharge tube of Cryo-FALP I apparatus, as displayed in Fig. 11. Ar-
gon reactant gas is added downstream via port P1 in order to form
Ar" dominated plasma. This is achieved by Penning ionization of
metastable helium atoms by Ar (reaction 6) and by reactions 5 and
7 in Tab. 7. Depending on the actual experimental conditions (tem-
perature, buffer gas pressure, electron number density), N-CRR and /or
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Table 7: List of the reactions taking place in a He/Ar plasma. Values of re-
action rate coefficients are given for 80 K if the temperature dependence is

known.
No REACTION «[eMm3s 1] [em— 65— 1) SOURCE
He™ dominated plasma formation
1 He™ + He + He — Hezr + He 1.1031 Tkezoe et al. (1987)
2 He™ + He™ — Hezr +e 5.10—7 Urbain (1999)
3 He™ + He™ — Het + He + e 15107 Deloche et al. (1976)
4 He;*—e* — 2He <3.1010 Deloche et al. (1976)
Ar™ formation and destruction
5 Het + Ar — Art + He 1.10—13 Johnsen et al. (1973)
6 He™ + Ar — Art + He + e — 7.10—11 Yencha (1984)
7 Hez' +Ar — Ar™t + 2He 2.10—10 Ikezoe et al. (1987)
8 Art ve " +eT — Ar+e 111017 Stevefelt et al. (1975)
9 Art +e” +He — Ar + He 2.7-1026 Bates and Khare (1965)
Ary™ formation and destruction

10 Ar++Ar+He—>Arzr+He 1.3.10 31 Smirnov (1977)
11 ArgL +e~ — 2Ar 8107 Okada and Sugawara (1993)
12 Arzr + Ar + Ar — Ar;r + Ar 3.2.10 30 Hiraoka and Mori (1989)
13 Ar3 + Ar+He — ArJ + He 5.5.10 31 Smirnov (1977)
14 Ar;r +e — 3Ar 3.6-10© estimate
15 ArgL +Ar+He~>ArZr + He 5.5.10 31 estimate
16 Arj‘L +e — 4Ar 3.6-10© estimate

E-CRR process then takes place. It has to be noted, that at low tempera-
tures the formation of fast recombining Ar; ions should be included
in the data analysis (reactions nos. 10 and 12 in Tab. 7).

To set suitable experimental conditions, a chemical kinetics calcula-
tions using set of reactions listed in Tab. 7 was performed prior to the
experiment (for additional details of the model see Korolov (2008) and
Kotrik (2013)). To determine the influence of Arzr ions in the experi-
ment we measured dependence of o on Ar number density. Such
dependencies measured at the temperature of 62 K are plotted in
Fig. 20. As can be clearly seen, the measured . is constant at [Ar] <
10'3 cm™—3 and increases above this number density due to formation
of Arj. Hence the typical [Ar] used in the study were ~ 3 x 10'? cm ™3
which is sufficient to form Art dominated plasma prior entering cold
section C of the flow tube (see Fig. 11). For additional comments about
the nature of saturated values at [Ar] > 10" cm™3 please refer to
Dohnal (2013).
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Figure 20: The dependence of measured effective binary recombination rate
coefficient oef on Ar number density at 62 K and indicated pressures of He
(full circles for the pressure of 1200 Pa and full squares for 500 Pa). Adapted
from Dohnal et al. (2013).

5.1.2 Data Analysis and Results

We can write the following balance equation for Ar" dominated, quasineu-
tral helium buffered afterglow plasma:

dn, d[ArT n
e _dlari] _ —Kpe-crr [Hel[Ar Jne — Kg.crr[ArtInZ — ?E (63)

dt dt €

where 1, represent the linear losses as defined in Sec. 4.2.4. The effec-
tive recombination rate coefficient x.¢ can be introduced as

%eff = Kpe-crr[He] + Kg crrMe (64)
and Eq. (63) can be rewritten:

dn d[Art] n
dte = T = _Cxeff[Ar_._]ne - ?;j . (65)

Linear addition of both N-CRR and E-CRR contributions in Eq. (64)
might not be necessarily correct. According to Bates (1974), both pro-
cesses can partly compete for the populations of the same energy lev-
els. Hence Eq. (64) can be seen as a linear approximation valid if small
fraction of the intermediate states is stabilized in collisions with neu-
trals or electrons.

In Fig. 21 the dependence of . on He number density measured
at indicated temperatures of 62, 72, and 100 K is shown. The initial
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Figure 21: Measured dependence of the effective binary recombination rate
coefficient (T, [He], ne) of Art recombination with electrons on He num-
ber density at 62, 72, and 100 K. The lines represent the linear fits to the
data.

ne was in the range of 4 x 1078 cm=3 — 1.5 x 1077 cm 3. Linear de-
pendence of a.¢ on [He] is obvious and the ternary recombination
rate coefficient Kye.crr can be obtained from the slope of such de-
pendencies. Temperature dependence of Kye.crr is plotted in Fig. 22
together with data obtained by Berlande et al. (1970), Cao and Johnsen
(1991), Deloche et al. (1976), and van Sonsbeek et al. (1992) and theo-
retical dependencies calculated according to Bates and Khare (1965)
and Pitaevskii (1962).

Linear fits of ag vs. [He] plotted in Fig. 21 extrapolated to zero
He number density give nonzero values caused by contribution of
E-CRR. After dividing the extrapolated intercept by a mean electron
number density in a specific measurement, we get a Kg.crr estimation
displayed in Fig. 23. Although this method of obtaining Kg.crr can be
seen as an approximation of the actual values, it agrees very well with
the theoretical prediction of Stevefelt et al. (1975) and also with the
previous results obtained in our group at higher ne ~ 3 x 10° cm—3
(Kotrik et al., 2011a; Kotrik et al., 2011b) where Kg.crr is obtained
directly from the electron number density decays using Eq. (59). For
more details see also Kotrik (2013).
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Figure 22: Temperature dependence of the measured ternary recombination
rate coefficient Kye.crr of He assisted recombination of Art ions with elec-
trons represented by full circles. Included are also data from previous ex-
periments (Berlande et al., 1970; Cao and Johnsen, 1991; Deloche et al., 1976;
van Sonsbeek et al., 1992). The dotted line follows calculation by Bates and
Khare (1965), the solid line is scaled for this study using the dependence of
the ternary recombination rate coefficient on reduced mass as suggested by
Bates and Khare (1965). The dash-dotted line indicates theory of Pitaevskii
(1962). Adapted from Dohnal et al. (2013).
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Figure 23: Temperature dependence of the measured ternary recombination
rate coefficient Kg.crr of ternary electron assisted collisional radiative recom-
bination of Ar" ion with electrons. The full stars represent data measured at
lower ne (108 — 107 cm—3) using Cryo-FALP II apparatus (Dohnal et al., 2013).
The full triangles denote values measured using the same apparatus at higher
ne (Kotrik et al., 2011b). Data depicted by open rhomboid are compiled from
several measurements on Cryo-FALP I at 77 K. The crosses represent data
measured on Cryo-FALP I at temperatures above 77 K (Kotrik et al., 2011a).
The dashed line indicates Kg.crr calculated using collisional term of Steve-
felt’s formula (14). The full line is the fit to the Cryo-FALP I and Cryo-FALP II
data. The open circles are values obtained by other groups (Mansbach and
Keck, 1969; Berlande et al., 1970; Curry, 1970; Skrzypkowski et al., 2004).
Adapted from Dohnal (2013).
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52 HJ AND D] RECOMBINATION

Dissociative recombination of H3 has been studied in our laboratory
since late 1990s and three types of experimental apparatuses were
used. The first one was AISA experiment, modification of a clasic SA
experiment, as described in Sec. 2.2.1, which used Langmuir probe
and a mass spectrometer as a detection technique (Poterya et al., 2002;
Plasil et al., 2002; Plasil, 2003). In order to determine internal state
of the recombining HJ ions, the Test Discharge Tube — Cavity Ring
Down Spectroscopy (TDT-CRDS), today labelled as SA-CRDS, was built
and a series of successful studies of both H] and D recombination
studies were performed using it (Macko et al., 2004; Varju et al., 2011;
Dohnal et al., 2012b; Dohnal et al., 2012a). Several variants of FALP
type experiments were used throughout the years, for details refer to
Novotny (2006), Korolov (2008), and Kotrik (2013).

A nontrivial dependence of «.¢ on H, number density was revealed
in early studies of HJ recombination which can be described by divid-
ing into three regions characterized by its [H;]:

e For [Hy] < 10"2cm™3 o lineary decreases with decreasing
[H>] which explains the low value of . given in Glosik et
al. (2000). There are several explanations of this phenomenon.
Johnsen (2011) suggests that HJ is not the dominant ion and
the presence of slowly recombining ArH™ influences the mea-
sured recombination rate coefficient. However the mass spectra
obtained during the actual experiment (Plasil et al., 2002) clearly
exhibits that H was dominant ion in AISA experiment. Another
possibility is that at such low [H>] the number of collisions of
HJ ions with H, molecules is not sufficient to quench possible
vibrational excitation of H} (Johnsen, 2005) or to maintain stable
ortho- to para—H3+ ratio (Glosik et al., 2009b).

e For 10"2ecm 3 < [Hy] < 10" em 3 the value of ae does not
change with [H;], creating plateau. This region is called “satu-
rated region” (Glosik et al., 2009b). Dependence of the «.¢ value
in this region on He buffer gas number density is caused by pres-
ence of ternary He assisted recombination channel.

e For [Hy] > 10" em ™3 g increases due to formation of ng ions.
However, this increase is seen also at conditions, where HgL for-
mation should be negligible, e.g. at the temperature of 300 K.
The mechanism of this phenomenon assigned to H; assisted
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ternary recombination of HJ, is not yet known. We will discuss
this phenomenon in a separate section 5.4.

5.2.1 Hj and D3 Formation in Plasma

In Cryo-FALP II experiment, helium buffer gas is partially ionized in a
microwave discharge in the upstream part of the flow tube; He™, Hej,
and He™ are created subsequently. Argon is added through port P1
(see Fig. 11 in Sec. 4.2.2) further downstream to form Ar" dominated
plasma. Reaction nos. 1-9 listed in Tab. 7 are involved. Ar" dominated
plasma is entering section B of the flow tube, which is cooled by LN,.
He buffer gas and subsequently Ar™ ions are thermalized to the flow
tube wall temperature Ty . Reactant gas, in this cas H, or D;, is added
through port P3, located in the beginning of cold head cooled section
C of the flow tube. Ar" ions are converted to Hj (or DJ) by a chain
of ion-molecule reactions and after a short distance from the reactant
entry port thermalized H} (DJ) dominated plasma is created. The re-
actions involved are listed in Tab. 8. When using SA-CRDS experiment,
the discharge is ignited already in a He/Ar/H,(D,) mixture.

5.2.2 Data Analysis

The effective recombination rate coefficient o.g of H;r dissociative re-
combination if measured in helium buffered afterglow experiment is
dependent on temperature T, number density of both H; reactant gas
and He buffer gas in the following way (Rubovi¢ et al., 2013):

dne
dt

= —Obpin [H;]ne — &5 RH;ne — Kpe[He] [Hg]ne (66)
n,
— Kg-crr[H3InZ — ?: ,

where oy, is binary recombination rate coefficient of H;rions, o5 is
recombination rate coefficient of HZ ions, R is ratio of the HZ number
density to H] number density (R = [HZ]/[HJ]). Note, that R ~ Kc[H;]
if R is constant in time; K¢ is the equilibrium constant. Ky is the
ternary recombination rate coefficient of He assisted ternary recom-
bination, and Kg.crr is the ternary recombination rate coefficient of
E-CRR. The effective recombination rate coefficient is introduced as

Keff = Xpin + Kg-cRRMe + Kpe-crr [He] + o5 Kc[Hp] . (67)

To determine contributions of different processes in the measured
oeff as in Eq. (67), one has to separate them by measuring dependencies
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Table 8: List of the reactions which are included in the chemical kinetics
model of H] (DJ) dominated plasma in He/Ar/H;(D3 ) mixture. The listed
values are for the temperature of 300 K if available.

Ne REACTION alem3s 1] [em 65 1] SOURCE

H3+ formation and destruction

1 Art +H; - ArHT +H 8.10—10 Dotan and Lindinger (1982)
2 Art +Hy; — H; + Ar 1.10—10 Dotan and Lindinger (1982)
3 HF +Ar— ArH™ +H 2.3.107 Glosik (1994)
4 HY +H, - HJ +H 2.1-10°7 Glosik (1994)
5 ArH' +H,; — H; + Ar 1.5.-10—7 Villinger et al. (1982)
6 HY +H, +He — HJ + He <1027 Smirnov (1984)
7 HZ +He — HY +H, +He <1013 Glosik et al. (2003)
8 HY +H, +Hy, — HY +H; 4.6-1030 Johnsen et al. (1976)
9 H;f + e~ — products ~10-8 107 Rubovit et al. (2013)
10 HE: + e~ — products 2.5.-10—°6 Glosik et al. (2003)
D;r formation and destruction
11 Art +Dy, — ArDT +D 7.5-10—10 Anicich (1993)
12 Art +Dy — DZ+ + Ar 7.5-1010 Anicich (1993)
13 Dzr +Ar = ArD* +D 1.5.-10—7 Clow and Futrell (1970)
14 Dzr+D2 —>D§r +D 1.6-1077 Bowers et al. (1969)
15 ADT +D; — D3+ + Ar 6-10—10 Villinger et al. (1982)
16 DgL +D;, +He — Dgr + He <1027 Novotny et al. (2006)
17 D +He — DF + D, +He <-.10—13 Novotny et al. (2006)
18 D3 +D, +D; - DJ +D, 6-1030 estimation
19 D;r +e~ — products ~10-8 —107 Rubovit et al. (2013)
20 D5+ +e~ — products 3.10—° Novotny et al. (2006)
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of ¢ on [He] and [H;] at each temperature. oy, is then equal to the
limit of «¢f for the zero number densities of He and H;,. Dependency
of xeff on [Hz] can be seen in Fig. 24 for 90 K and 70 K. H, num-
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Figure 24: The measured dependencies of the effective recombination rate
coefficient of the HgL ions with electrons on H; number density as measured
in Cryo-FALP II experiment at 90 K (panel (a)) and 70 K (panel (b)). The dashed
lines represent linear fits to the data. Adapted from Rubovi¢ et al. (2013).

ber densities has to be kept above 5 x 10" ecm™3 in order to form
HJ dominated plasma in adequate timeframe and also to maintain
the constant ortho- to para-Hj ratio. The dependencies of og on He
number density obtained in saturated region are plotted in Fig. 25.

Please note, that ternary recombination of H; assisted by H; is not
taken in to the account in the actual data analysis and it does not affect
obtained data. It will be discussed in Sec. 5.4 of this work.

5.2.3 Experimental Results

Experimental results were obtained in both SA-CRDS and Cryo-FALP II
experiments. The infrared transitions used for probing the number
densities of specific states for Hj ion are listed in Tab. 1, lines moni-
tored in studies using D} are listed in Tab. 3. HJ ions with thermal
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Figure 25: The dependence of the effective recombination rate coefficient
measured in Cryo-FALP II experiment on He number density as measured for
H7 ion at 60, 70, and 90 K (panel (a)) and for D3 ion at 60, 80, and 90 K
(panel (b)). The dashed lines are linear fits to the data; the displayed errors
are statistical errors. Adapted from Rubovi¢ et al. (2013).

distribution of states were used in these measurements. For experi-
ments with para enriched H; reactant gas, see Sec. 5.3.

In the previous FALP experiment, only the temperatures of 77 K and
300 K could be kept and intermediate temperatures were achieved dur-
ing slow heating from the lowest temperature. The evaluation of data
in these experiment is discussed in Glosik et al. (2009b). In contrast to
them we could measure at any temperature in the range 50 — 300 K us-
ing Cryo-FALP II apparatus which brought a possibility to obtain more
precise results.

Ternary rate coefficient Ky was obtained from the dependence of
oeff on He number density, as plotted in Fig. 25, see Rubovi¢ et al.
(2013) and Johnsen et al. (2013). The results from this experiment, but
also from Cryo-FALP and SA-CRDS are plotted in Fig. 26. Values of
Ky for Art dominated plasma (see Sec. 5.1 and Dohnal et al. (2013))
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and for a mixture of atmospheric ions (Cao and Johnsen, 1991) are
plotted for comparison. The dashed line representing the scaled the-
ory of Bates and Khare (1965) agrees with these values. However, val-

ues of Ky for HY

ion at 250 K are greater by more than 2 orders of

magnitude than those predicted by N-CRR theory (Bates and Khare,
1965). As the temperature decreases, measured Ky is, with maximum
at ~ 200K, closer to the theoretical prediction (Bates and Khare, 1965)
and at 55 K agreement with the theory is achieved.
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Figure 26: The temperature dependence of the ternary recombination rate
coefficient Ky of H; ions using normal H; as obtained in Cryo-FALP II (full
circles) (Johnsen et al., 2013), SA-CRDS (open rhomboids) (Varju et al., 2011;
Dohnal et al., 2012b) and FALP experiments (open circles) (Glosik et al., 2009b).
The open squares denote extrapolation of combined FALP and SA-CRDS data
(see discussion in Glosik et al. (2009b)). The open triangles are values of

KHe.cRR Obtained for Ar*

ions in ambient helium gas (see Sec. 5.1). The full

stars are values of Cao and Johnsen (1991) obtained in helium buffer gas with
mixture of atmospheric ions. The dashed line is scaled theory of Bates and
Khare (1965). Adapted from Johnsen et al. (2013).

In Fig. 27, values of Ky, for D;r
Cryo-FALP II, and SA-CRDS experiments are plotted. Values for Ar*

ion measured in FALP, Cryo-FALP,

ion

(Dohnal et al., 2013) and mixture of atmospheric ions (Cao and Johnsen,
1991) are included. The results are similar to those measured in Hj do-
minated plasma, however, the value of Ky, decreases faster at lower
temperatures. It shows maximum at ~ 160K and minimum at 70 K.
K is similar as Kyge for Ar™ ions at lower temperatures. When scaling
the theory of Bates and Khare (1965) by reciprocal reduced mass, value

for atomic ions of mass 6 is higher by factor ~ 1.7 than for Ar™
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Figure 27: The temperature dependence of the ternary recombination rate
coefficient Kye of DgL ions. The full circles represent values obtained in
Cryo-FALP II experiment (Johnsen et al., 2013), the open squares denote values
measured in SA-CRDS experiment (Dohnal et al., 2012a), open circles are val-
ues measured in FALP and Cryo-FALP experiments (see discussion in Kotrik
et al. (2010)). The crosses were obtained in Cryo-FALP experiment during
warm up phase of the flow tube. The stars, triangles and the dashed line are
the same as in Fig. 26. Adapted from Johnsen et al. (2013).

The evaluation of the binary recombination rate coefficient o, at
temperatures below 70 K is complicated by the formation of fast re-
combining HZ (DZ) ions. Thus special care has to be taken and de-
pendencies of o on Hy (Dy) number density at each temperature
and buffer gas pressure (i.e. He number density) has to be measured.
Linear extrapolation of such dependence is made and from the de-
pendence of the intercepts on He number density the actual values of
opin and Kpge are then taken. For more details see Rubovic et al. (2013).

Summarized values of oy, for H:{ ion obtained in previous FALP ex-
periments (represented by open circles), Cryo-FALP II (full circles), and
SA-CRDS (full rhomboids) are shown in Fig. 28. The temperature depen-
dence obtained in CRYRING ISR experiment is plotted by double dot-
dashed line (McCall et al., 2004). Both dotted lines labelled as CRR;
and CRR; reprepresent contribution of og.crr calculated using Eq. (13)
for the electron number densities of 1 x 10 cm ™3 and 5 x 10'% cm—3,
former being adequate for Cryo-FALP II, the latter for SA-CRDS experi-
ment. The dashed and the dot-dashed lines represent theoretical val-
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Figure 28: The temperature dependence of the binary recombination rate co-
efficient o,y of HJ ions. All displayed values were obtained in experiments
with normal H, with the exception of full square at 80 K that was obtained in
para enriched H;. The full circles denote the values measured in Cryo-FALP II
experiment (Rubovi¢ et al., 2013). The values denoted by open circles were
obtained in Cryo-FALP for the temperatures of 80 K, 100 K, and 300 K and
in previous FALP experiments (see compilation in Glosik et al. (2009b)). The
open rhomboids indicate values obtained in SA-CRDS experiment (Varju et al.,
2011; Dohnal et al., 2012¢; Dohnal et al., 2012b). The double dot-dashed line
denotes values obtained in ISR experiment CRYRING (McCall et al., 2004).
The dashed line and the dot-dashed line are theoretical calculations by Fon-
seca dos Santos et al. (2007) and Pratt and Jungen (2011), respectively. Dotted
lines labeled CRR; and CRR; represent «g.crr relevant for the experimen-
tal conditions calculated using Eq. (13). The full line is the fit to the SA-
CRDS, FALP, Cryo-FALP, and Cryo-FALP II data in the temperature range of
80 — 300 K. Adapted from Rubovi¢ et al. (2013).

ues of DR rate coefficient as calculated by Fonseca dos Santos et al.
(2007) and Pratt and Jungen (2011), respectively.

The value of a, in Fig. 28 at 100 K denoted by open circle was
obtained by fitting several experimental points from Cryo-FALP and
SA-CRDS experiment, for details see Glosik et al. (2009b). The other
datapoints were obtained from the . pressure dependencies as dis-
played in Fig. 25.

The values of oy, in the temperature range of 80 — 300 K can be
fitted as o, = (6.0 £ 1.8) x 1078(300/T)0-36+0:09 cm3s—1 which is
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5.2 Hj AND D3 RECOMBINATION

shown by full line in Fig. 28. As can be seen, this dependence agrees
well with the theoretical predictions.

However, the values of oy, begin to decrease and to deviate from
the theoretical predictions below 100 K. Possible explanation of the
deviation can be found in Rubovi¢ et al. (2013). It might be caused
by nonequilibrium population of ortho- and para-HJ states as precur-
sor gas to form HJ dominated plasma in the experiment was hydro-
gen with populations of states according to TE at 300 K. Our results
from experiment with para-enriched hydrogen (see Sec. 5.3) show that
opin at 77 K is several times higher for para H} than for ortho-Hj . Dis-
tribution of HJ states at 60 K according to TE is 1: 1 for ortho-HJ and
para-HJ . If the ortho spin states were favoured at temperatures below
80 K, the resulting &, would be lower than with equilibrium popou-
lation of nuclear spin states. Unfortunately, we cannot distinguish spe-
cific nuclear spin states in Cryo-FALP II experiment and the working
temperature of SA-CRDS experiment is limited by the temperature of
LN,.

The ratio of para-HJ to ortho-HJ at 80 K as measured in SA-CRDS is
(45 4 2)%. To observe the influence of various distributinos of H; nu-
clear spin states populations on g in Cryo-FALP Il experiment, we
used para enriched H, as a precursor gas to form H3 dominated
plasma at otherwise identical experimental conditions as with normal
H,. It led to the increase of oy, from (0.8 +0.3) x 1077 cm3s~! with
normal H, to (1.240.3) x 107 ecm3s~! with para enriched H; at 80 K.
This value is represented as the full square in Fig. 28.

As the theory of E-CRR (see Sec. 2.3.2) is valid for atomic ions and
our results for Ar" ions discussed in Sec. 5.1 show agreement with
the theory of Stevefelt et al. (1975), value of Kg.crr for molecular
H;r ion is of particular interest. The values of oy, obtained in both
Cryo-FALP II and SA-CRDS are congruent within their errors. However,
values from SA-CRDS experiment are systematically higher by ~ 10%
than those from Cryo-FALP 1 experiment. Contribution of E-CRR to mea-
sured o in SA-CRDS experiment (for n. = 5 x 10’ cm—3) should be,
according to Eq. (13), ag-crr = 5 x 107 cm3s~'. This value is, sur-
prisingly, higher, than overall recombination coefficient obtained in
the experiments. This phenomenon is discussed widely in Dohnal et
al. (2012b). There are two possible reasons. The first one is that the
Kg-crr for HgL ions is lower by the order of magnitude than predicted
by Stevefelt et al. (1975). The other one is that the electron temperature
Te in the experiment was higher by ~ 100K than the buffer gas tem-
perature Tg. However, our analysis of Te for Ar™" ions discussed in Sec.
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4.2.7, as well as the agreement between theory and measured values
of Kpge-crr and Kg_crr for Ar™ ions (see Sec. 5.1), suggests that both of
the temperatures are equal.
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Figure 29: The temperature dependence of the binary recombination rate co-
efficient of D; ions measured in Cryo-FALP 1I (full circles) (Rubovi¢ et al., 2013),
SA-CRDS (open rhomboids) (Dohnal et al., 2012a), and FALP/Cryo-FALP ex-
periments (open circles) (Kotrik et al., 2010). The values obtained in ISR ex-
periment CRYRING is denoted by double dot-dashed line (Le Padellec et al.,
1998) are plotted for comparison. The dashed line and the dot-dashed line
represent the theoretical calculations by Kokoouline (Pagani et al., 2009) and
by Pratt and Jungen (2011), respectively. The full straight line is the fit to the
Cryo-FALP 1I, FALP, Cryo-FALP, and SA-CRDS data. Dotted lines labeled
CRR; and CRR; represent ag.crr relevant for the experimental conditions
calculated using Eq. (13). Adapted from Rubovic et al. (2013).

Values of o, for D; ion were obtained in a similar way as for
H7J ion in both Cryo-FALP Il and SA-CRDS experiments. D] dominated
plasma was created using D, reactant gas as a precursor and processes
listed in the second part of Tab. 8 were involved. The temperature de-
pendence of the binary recombination rate coefficient o, for Dgr ion
as measured in older FALP experiments (open circles), Cryo-FALP II
(full circles), and SA-CRDS (open rthomboids) is plotted in Fig. 29. Val-
ues obtained in CRYRING (Le Padellec et al., 1998) are represented
by double dot-dashed line. Kokoouline’s theoretical calculations (Pa-
gani et al., 2009) is plotted by dashed line and the calculation by Pratt
and Jungen (2011) is plotted by dot-dashed line. The full line is the

64
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fit to the oy, data giving the following dependence: o, = (3.5
1.1) x 1078(300/T)073%0:09 cm3s—1. Our results are in a good agree-
ment with those obtained in CRYRING experiment, and they also
agree well with the theoretical predicitons. The values measured in
SA-CRDS experiment were measured at an order of magnitude higher
N, than values obtained in Cryo-FALP II experiment; both of them are
identical within their experimental errors. It indicates a negligible con-
tribution of E-CRR to the measured o, as was the case for H3+ ion.

Predicted recombination rate coefficient for ortho, meta, and para
nuclear spin states of D3 are similar wihtin the studied temperature
range (Pagani et al., 2009), hence the deviation from the theoretical
dependence as seen for H3 ion is not expected. For additional details
see Rubovi¢ et al. (2013).

5.3 STATE SELECTIVE H;: RECOMBINATION

We mentioned in Sec. 3.3 already that the theory of Fonseca dos Santos
et al. (2007) predicts a large difference between recombination of ortho-
and para-HJ nuclear spin state configurations at low temperatures,
where para-H7 should recombine faster.

In order to obtain the recombination rate coefficient for specific nu-
clear spin configuration of HJ we used para enriched hydrogen reac-
tant gas (“H;) produced by para enriched hydrogen generator (de-
scribed in Sec. 4.3) in addition to normal hydrogen ("H3). The exper-
iments with both reactant gases were conducted at otherwise similar
experimental conditions in SA-CRDS experiment.

We can put a set of two linear equations based on the following
idea together. If we measure the effective recombination rate coeffi-
cient o for two different populations of ortho- and para-H7, result-
ing o will change in accordance with them:

"oefr = “eff - OF3 + Poxegr - "Pf3, (68)

Cxeff = “eff - “Of3 + Potesr - “PF3, (69)

where f3 denotes fraction of H;r ions in ortho (superscript “0”) and
para (superscript “p”) spin state configuration for experiments with
"H; (superscript “n”) and with “H, (superscript “e”). The identity
nOfs + MPf3 = €Of3 4 &Pf3 = 1 is, of course, valid. The values of
"oefs and € obtained in SA-CRDS experiment at the temperature of
(170 £ 10) K are plotted in panel (a) of Fig. 30. The values of both
Poegs and ©otefr inferred from "oegs and € using Eqgs. (68) and (69) are
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Figure 30: The dependence of measured effective recombination rate coeffi-
cients on helium number density at 170 K. Panel (a): The effective recombi-
nation rate coefficients measured using normal H; (open circles) and para
enriched Hj (full circles). The full lines are linear fits to the data. Panel (b):
The values of Pog and ®xef for pure para—Hgand pure o1r’cho—H§‘r obtained
from the values in panel (a) and panel (c). The dashed lines are linear fits to
the data. The full line represents the linear fit to the values of "¢ displayed
in panel (a). Panel (c): The fractions "Pf3 and ®Pf3 of para—H; measured in
the experiments with "H; (open circles) and *H; (full circles). Adapted from
Dohnal et al. (2012b).
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5.3 STATE SELECTIVE ng RECOMBINATION

shown in panel (b); corresponding values of "Pf3 and ®Pf3 are plotted
in panel (c) of Fig. 30.

As was already mentioned in previous sections, x.f is function of
He number density and it applies also for Pogs and © o

oot (T, [He]) = otpin(T) +° Kpe(T)[He], (70)

Potege(T, [Hel) =P otpin (T) +F Kpe (T) [He], (71)

with corresponding binary and helium assisted ternary recombina-
tion rate coefficients. They can be obtained from the linear fit to the
Poegs and ®aefr as shown by dashed lines in panel (b) of Fig. 30. Such
dependencies were obtained also for temperatures of 80 K, 140 K, and
200 K using SA-CRDS and for 80 K also on Cryo-FALP 11, see Glosik et al.

(2014).
5.3.1 Data Analysis

Several assumptions have to be fulfilled in order to justify the evalua-
tion of the acquired data:

* HJ states are populated in accordance with TE in experiments
with "H,.

¢ When using °H;, the states wihtin ortho and para manifold are
populated according to TE even if the actual para to ortho ratio
is nonthermal.

¢ Relative population of states remains stable during the afterglow.

¢ Plasma is thermalized, i. e. the kinetic and rotational temperature
of H;r ions (Tkin and Trot), as well as the electons temperature
Te are equal to the buffer gas temperature Tg.

* HJ is dominant ion in the afterglow.
¢ The shape of absorption lines is given by Doppler broadening.

The number density of the HJ ion in specific rotational state can be
calculated from measured absorption in SA-CRDS experiment, see de-
scription in Sec. 4.1.3. For evaluation of recombination rate coefficients,
one needs to know the electron number density too. If H3 is dominant
ion in the afterglow, i.e. n. = [H}], we can calculate o from the de-
cay of the overall number density of the ions. Under assumption of TE,
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the overall number density of H} ion can be obtained from the absorp-
tion of single transition using Egs. (29) and (30). So the number density
of all para-HJ states are determined from the measured population of
para (1,1) state and the number density of all ortho-HJ states is com-
puted from the population of ortho (1,0) state. If ortho (3,3) state is
monitored, sum of both (1,0) and (3, 3) states can be used.

The electron number density n. was calculated as a sum of the over-
all ortho- and para-H; number densities measured at otherwise same
experimental conditions. Such analysis was used in experiments with
para enriched Hj. In the majority of experiments with normal H; the
electron number density was determined from the population of or-
tho (1,0) state. However, when the aforementioned analysis involv-
ing ortho (1,0), ortho (3,3), and para (1,1) states was done, resulting
o Was identical to the one determined from ortho (1,0) state within
its experimental error.

The measured time evolution of the number densities of ortho (1,0),
ortho (3,3), and para (1,1) HgL states in early afterglow in experiment
with para enriched H; is shown in panel (a) of Fig. 31. As can be
seen in panel (c) of the figure, the relative populations of the states are
constant during the decay and the Pf3 fraction of all para-HJ ions is
constant too, see panel (c).

The relative populations of the measured ortho- and para-HJ states
measured during the discharge and in early afterglow using "H; at
the temperature range of 77 — 200 K are shown in panel (a) of Fig.
32. The relative populations of the states were calculated by dividing
measured absolute ion number densities in given state by the over-
all number density of H} ions under assumption of TE. They are in
good agreement with calculated thermal populations of correspond-
ing states (full lines in Fig. 32). The rotational temperature Tret-ortho
obtained from populations of both measured ortho HJ states in the
temperature range of 77 — 200 K is plotted in panel (b) of Fig. 32. It was
measured in the discharge and early afterglow periods in experiments
with both "H;, and °H;. Kinetic temperature Txi,was measured from
Doppler broadening of the absorption lines, see Eq. (34). We also moni-
tored temperature of the discharge tube wall tw using thermocouple
and the obtained values were in the £10K range when comparing to
Tkin-

As can be seen in Fig. 32, measured rotational temperature agree
well with measured kinetic temperature of the ions even in experiment
with para enriched H;, where population of states is non-thermal,
see Fig. 19. This finding indicate that assumption of the equilibrium
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Figure 31: Panel (a): An example of decay curves of the H] ion number
densities in para (1,1), ortho (1,0), and ortho (3,3) state measured during
the afterglow in He/Ar/H; gas mixture at 170 K, 1550 Pa of He, Hy =
1x 10" em =3, and Ar = 2 x 10" cm 3. The vertical bar shows the end
of the discharge period and the beginning of the afterglow. Panel (b): The
measured relative population of para (1, 1), ortho (1,0), and ortho (3, 3) states
of Hj . Panel (c): Measured fraction Pf3 of para-H} . Adapted from Dohnal
et al. (2012b).

population within ortho H] manifold (and probably also within para
H7J manifold) is justified. For additional details on relaxation of H3 do-
minated afterglow plasma see thorough discussion in Dohnal et al.
(2012b).

5.3.2 Results

The binary recombination rate coefficients for pure ortho- and para-
HJ measured in the temperature range of 80 — 200 K are displayed in
Fig. 33. A good agreement with the theory (Fonseca dos Santos et al.,
2007) is obtained; difference between oy, for ortho- and para-HgL has
its maximum at 80 K and the difference is diminishing with increasing
temperature, exactly as predicted by the theory.
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Figure 32: Panel (a): The dependence of measured relative population of
H; ions in ortho (1,0), ortho (3,3), and para (1,1) states on kinetic tem-
perature in experiments with normal H;. Closed symbols indicate data ob-
tained at the end of the discharge period and open symbols during the af-
terglow, ~ 150 us after switching off the discharge. The full lines indicate
the calculated population of the displayed states in TE at temperatures given
by Tkin. The dashed line represents the sum of the other states populations.
Panel (b): Measured rotational temperature of ortho manifold Tret-ortho Ver-
sus measured kinetic temperature Txi,. Displayed data were obtained using
both "H;, and ®H, gas precursors. The straight dashed line shows equality
TRot-ortho = Tkin- Adapted from Dohnal et al. (2012b).
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Figure 33: Temperature dependence of the binary recombination rate coef-
ficient o as obtained in SA-CRDS experiment (Varju et al., 2011; Dohnal et
al., 2012b) for ortho-HJ, para-HJ (crosses), and H3 ions with population of
states according to TE at given temperature (open rhomboids). The full circles
denote values obtained in previous FALP experiments (Glosik et al., 2009b)
and full circles in a square are extrapolations of values obtained Cryo-FALP
and SA-CRDS. The full lines labeled as “ortho” and “para” are theoretical cal-
culations for corresponding nuclear spin modifications of H (Fonseca dos
Santos et al., 2007). The dashed line is calculation by the same authors for
HJ ion with population of states according to TE. Adapted from Dohnal et
al. (2012b).
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Figure 34: Temperature dependence of the ternary recombination rate coef-
ficients Kye for ortho-HJ, para-HJ (crosses), and HJ ions with population
of states according to TE (open rhomboids) (Varju et al., 2011; Dohnal et al.,
2012b). Values from previous FALP experiments (open squares) and values
extrapolated from combination of Cryo-FALP and SA-CRDS data (full circles)
are plotted for comparison. The dotted lines through “ortho” and “para”
data are for eye guiding only. Dashed lines denote Kokoouline’s theoretical
caluclation (Glosik et al., 2009b). Adapted from Dohnal et al. (2012b).
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The ternary recombination rate coefficients for pure ortho- and para-
H7J were calculated from the slopes of the effective recombination rate
coefficients pressure dependences as plotted in Fig. 30. The results are
shown in Fig. 34. The obtained ternary recombination rates are similar
for both nuclear spin configurations at 8o K and 200 K but they differ
at intermediate temperatures. Theoretical calculations of Kokoouline
(Glosik et al., 2009b) are plotted by dashed line. Outline of the theory
can be found also in Sec. 3.4 of this work. As can be seen in Fig. 34, we
did not obtain agreement as in the case of the binary recombination
coefficients.

5.4 H) ASSISTED TERNARY RECOMBINATION OF HY

Most of the afterglow experiments measuring DR of H] ion was suc-
cessfully explained by the existence of the helium ternary recombi-
nation channel discussed in Sec. 3.4. A study carried out by Amano
(Amano, 1990) in pure H; gas at the pressure of ~ 100 Pa giving high
value of « = 1.8 x 1077 cm3s™! at the temperature of 273 K has
puzzled experimental physicists since its publishing. There was an
attempt to repeat this experiment by Fehér et al. (1994) but it was
marked by problems with impurities. The aforementioned facts make
more than a sufficient motivation to perform a dedicated study at
relatively high H, number densities using SA-CRDS experimental ap-
paratus.

In order to avoid possible problems using high number densities
of Hy, which can conflagrate in presence of oxygen, we decided to
admix nitrogen gas at the entrance of the secondary pump, just behind
the Roots pump (see Fig. 36). Subsequent modifications of the gas
handling system allowed us to use the flow of H, reactant gas up to
0.17Pa m3s~ ! in order to measure dependence of g over a wide
range of [H3], as can be seen in Fig. 35.

As we mentioned in the introductory part of Sec. 5.2, dependence
of the effective recombination coefficient g for H;r ions on Hy num-
ber density can be divided into three different regions. At high [H>],
e increases due to formation of fast recombining ng ions. How-
ever, at the temperatures of 273 K and above, the observed increase of
xeff cannot be explained by formation of HZ, as it is not sufficiently
fast at these temperatures. Full line in Fig. 35 shows the contribution of
Hgr recombination if it is in thermodynamic equilibrium with HgL ions,
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which are created in ternary association reactions (see no. 8 in Tab. 8),
computed as

ap, = o5 Ke[HzJ, (72)

where s is the recombination rate coefficient of HZ, its value is taken
as a5 = 2 x 107®cm3s™! (Glosik et al., 2003; Macdonald et al., 1984)
and Kc is the equilibrium constant taken as K¢ (300 K) = 6.7 x 10717 cm?
(Hiraoka, 1987). Even smaller contribution, which is much more likely
is represented by dot-dashed line denoted as My, obtained from the
chemical kinetics model indicates, that contribution due to Hf{ recom-
bination is negligible below [H] =2 x 10'® cm™3 at 300 K.
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Figure 35: Experimental values of o jonfor different He/Ar/H, mixtures.
Dashed lines: Fits of Eq. (87) to the data. Double dot-dashed line: Three-
body recombination in pure Hj. Solid line denoted (LTEy,): Approximate
H5+ contribution taken as o5 K¢ [H;]. Dot-dashed line (M, ): H;r contribution
obtained from the kinetic model for [He] = 2.1 x 107 em—3. Dotted line: Data
obtained by Amano (1990) in pure H; at 273 K.

To explain the obtained results we propose mechanism of Hj re-
combination, explained in the following section.

5.4.1 Recombination Mechanism

The following loss processes of H} ion in the afterglow plasma are

considered in the evaluation of the effective recombination rate coeffi-
cient of HJ:
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1. The binary dissociative recombination with electrons:

Xbin

Hj +e~ — neutrals. (73)

2. The formation of the excited Rydberg state H3:

KsHe
Hi +e” % H} % neutrals, (74)
a 2

where oF is rate coefficient of H3 formation, v, = 1/1, is the
autoionization rate (T, being the time constant of the autoioniza-
tion), and ksp, and ksye are the rate coefficients for collisional
stabilization of H3 with H, and He, respectively.

3. The formation of HY in ternary association reaction of Hj with
H>, and He:

Hy +H, + He <5 H{ + He, (75)
-3
followed by its recombination with electrons:

HY +e~ 2> neutrals, (76)

where k3 is the rate coefficient of the ternary association, k_3 is
the rate coefficient of the backward reaction (collisional induced
dissociation), a5 is the recombination rate coefficient of ng We
suppose that k3 and k_3 coefficient are the same as correspond-
ing coefficients for the association of H] with 2H,.

Hence we can write balance equations for HT, H3, and H5+:

dt3 = — Opin [H3 Ine — ap[H3 Ine + - [H3] (77)
—k3[HJ[H2][He] + k_3[HZ][He],
d[dHts] = ap[HIne — Tl[H;] — kstte[Hel[H3] — ksp, (F2][H3],  (78)
dH
[dtS a5 [HE Ine + ks I H e — k 5[ Hel.  (70)

Under the assumption that both [H3] and [H;] remain constant
in time (steady state approximation) and very small in comparison
with the reactants number densities, we can write the corresponding
number densities using Egs. (78) and (79) as

. opme[HJ ]
— + ksne[He] + ks, [Ho]

(80)
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and
. GHJHIHD . HJHD
) = Hel + asne T pame — RELL (8D

where K¢ = k3/k_3 is the equilibrium constant (Hiraoka, 1987) and
R = [Hy]/[H3].

Assuming that only H] and HZ ions are present in the afterglow
plasma and [H3] + [HZ] = n. we get

dn, kspe[Hel + kspy, [H2]
© = atpin[H] Tne — otp[H3 Ine— AL
dt = + ksrie [He] + ks, [Ho] (82)
— X5 [H;]ne .

We can write the effective recombination rate coefficient as

kste[He] + kspy, [H>]
+ ksne[He] + ks, [H>]

Xeff = Otpin + O +asKclHz].  (83)

Ta
We define the ternary recombination rate coefficients for He and
H, assisted recombination as
KHe = aFKsHeTa (84)
and
K, = opksH, Ta - (85)
Balance equation for electrons can be rewritten:

dne
dt

Kpe[He] + Ky, [H]
o + Kpe[Hel + Ky, [Hp]

+ a5Kce [Hz]> :

[HiIne. (86)

= <‘Xbin + op

Because it is the number density of HJ taht is being measured in the
SA-CRDS xperiment we have to rewrite Eq. (86) using only [HJ]. Thus
the effective recombination rate coefficient measured from the decay
of the H} number density is expressed as

Kpe[He] + Kg, [Hp]
o + Kpe[He] + Ky, [H>]

Keff-ion = Otbin 1 XF + a5 K [Hal . (87)

It has to be noted, that in the limit of low He and H,; number den-

sities, where or > Kpye[He] + Ky, [H;], we can make a “well known”
linear approximation:

Keff = Opin + Kpe[He] + Kpy, [Ha] + a5 K [Hp] (88)
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5.4.2 Discussion of the Results

The value of the binary recombination coefficient o, (300K) = 6 x
1078 cm3s~1 (Rubovi¢ et al., 2013) was used in Eq. (87) when fitting
the measured dependence of Xef.jon 0N [H;]. The inferred values of the
other constants at the temperature of 300 K are the following: Kye =
(33+£0.7) x 1002 cm®s—; K, = (8.7+1.5) x 10723 em®s™; ap =
(1.540.1) x 1077 cm3s~'. Note, that dependence of otet.ion on [H3] in
pure hydrogen in figure 35 was obtained using these coefficients at
zero He number density.

The significance of the coefficient oy is well explained when measur-
ing at high number densities of He and H. It can be clearly seen from
Eq. (87) that the value of oft.ion then saturates on ag. Our measure-
ments proved this, as we have seen this for both cases within the expe-
rimental error. However, it is questionable if assumption of identical
channel of H3 formation for both He and H; ternary recombination is
correct and further experimental data are needed.

The obtained value of Ky, agree well with our previous experimen-
tal results (Johnsen et al., 2013). On the other hand, the inferred value
of Ky,, which is in the order of 10723 ecm®s ! is surprisingly large. It
is larger by two orders of magnitude than the corresponding value of
Kye for H;r, not to mention the value of the ternary rate coefficient
as predicted by Bates and Khare (1965), which is smaller by five or-
ders of magnitude. In order to explain it, one has to take look at its
definition in Eq. (85). The typical value of ion-molecule reaction rate
coefficient is 1077 cm3s~'. When taking it as ksp,, one needs lifetime
T, to be T, ~ 6 x 1077 s to obtain the observed Ky,. The longest calcu-
lated lifetime is in the order of 10~ '°s (Glosik et al., 2009b), however
Mitchell (1990) observed lifetimes in the order of 10~"s. The other
possibility is to increase kgp, . It is known that l-mixing of the Rydberg
electrons angular momentum by either plasma electrons (Gougousi et
al., 1995) or neutral particles (Glosik et al., 2009b; Johnsen et al., 2013;
Glosik et al., 2010) occurs and it can enhance Hj lifetime T,. Especially
l-mixing of high Rydberg states with n 2 40 due to ambient plasma
electrons is an exceedingly fast process. At electron number densitied
~ 10" ecm~3 mixing would occur in a time of the order of 107" s to
107195 for n = 40 Rydberg atom (Dutta et al., 2001) and increases
the lifetimes by a factor of ~ n%. Yet a relevant theory is needed for
sufficient explanation of this phenomenon.

As can be seen in Fig. 35, we came to the same results as Amano
(Amano, 1990) successfully (even in pure H;) and these can be ex-
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plained by high H, number density used in his experiment. Our find-
ings have, however, also other consequences. H, ternary assisted re-
combination channel may be present in Jovian-like planets with high
H, number density and it should be definitely considered in numeri-
cal models of their ionospheres. Also a new question of the effective re-
combination rate coefficient saturation in afterglow experiments arises.
One should be aware of this fact and careful measurements over a
wide range of the reactants number densities are a must.
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CONCLUSION

In this work we present studies of ion-electron recombination in the
afterglow plasma at low temperatures. Both Cryo-FALP II and SA-CRDS
apparatuses were properly described along with supplementary mea-
surements proving their acclaimed advantages. Several new experi-
mental results were obtained and they will be shortly summarized in
this chapter.

CRYO-FALP II

I took part in constructing Cryogenic Flowing Afterglow with Lang-
muir probe II apparatus which is described in Sec. 4.2 of this thesis.
Several calibration measurements are mentioned, i. e. buffer gas veloc-
ity. The Langmuir probe was calibrated using well known temperature
dependence of OF recombination. An analysis of ambipolar diffusion
electron losses was used in order to verify thermalization of electrons.
An excellent agreement with the wall temperature was obtained above
the temperature of 70 K. However, we saw a deviation at lower tem-
peratures ascribed to ion molecular reactions taking place in the late
afterglow. However, we have an extremely reliable tool for measuring
recombination rate coefficients in the temperature range of 50 — 300 K
in this apparatus what was unthinkable several years ago.

AR"T RECOMBINATION

Recombination of Ar™ ions with electron was studied using Cryo-FALP II
apparatus in the temperature range of 50 — 100 K following previous
studies in our laboratory at higher temperature. Both helium and elec-
tron assisted collisional radiative recombination were studied and very
good agreement with corresponding theories was achieved, see Figs.
22 and 23. These results represent the first experimental study of the
aforementioned processes below 80 K.
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Section 5.4

H3 AND DI RECOMBINATION

Recombination of H} and its isotopologue D} with electrons was
studied using both Cryo-FALP II and SA-CRDS experiments at temperat-
ues of 50 — 250 K. The measured temperature dependencies of corre-
sponding binary recombination coefficients are plotted in Figs. 28 and
29. The ternary recombination rate coefficient for helium assisted HJ
and D3 recombination are plotted in Figs. 26 and 27. Measurement
of D3 ion in SA-CRDS is the first one with spectroscopically resolved
abundances of the recombining ions.

STATE SELECTED ng RECOMBINATION

We were able to obtain hydrogen gas with nonthermal population of
its states using para enriched hydrogen generator. By monitoring the
lowest rotational states of HJ ion on SA-CRDS apparatus we inferred
temperature dependencies of the binary recombination rate coefficient
(see Fig. 33) and of helium assisted ternary recombination rate coeffi-
cient (see Fig. 34) for pure para- and ortho-HJ . This is the first study
of recombination of HJ in specific states with in situ determination of
rotational states population.

H), ASSISTED TERNARY RECOMBINATION OF H;:

An extraordinaly large ternary rate coefficient of the process which
would describe hydrogen assisted ternary recombination of H ions
was observed at the temperature of 300 K. We proposed a mechanism
of this process but a solid theory is needed for its thorough explana-
tion.

I dare to say that our understanding of ion-electron recombination
due to contribution summarized in my doctoral thesis, is deeper than
four years ago, when I started my doctoral study. Now, we know how
third bodies affect recombination processes in afterglow plasmas and
we have obtained very interesting results at temperatures below 8o K.
However, there are still many open questions that we have answer
before the topic of electron-ion recombination is fully understood. I
hope that we managed to gather several pieces of the recombination
mosaic and we will see a complete and fascinating result soon.
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Abstract. New flowing afterglow apparatus, Cryo-FALP, was built to study ternary Collisional-Radiative
Recombination (CRR) of Art ions with electrons in He/Ar afterglow plasma at temperatures 40-200 K.
The obtained ternary recombination rate coefficient at 57 K is Kcrr = (3+£1) x 1077 em® s7L. It is the first
time that the Kcrr was measured below 77 K. The measured temperature dependence Kcrr ~ T(~4.5+0.4)

is in a good agreement with theoretical prediction.

1 Introduction

A binary recombination of singly charged atomic cations
with electrons is slow process comparing to a dissociative
recombination (DR) of molecular ions (like OF or Hy,
etc.). In low temperature plasma an overall recombina-
tion process can be enhanced by a ternary process where
part of the recombination energy is transferred to a third
particle (neutral or charged). When plasma electrons act
as energy-removing third bodies, the process is referred
to as collisional-radiative recombination, CRR. Schemati-
cally, the mechanism of collisional-radiative recombination
can be described by the formula:

At fete X8 A L (1)

where A denotes positive ion in general, e indicates elec-
tron and acrpr corresponds to the effective binary recom-
bination rate coefficient of CRR. The theory of CRR was
originally developed by Bates et al. [1] and Mansbach and
Keck [2]. The analytical formula derived by Stevefelt et
al. [3] for the effective binary rate coefficient of CRR has
the form:

acrr = 3.8 X 107977 *%n, + 1.55 x 10710770-63
+6 x 1077, 28p03 em?® s ™1, (2)

where T, is the electron temperature given in K and n,
is the electron number density given in cm™3. The first
term belongs to the pure recombination through a colli-
sion with electron (note strong temperature dependence),
the second term corresponds to the radiative recombina-
tion, where the exceeding energy is carried away by an
emitted photon, and the third term accounts for the cou-
pling between the collisional and radiative recombination.

* e-mail: kotrik.tomas@gmail.com

As only higher-order Rydberg states participate in the
CRR process, formula (2) holds more or less for all atomic
and to some extent also molecular ions (for details see
Ref. [3] and references therein). This formula was
confirmed also by the quantum mechanical calculations
[4-6]. At our experimental conditions (ne ~ 10% cm=3, T,
< 200K) the first term (pure recombination through col-
lision with electron) is dominant and the other two terms
can be neglected. Then the recombination process can be
described by the simpler ternary recombination rate coef-
ficient: Kcrr = QCRR/Me = 3.8 X 10797545 embs~ 1.

Previous experimental studies have been carried out
mostly at higher electron temperatures (1000-4000 K, see
compilation in [4]) and in only few cases also at 300 K
[7-10]. It is not obvious that the Stevefelt formula holds
also at low temperatures (below 300 K). Only very re-
cently CRR was studied in our laboratory at temperatures
below 200 K and Kcrgr was obtained for temperatures
from 77 up to 200 K [11]. Process of CRR has been studied
also in ultracold plasmas in connection with the formation
of neutral antihydrogen, where it is expected that at high
positron number density the production of antihydrogen
via recombination of positrons with antiprotons can be
enhanced by CRR process. Nevertheless in these experi-
ments CRR is influenced by the presence of strong mag-
netic field confining the plasma and neutralization process
can have different character [12-14].

To study CRR in low temperature plasma we con-
structed a new flowing afterglow apparatus, Cryo-FALP,
where afterglow plasma can be cooled down to 40 K. In
this paper we present the first results of the study of re-
combination in plasma dominated by Ar* ions in the tem-
perature range of 4077 K. Tt is the first FALP apparatus
ever built to operate at temperatures below the boiling
point of liquid nitrogen.
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Discharge A B_ C p t=LV
Fig. 1. (Color online) Scheme of the Cryo-FALP apparatus.
The temperatures of sections A and B are fixed at 300 and
100-120 K respectively. The temperature of section C can be
adjusted to a required value in the range of 40-300 K. The
plasma decay time is given by the position in the flow tube.
The axially movable Langmuir probe is used to monitor plasma
decay along the flow tube, decay time ¢ = L/vprasma.

2 Experiment

Modified version of the Flowing Afterglow with Langmuir
Probe (FALP, for original design see Ref. [15]) apparatus —
Cryo-FALP (for details on the previous versions of FALP
apparatuses operating at higher pressure see Refs. [16-19])
was built and used to study CRR at temperatures down
to 40 K. Scheme of the Cryo-FALP is shown in Figure 1.
Helium buffer gas (300-800 Pa) is flowing through a glass
discharge tube into a stainless steel flow tube. Plasma,
consisting of helium ions (He', Hej), helium metasta-
bles (He™) and electrons, is created in pure He by a mi-
crowave discharge (2.54 GHz, 10-20 W) ignited in a cavity
attached to the glass discharge tube. Plasma is then driven
along the flow tube by the flow of helium buffer gas. Down-
stream from the discharge region argon gas is added to the
flow tube and Ar™ dominated plasma is formed in the se-
quence of ion-molecule reactions:

He™ + 2He — Hey + He,
He™ 4 He™ — Hej +e,
He' + Ar — Ar™ + He,
He™ + Ar — Ar' + He + e,

Heg + Ar — Art 4 2He. (3)
In order to set the optimal experimental conditions
(He pressure and flow, Ar number density) at which Ar™
ion is the dominant ion in afterglow plasma, a chemical
kinetics model was developed and numerically solved (for
details on reaction kinetics and the kinetics model see
Refs. [16,17,20]).

The flow tube is divided into three sections with dif-
ferent temperature regime. The upstream section A of the
flow tube, in which the microwave discharge is ignited,
is kept at 300 K. The section further downstream, B, is
cooled by liquid nitrogen to 100-120 K. The following
section C is placed in a large insulating vacuum cham-
ber and is connected via copper braids to a cold head of
helium closed-cycle refrigerator (Sumitomo). The temper-
ature of section C can be adjusted to a value between 40
and 300 K. Further details on the design and construction
will be given in a separate publication.

Plasma, created in section A, undergoes many colli-
sions with neutral particles. Through the collisions, af-
ter a short period of time outside of the discharge region
(~ms), electrons and ions thermalize to the temperature

1204 plPa] FlPam’s'] v[msT]
v 500 7 14.9 41K
v 800 7.7 8.9
1004 o 300 49 47 1
® 400 5.4 38
g0 @ 3% 4.4 26 ]
O 450 4.8 2.0
) 77K
£ 60 .
3
40 .
300 K
20 B
02 T T T T T T T

0 5 10 15 20 25 30 35
L [cm]

Fig. 2. (Color online) The measurements of plasma velocity.
The microwave discharge is modulated and the dependence of
the time delay (At) of the response is measured as a function
of the probe position (L).

of the neutral species (i.e., temperature of the walls). The
thermodynamic equilibrium is reached and instead of the
temperature of electrons (7¢), ions (7}) and neutrals (77,)
only one temperature can be used: T' =T, = T; = Ty, (for
details and discussion on plasma species thermalization in
afterglow plasma see Refs. [11,21-23]). At the beginning
of section B plasma is precooled via collisions with helium
buffer gas to 100-120 K and in section C to the desired
temperature adjusted in the range 40-300 K (see discus-
sion later on). Temperature of the wall is monitored by
sensors (silicon diodes, thermocouples type T) mounted
along the wall of the flow tube.

Recombination rate coefficients are derived from the
electron density decay monitored along section C by
the axially movable cylindrical Langmuir probe [17,24].
While gas flow velocity (v) (i.e., plasma flow velocity) is
known, spatial position (L) of the Langmuir probe along
the flow tube can be transformed into the time (¢) passed
since the plasma creation by the relation ¢t = L/v. The
decay of the electron density due to CRR and diffusion
in quasineutral plasma ([Art] = n.) is described by the
balance equation:

Te Te

dne .
= —Kcrr [Arf]n2 — = =-K 3=
dt CRR[ T ]TLL ™ CRR T TD7

(4)

where 1 is characteristic diffusion time. Kcrg and 7 can
be obtained from the fit of the measured electron density
decay under the assumption of Kcrr and mp being con-
stant (for details on the data analysis see Ref. [11]).
Because of the temperature variation along sections B
and C, gas density and flow velocity are changing along the
flow tube. Plasma velocity vppasma necessary for deter-
mination of the decay time is measured by the modulation
of the discharge and by monitoring the time delay of the
distortion along the flow tube (see Fig. 2). Plasma velocity
depends on temperature ("), on gas flow (F') and on pres-
sure (p). Because gas flow and pressure are constant along
the flow tube, gas velocity is proportional to temperature
(T'). When the gas temperature relaxes to the wall tem-
perature, velocity is constant (see linear fits in Fig. 2). In
this region with constant temperature, from the decay of

24011-p2
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Fig. 3. (Color online) The measured dependence of plasma
velocity on the “similarity parameter” ¢ = FT/p, where F
is the gas flow rate, 7" is the temperature and p is the
pressure of the buffer gas. Indicated is dominant ion in the
plasma.

1401
120}

100

TIK]

80

60

40

0 10 20 30 40 50
L [cm]

Fig. 4. (Color online) Evolution of buffer gas temperature
in section C calculated for different flow velocities. Solid line
denotes calculated temperature of the flow tube wall, the
flow tube construction, materials and heat transfers are
considered.

electron density, the effective recombination rate coeffi-
cient is obtained. Because of very strong temperature de-
pendence of CRR, the measurements of the plasma
velocity dependence on the flow parameters are very im-
portant in order to define conditions in which plasma is
thermalized to the temperature of the flow tube wall. Mea-
sured dependence of the plasma velocity on “similarity
parameter” ¢ = FT/pin Ar" and He2+ dominated plasma
is plotted in Figure 3. To better understand the ther-
malization of buffer gas and plasma with the flow tube
walls, a simple computer model of heat transport inside
the flow tube was developed and numerically solved
(the details on the computer model will be given in
separate publication). The examples of gas temperature
evolution calculated for different gas velocities at temper-
ature of the flow tube ~40 K are plotted in Figure 4.
The calculated buffer gas (and plasma) thermalization
agrees well with the experimental insight gained from the
plasma flow velocity measurements (linear fits in Fig. 2)
and from the measurements of the diffusion losses (see
Ref. [11]).

T T T T T T
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e e
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Fig. 5. (Color online) Examples of the electron decay curves
measured at 57 and 77 K (temperature of section C). Exper-
imental conditions are listed in the plot. From the fits of the
plots in the region of constant plasma temperature (solid lines),
the coefficients Kcrr are obtained. The dashed line indicates
diffusion losses at 57 K, 450 Pa.
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Fig. 6. (Color online) Measured Kcrr coefficient as a func-
tion of temperature. Dashed line corresponds to the theoretical
value calculated from the collisional (first) term of equation (2).
Dotted lines indicate the theoretical values of Kcrr for two
electron densities calculated using all terms of relation (2).
Closed square and triangle are data measured by Skrzypkowski
et al. [8] and by Berlande et al. [10].

3 Results and conclusions

The examples of the measured electron density decay
curves at particular experimental conditions are plotted
in Figure 5. Measurements of the electron density decays
were performed at various experimental conditions in or-
der to control and verify the thermalization of plasma with
the flow tube wall. At low temperatures and high enough
argon number densities argon clusters Arj with fast bi-
nary recombination rate coefficients (~107¢ cm3s71) can
be created. As the present version of FALP apparatus is
not equipped with a mass spectrometer, one needs to fol-
low the optimal conditions suggested by the chemical ki-
netics model and/or examine the dependence of aeg on
[Al:l in order to exclude the formation of fast recombining
Ary ions. Such measurements were performed (the details
on the results and discussion will be published in sepa-
rate publication) and after careful examination of the re-
sults, the eventual electron assisted ternary recombination
rate coefficient Kcrp of Ar™ ion obtained at particular
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temperature in the range 50-170 K is plotted in Figure 6.
Open triangles denote experimental values obtained in the
present version of FALP apparatus, full circles and squares
correspond to values measured in the previous FALP ex-
periment, where the flow tube was cooled by liquid nitro-
gen (for details see Ref. [11]). The theoretical dependence
equation (2) is plotted by dashed line (collisional term
only). Dotted lines denote theoretical Kcgg obtained from
the formula Kcrr = aeff/ne for two different electron
number densities when all terms of equation (2) are in-
volved in aeg calculation. The results show an excellent
agreement of the measured Kcrr with the theory down to
50 K. Further studies of CRR in Ar" dominated plasma
are in progress.

This work is a part of the research plan MSM 0021620834 and
Grant No. OC10046 financed by the Ministry of Education
of the Czech Republic and was partly supported by GACR
(202/07/0495, 202/08/H057, 205/09/1183, 202/09/0642), by
GAUK 92410, GAUK 353811, GAUK 54010 and by COST
Action CMO0805 (The Chemical Cosmos).

References

1. D.R. Bates, A.E. Kingston, R.W.P. Mcwhirter, Proc.
Roy. Soc. A 267, 297 (1962)

2. P. Mansbach, J. Keck, Phys. Rev. 181, 275 (1969)

3. J. Stevefelt, J. Boulmer, J.-F. Delpech, Phys. Rev. A 12,
1246 (1975)

4. G.J. Pert, J. Phys. B: At. Mol. Opt. Phys. 23, 619 (1990)

5. S.X. Hu, Phys. Rev. Lett. 98, 133201-1 (2007)

6. T. Pohl, D. Vrinceanu, H.R. Sadeghpour, Phys. Rev. Lett.
100, 223201 (2008)

7. M. Tsuji, T. Matsuzaki, T. Tsuji, Chem. Phys. 285, 335
(2002)

8.

9.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

24011-p4

M.P. Skrzypkowski, R. Johnsen, R.E. Rosati, M.F. Golde,
Chem. Phys. 296, 23 (2004)

G.E. Veatch, H.J. Oskam, Phys.
(1970)

J. Berlande, M. Cheret, R. Deloche, A. Gonfalone,
C. Manus, Phys. Rev. A 1, 837 (1970)

T. Kotrik, P. Dohnal, S. Roucka, P. Jusko, R. Plasil,
J. Glosik, Phys. Rev. A 83, 032720 (2011)

R.S. Fletcher, X.L. Zhang, S.L. Rolston, Phys. Rev. Lett.
99, 145001-1 (2007)

S.X. Hu, D. Vrinceanu, S. Mazevet, L.A. Collins, Phys.
Rev. Lett. 95, 163402-1 (2005)

M. Amoretti et al., Phys. Lett. B 583, 59 (2004)

D. Smith, N.G. Adams, A.G. Dean, M.J. Church, J. Phys.
D 8, 141 (1975)

J. Glosik, O. Novotny, A. Pysanenko, P. Zakouril,
R. Plasil, P. Kudrna, V. Poterya, Plasma Sources Sci.
Technol. 12, 117 (2003)

I. Korolov, O. Novotny, J. Varju, T. Kotrik, R. Plasil,
M. Hejduk, J. Glosik, Contrib. Plasma Phys. 48, 521
(2008)

J. Glosik, R. Plasil, I. Korolov, T. Kotrik, O. Novotny,
P. Hlavenka, P. Dohnal, J. Varju, V. Kokoouline,
C.H. Greene, Phys. Rev. A 79, 052707 (2009)

T. Kotrik, P. Dohnal, I. Korolov, R. Plagil, S. Roucka,
J. Glosik, C.H. Greene, V. Kokoouline, J. Chem. Phys.
133, 034305 (2010)

R. Plasil, J. Glosik, V. Poterya, P. Kudrna, J. Rusz,
M. Tichy, A. Pysanenko, Int. J. Mass Spectrom. 218,
105 (2002)

H.J. Oskam, Philips Res. Rep. 13, 335 (1958)

1. Korolov, T. Kotrik, P. Dohnal, O. Novotny, J. Glosik,
Contrib. Plasma Phys. 48, 461 (2008)

R. Plasil, I. Korolov, T. Kotrik, P. Dohnal, G. Bano,
Z. Donko, J. Glosik, Eur. Phys. J. D 54, 391 (2009)
J.D. Swift, M.J.R. Schwar, Electrical Probes for Plasma
Diagnostics (Illiffe Books, London, 1970)

Rev. A 1, 1498



ARTICLE II

TITLE: Nuclear spin state-resolved cavity ring-down spectroscopy
diagnostics of a low-temperature H] ~dominated plasma

AUTHORS: Michal Hejduk, Petr Dohnal, Jozef Varju, Peter Rubovig,
Tomas Kotrik, Radek Plasil, and Juraj Glosik

JOURNAL: Plasma Sources Science and Technology 21:024002 (9pp)
DATE: 4 April 2012

DOI: 10.1088/0963-0252/21/2/024002

119


http://dx.doi.org/10.1088/0963-0252/21/2/024002




IOP PUBLISHING

PLASMA SOURCES SCIENCE AND TECHNOLOGY

Plasma Sources Sci. Technol. 21 (2012) 024002 (9pp)

doi:10.1088/0963-0252/21/2/024002

Nuclear spin state-resolved cavity
ring-down spectroscopy diagnostics of a
low-temperature H; -dominated plasma

Michal Hejduk, Petr Dohnal, Jozef Varju, Peter Rubovic¢, Radek Plasil

and Juraj Glosik

Department of Surface and Plasma Physics, Faculty of Mathematics and Physics, Charles University,

Prague, Czech Republic
E-mail: MichalLeeHejduk @matfyz.cz

Received 2 August 2011, in final form 31 October 2011
Published 4 April 2012
Online at stacks.iop.org/PSST/21/024002

Abstract

We have applied a continuous-wave near-infrared cavity ring-down spectroscopy method to
study the parameters of a H}-dominated plasma at temperatures in the range 77-200 K. We
monitor populations of three rotational states of the ground vibrational state corresponding to
para and ortho nuclear spin states in the discharge and the afterglow plasma in time and
conclude that abundances of para and ortho states and rotational temperatures are well defined
and stable. The non-trivial dependence of a relative population of para-H} on a relative
population of para-H; in a source H, gas is described. The results described in this paper are
valuable for studies of state-selective dissociative recombination of H ions with electrons in
the afterglow plasma and for the design of sources of Hj ions in a specific nuclear spin state.

(Some figures may appear in colour only in the online journal)

1. Introduction

H} ions are one of the key components of interstellar space
[1-3] and planetary atmospheres [4,5]. For astrophysicists,
it is crucial to understand how these ions are formed
and destroyed [6,7]. In the latter process, dissociative
recombination (DR) of the H} ion with an electron plays one
of the key roles.

Up to the end of the previous millennium, a number
of mutually inconsistent experiments regarding DR were
carried out [8—16] and no unifying theoretical explanation
was available.  This has changed recently when cross
sections obtained at a storage ring [17-20] and theoretical
values (calculated by going beyond the Born—Oppenheimer
approximation and accounting for Jahn-Teller coupling
[21-24]) started to converge. These experiments, however,
succeeded in confirming different recombination cross sections
for para and ortho nuclear spin states of the ion only
qualitatively. The quantitative difference between the theory
and the experiments was later explained to be caused by
the fact that rotational temperatures were much higher [25]
than those previously stated. Any further study about the

0963-0252/12/024002+09$33.00

recombination of H} would first have to show how well
the internal temperature (population of internal states) is
determined.

Our group has recently shown that, in addition to the
two-body electron—-ion recombination process, the ternary
recombination process (He assisted, if helium buffer gas
is used) plays a significant role in a laboratory afterglow
plasma dominated by H} [26,27]. Knowledge about both
processes was exploited in our studies of the nuclear spin
state-selective recombination of H} ions with electrons at a
temperature of 77 K. Laser-aided continuous-wave cavity ring-
down spectroscopy (cw-CRDS) was the chosen method. As a
result of experiments with two different populations of para-
nuclear spin states of Hf, we recently measured recombination
rate coefficients for para and ortho H} ions [28], which are in
quantitative accordance with the theoretical predictions [23].

In this paper, we describe our apparatus for the studies
of the recombination and show how well the rotational and
kinetic temperatures and population of the monitored states
are determined. A description of the methods of precise
determination of these parameters is useful not only for state-
selective recombination studies but also for the investigation

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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of other nuclear spin state-selective processes involving Hj
ions in a low-temperature discharge plasma (nuclear spin
conversion of H; ions in collision with H,, for example, [29]).
We also deal with the topic of production of an ensemble of
H3 ions with a specified population of para nuclear spin states,
which may be interesting for the construction of para-H} ion
sources.

In the following text, we use special notation for some
terms. Para/ortho nuclear spin states of H%, H, and H; are
denoted by ‘p’/‘0’ in the leading superscript position (like
PH}/°H}). ‘Normal’ hydrogen gas ("H») is defined as H,
gas with 25% of molecules in the para state and 75% in
the ortho state. H, gas with any higher population of PH,
is called para-enriched and is marked °H,. We refer to
a relative population of PH} among HY ions as Pf3, i.e.
P f3 = [PH31/[H}]. The abundance of PH; in H, gas is marked
similarly: P f, = [PH,]/[H;]. Apart from "H,, we mainly use
°H, with P f, = 0.87 in our experiments; this “H, is marked
- Hz (m indicates the maximum).

2. Experimental setup

Our experimental apparatus can be naturally divided into two
subsystems: one is responsible for the production of cold H3-
dominated plasma and the other is a system of spectroscopic
detection of specific rovibrational states of Hj ions. A
thorough description of the apparatus can be found in [30].
Here we provide only the most important details.

2.1. Production of H} -dominated plasma with ions in specific
states

H} ions are produced by a microwave discharge in a
He-Ar—H, mixture with typical concentrations of 107, 104
and 10" cm™3. The frequency of the microwaves is 2.5 GHz
and input power is set in the range 4—12 W. The discharge is
switched on for 2-2.5ms and then switched off for around
4 ms to let the plasma decay. The discharge tube is made of
silica glass and its inner diameter is 1.5 cm. The tube can be
cooled down to 77 K by immersing it in liquid nitrogen and
temperatures above 135 K are achieved by exposing it to cold
nitrogen vapour. Helium ions and metastable atoms created
during the microwave discharge are rapidly converted to H} by
a sequence of ion—molecule reactions involving Ar* and ArH*
as intermediate ions (for details on the kinetics of formation
see [30-32]). The method of examination of the afterglow
is actually semi-stationary, because the source gas mixture is
always flowing through the discharge tube: each repetition of
discharge on—off cycle is carried out in a completely renewed
environment with almost all reaction products removed (see
the discussion in section 3.1.4).

As briefly mentioned in section 1 and fully described
in [28], at least two different measurements with two different
relative populations of PHJ (P f3) need to be carried out to study
nuclear spin state-specific recombination. The value of P f3 is
determined by H, and Ar densities, by the temperature and by
nuclear spin selection rules of the reactions (see the discussions

Pulsed
He/Ar/"H, MW

il

Pumping

s P ﬂ—%—ﬂ} {3-» [ Detector |
£
& o R f:::\
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Figure 1. A scheme of the CRDS apparatus. The laser beam is
directed into or out of the optical cavity by the acousto-optic
modulator (AOM). The beam undergoes spatial filtering before it
enters the optical cavity. The plasma is formed by the microwave
discharge (MW) in the optical cavity. The pressure inside is
measured by a baratron gauge (P,). The discharge tube is cooled by
liquid nitrogen (LN) or its vapour. The set wavelength is measured
absolutely using a Michelson interferometer and relatively by a
Fabry—Pérot interferometer. The inner diameter of the discharge
tube is 15 mm.

in [29,33-37])

P-OH} +P°H, — P°H! +H, (1)
P°H3 +P°Hy — P °H3 + P °H, @
and
ArH" + PH, — PHY + Ar (3a)
+°H, — P°HJ + Ar, (3b)

which allow the production of an ensemble of H} ions with
higher or lower P f; by raising or lowering the value of P f.
The maximal P f, we are able to reach by conversion of "H; in
the presence of Fe, O3 catalyst at 10-18 K outside the discharge
tube is 0.87 (value gained by nuclear magnetic resonance); we
denote such a gas as { H,. The values of P f3 depend also on
parameters other than P f, as described in sections 3.1.4 and
3.1.5 of this paper.

2.2. Optical system—cavity ring-down spectroscopy

We have implemented cw-CRDS to track the population of
specific rotational states of the ground vibrational state of
H} ions in a discharge and an afterglow in time with high
sensitivity and time resolution. Even though the concept of
CRDS is widely known [38], its use in time spectroscopy is
not common and requires a good synchronization of ring-down
detection with other parts of the apparatus; for details about
this topic, see [39].

A scheme of cw-CRDS, developed by Romanini et al
[40], was employed in the construction of our spectrometer
(see figure 1). A laser beam is coupled to an optical cavity
whose highly reflective mirrors (reflectivity over 99.98%) are
periodically swept until an optical resonator is formed. When
the resonator is set up, the laser radiation power in the cavity
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Figure 2. Lowest rotational levels (J, G) of the ground vibrational
level of H}. Populations of (1,1), (1,0) and (3,3) (corresponding to
one para and two ortho states, respectively) are measured. For
notation, see [41].

Table 1. Used transitions and their wavenumbers.

Wavenumber  Nuclear
Transition (em™) spin state
3vi2, 1) < (1, 1)  7237.285 Para
3vi(2,0) < 009(1,0) 7241.245 Ortho
3vi4,3) < 019(3,3) 7234.957 Ortho

rises and the incoming laser beam is interrupted by an acousto-
optic modulator as soon as the intensity measured by the
PIN or avalanche diode behind one of the mirrors exceeds a
threshold. After the laser beam is intercepted, the trapped light
intensity decreases because of the losses at the mirrors and the
absorption by the medium in the cavity. The characteristic
time of the decrease in intensity is inversely proportional to
the concentration of absorbing molecules in the medium. The
frequency of ring-down events is ~100 Hz.

As the light source, a fibre-coupled distributed feedback
(DFB) laser diode was used. The central wavelength of the
laser is 1381.55nm. The line width of the laser is <2 MHz
on 1s timescales. The maximum output optical power is
20 mW. The beam from the laser undergoes spatial filtering
to form Gaussian profile matching to the optical resonator.
The set wavelength is measured absolutely using a Michelson
interferometer and relatively by a Fabry—Pérot interferometer.

We were able to monitor three of the lowest rotational
states of the ground vibrational state of H}: (J, G) = (1, 1),
(1, 0) and (3, 3) corresponding to a para and two ortho states
(respectively, see figure 2; for notation, see [41]). Specific
transitions and their wavelengths are shown in table 1.

3. Experiment: examination of plasma parameters

As mentioned in section 1, our aim is to study the properties of
the low-temperature discharge plasma in which we produce
the ensemble of H} ions that is used to study the state-
selective recombination of the eponymous ions. Apart from
the discharge plasma, the early afterglow is also described in
several places since the production processes can take place
there as well. The CRDS method used in the presented

experimental setup allows us to describe the plasma by kinetic
and rotational temperatures of H} ions and by an abundance of
these ions in para nuclear spin states (P f3). We need to study
the relationships between the aforementioned parameters and
experimental conditions to be able to reproduce the results at
any time.

In particular, the following questions need to be answered
if we want to describe the studied plasma satisfactorily:

(Q-1) How does the kinetic temperature (7xi,) of the ions
evolve? What is its relation to the temperature of the
discharge tube and the He buffer gas?

(Q-2) How does the population of rotational states of the ions
change in time in the discharge and the early afterglow?

(Q-3) Does any subsystem of an ensemble of H} ions reach
equilibrium in the discharge to be able to define
a rotational temperature? How does the rotational
temperature correspond to Tki,?

(Q-4) How does the population of nuclear spin states develop
in the discharge and in the early afterglow?

(Q-5) How can we produce the plasma with a specified value
of P f3 (specified para-to-ortho ratio)?

(a) What is the relationship between P f, and P f3?
(b) What is the relationship between Txi, and P f3?

To answer these questions, it is preferable to clarify the
processes taking place in the discharge plasma. A list of them
is given in table 2. Here are some comments on the table.

1. Ambipolar diffusion. We know from recombination studies
[28,42] carried out in the experimental setup described
in figure 1 (with [He] ~ 107 cm™> and temperature
range 77-300K) that the characteristic diffusion time
in the afterglow (tpag) is of the order of 1 ms. The
characteristic diffusion time is evaluated from the ion
number density decays measured in the afterglow together
with the recombination rate coefficient—see equation (4)
and figure 1 in [28]. Its value can also be calculated [43]
from the mobility of the ion [44]. We assume that the
electron temperature (7;) in the discharge is of the order
of T, =~ 1eV and that ions have kinetic temperature
Txin =~ 0.01eV. Then the value of the characteristic time
of the ambipolar diffusion in the discharge is

0.01eV
°Y o 0.02ms.

T~ 2x tDAGTKi" ~ 2ms X
T.

2. Recombination of H} ions. For electron temperature T, ~
leV and electron density [e] =~ 10""cm™ in
the discharge, the recombination rate will be o <
10 8cm®s~! [20]. Hence the characteristic time of
recombination is

7 =1/(ale]) # 1/(10 8 ecm®s™' x 10" em™) = 1 ms.

4, 6 and 7. Ions are supposed to get cooled vibrationally after
several collisions with He atoms or H, molecules. The
variables 7 in the table are the time between two successive
quenching collisions, and estimation of their values in the
table is based on the collisional frequencies. We assume
that the main process of rotational cooling is a quenching
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Table 2. Processes in the discharge plasma in which HJ ions are involved. Rotational quantum numbers J' > J, G’ > G, vibrational
quantum number v’ > v (symmetric or degenerate antisymmetric stretch). Prsmp. stands for the presumption. Rate coefficients k are
approximate values applicable to the range of temperatures 77-300 K unless otherwise specified. If k is given, 7, = 1/(k [X]) (Where X is a
reactant) and it is called the ‘characteristic time’ of the process. See the text for the definition of 7 in the case of missing k.

X] k T, References,
n Process type Hf + X (cm™3)  (em’s™!)  (ms) comments
1 Ambipolar diffusion of H} — — 0.02 [28,42]
2 H} + e — neutral products 10" 10-8 1 T. ~ 1eV, [20]
3 Hi(J.G)+e < H{(J'.G)) +e 10" 10770 0.1 T. ~ leV, [45]
4 Hi(J',G') +He — Hi(J,G) +He 10" — <7 prsmp., [46]
5 Hi(v' > 2) + Ar — ArH* + H, 10" 107° 0.01 [47]
6 Hi(v') + He —> Hi(v = 0) + He 10" <1073 prsmp., [47,48]
7 Hi(v)+H, - Hi(v =0) + H, 10 — 10°3 [49]
8,(2) P°Hj+P°H, — P°Hj +P°H, 10 10710 0.01° [36]

* Approximately same for both directions.

® Strongly dependent on the plasma temperature and initial nuclear spin states.
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Figure 3. Doppler broadening of the monitored spectral lines
in a "H, discharge with the discharge tube immersed in LN,.
(a) transition 3v) (4, 3) < ng(3, 3), (b) transition

3v1(2, 1) < 0vi(1, 1), (c) transition 3v (2, 0) < 0vI(1, 0).
The temperature evaluated from the broadening of the line
corresponding to the (1,0) state is 80 & 3 K. The mean values of
temperature evaluated from all spectral lines are the same. The
spectral line of the (3,3) state is multiplied by a factor of 5.

reaction of rotationally excited H ions with He atoms and
that this process has a higher rate than vibrational cooling.
The CRDS method employed in our experimental setup
should tell us whether H} ions are rotationally cooled
down or not (see the discussion below).

From table 2 we can infer that mainly the ambipolar
diffusion limits the lifetime of Hj in the discharge. A
significant fraction of H} ions have enough time to undergo
rotational and vibrational cooling (7 & 7s > 77 > T > T1)
and nuclear spin conversion (2): 13 & 1.

~
~

3.1. Answers to questions (Q-1)—(Q-5)
Measurements carried out to answer questions (Q-1)-(Q-5)

and their results are discussed in this section.

3.1.1. (Q-1) Examination of kinetic temperature. ~The kinetic
temperature of ions is evaluated from the Doppler broadening

210 discharge :afterglow-
> | ¢—P)
180F o boag . __ﬁu;__%_--:
|
PR ) = S SN SN SN
1
< 120 ! 1
2 1
60 - T ° T LN, temperature :( ]
30 ' -
|
Il ]
0 1 2
t (ms)

Figure 4. Evolution of kinetic temperatures for three different
temperatures of the discharge tube (approximately 77, 140 and

170 K). Large errors in the early afterglow are caused by a fast
decrease in the ion concentration due to the recombination with
electrons. The mean values of the temperatures are shown as dashed
lines. Note that data from a discharge tube cooled by LN, are close
to the LN, temperature.

of the monitored transition lines given in table 1. An example
of the broadening is shown in figure 3, which depicts the line
profiles of all three used transitions in the "H, discharge with
the reaction area immersed in liquid nitrogen (LN;). The value
of the kinetic temperature (7, ) evaluated from the broadening
of the line corresponding to the state (1,0) is 80 &= 3 K. The
mean values of temperature corresponding to the other states
are the same but the error is higher. In the graph, the (3,3)
line is multiplied by a factor of 5 to be visible. The evaluated
Txin agrees with the temperature of the discharge tube (77 K).
Observations made in a ; H, discharge give similar results.

Figure 4 shows the evolution of Txj, in the "H, discharge
and the early afterglow for three different temperatures of the
tube (LN, temperature under standard conditions, 140 and
170 K). Data from the early afterglow are characterized by a
large error because of a rapid decrease in the concentration due
to the recombination. However, a significant change in Txiy, is
not observed and the upper limit of the temperature given in
the discharge seems to be preserved every time in the afterglow
as well.
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Figure 5. Evolution of the absolute and relative population of the states and the population of PH3 in the discharge and the early afterglow.
Top panel: evolution of the concentrations of the ions in the indicated states and the corresponding electron density n.. Middle panel:
evolution of the fractions of the indicated states. Bottom panel: evolution of P f5.

Both figures 3 and 4 consist of data measured in the
discharge with the microwave power in the range 4-8 W.
During the discharge period, Txi, maintains a more or less
constant value, which means that collisional cooling of the
translational degrees of freedom of the ions is very efficient.
The agreement of Tk, with the temperature of the discharge
tube cooled by LN, allows us to take the measured Txj, as a
reference temperature for further experiments.

3.1.2. (Q-2) Evolution of populations of rotational states.
Figure 5 shows the evolution of absolute and relative
populations of the monitored states and an overall relative
population P f3 of PH} during the discharge and early afterglow
for "Hy and § H, discharges. These relative populations were
computed by dividing the measured number density of the
appropriate state by the number density of all H} ions. To
calculate this overall number density, a Boltzmann distribution
of rotational states was assumed. This assumption is justified
later in the text (see section 3.1.3). The value of P f5 decreases
slowly in the { H, discharge, and in the "H, discharge it is
constant. Such a slow evolution of the value of P f3 towards
a final constant (steady state) value observed in the § H»
discharge is common to all temperatures above 77 K, and it
is discussed in section 3.1.4. In "H; and { H, discharges,
the ratio of the fraction of the (1,0) state to the fraction of
the (3,3) state is almost constant throughout the discharge
period.

3.1.3. (Q-3) Definition of rotational temperature. In the
previous section we concluded that relative populations of the
rotational states within the ortho-nuclear spin manifold—states
(1,0) and (3,3)—are constant (see figure 5). Most probably, this
also holds for the para nuclear spin manifold. This allows us to
define a rotational temperature Trot-ortho based on the relative
population of two ortho states. This rotational temperature is

—— ; —
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Figure 6. Comparison of the measured rotational Tge-orno and the
kinetic Tx;, temperatures. Dashed line: Tro-ortho = Tkin- The
measurements were performed in discharges with "H, and | H,.

compared with Txj, in figure 6. Data from measurements with
- H> and "H, are scattered along the Trot-ortho = Tkin line.

To examine under which conditions we can define
arotational temperature of the H ensemble (i.e. the ensemble
of PH} ions and °H} ions mixed together), we plot the
population of rotational states against Tk;, for the discharge
with "H, and {H, in figure 7 (the plotted values were
measured at the end of the discharge period, r = 2ms). The
measured populations are supplemented by lines showing the
populations in thermodynamic equilibrium (TDE). We can see
that populations of all three monitored states agree with the
TDE values in the case of the discharge with "H, despite the
fact that the value of P f, does not correspond to TDE (note
that P f, is approximately 0.5 at 77K in TDE, while P f, of
"H, is 0.25). The effect is clear if we redraw the data from
figure 7 to show the dependence of P f3 on Txiy, as is shown in
figure 8: the fractions P f3 for TDE are close to the values of
P f3 measured in the "H, discharge (approximately 0.5) in the
whole temperature range 75-300 K.
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Figure 7. Dependence of the relative populations (fractions) of the
monitored rotational states on Tk;, in the discharge with "H, (top
panel) and with | H, (bottom panel). Dashed lines, full lines,
dashed-dotted lines: population of (1,0), (1,1) and (3,3) states
corresponding to TDE, respectively. Note in the bottom panel that
the measured values do not lie on the lines corresponding to TDE in
the case of { H, discharge; the fraction of PHJ (1,1) (indicated by
open circles) is substantially higher than the full line indicating the
population at TDE.

When using ¢ H, in the discharge, the population of
the rotational states changes substantially against the values
measured with "H; (see figure 7). The population of the states
in the ortho sub-ensemble is thermalized, but the para-to-ortho
ratio given by the value P f; is far from the TDE value (see
figure 8).

Observations described in this section are useful for
recombination studies. To compare the experimental
recombination rate coefficients with theoretical values
calculated for the distribution of the states in TDE for
a temperature given in the range 77-300 K, we do not need
to use °H, with P f, equal to the TDE value: the use of "Hj is
sufficient, because the resulting P f3 ~ 0.5 is close to the value
corresponding to TDE (see the dashed line in figure 8) and the
rotational temperature is equilibrated with Txjy.

Figures 6—8 show that it is possible to form plasmas with
different values of P f3 and with the rotational temperature
defined well within each nuclear spin manifold by using H,
with different values of P f, as a source gas. This is required in
studies of the nuclear spin state-specific recombination of H}
ions (see section 1, [28,42])

3.1.4. (Q-4) Formation of the para—ortho steady state. The
value of Pf3 in the discharge is determined by the nuclear
spin selection rules of the processes (1), (2), (3a) and (3b).
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Figure 8. Measured dependence of P f3 on Tk;, for the discharges
with "H, and with §, H,. Dashed line: ? f; corresponding to TDE.

The evolution of P f3 in time is given only by (2) if the value
of P f, does not change in the discharge, i.e. if °H, does not
convert to H, with a lower population of para states. This can
happen because a certain amount of source °H, gas always
stays in the discharge during the whole period, even though
it is continuously supplied. In our experiments we could
not observe the dependence of P f3 on the length of the stay
of the °H, gas in the discharge area. Moreover, data from
experiments with density [¢,H,] in the range from 5 x 103
to 103 cm™3 and with the temperature 130-210 K show that
almost no dependence of P f3 on [ H» ] exists—see figure 9. At
each concentration, P f3 from the beginning and from the end
of the discharge period (‘initial” and ‘final value’, respectively)
is drawn (for an illustration of both terms, see the inset of the
figure). The so-called ‘nascent’ fraction P f3 originating from
reaction (1) is also indicated (see also an extended discussion
in [50]). The initial values are closer to the nascent values and
change to the final value within the discharge period.

The slight slope of the lines fitted to data in the main frame
of figure 9 seems to be an effect of temperature more than [ H,]
if we notice the error bar of P f3 and where the mean values of
data from each temperature range lie. The observation from
this figure agrees with the trend of | H, values in figure 8.
Whether this effect is caused by the temperature dependence
of the spin conversion reaction (2) is tested by measurements
described in the next section.

3.1.5. (Q-5) Dependence of ® f3 on temperature. In the
previous section we discussed figure 9 and introduced the
idea that the slight slope of the line fitted to the experimental
data can be caused by some temperature dependence, most
probably by the temperature dependence of process (2). Such
an effect can also be found in figure 8 (see the values for
the discharge in § H,). To study this effect in detail we
carried out measurements of the dependence of ‘final’ values
of P f3 on P f,. Measurements were realized at temperatures
of 77, 170 and 300 K. Data from 77 and 300K are plotted
in figure 10. The straight line marked ‘nascent’ shows the
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Figure 9. Dependence of the initial and final relative populations of
PHY on the concentration of ¢ H, in the discharge. The nascent value
of P f3 originating from process (1) for P f, = 0.87 (the value
corresponding to § Hy) is plotted by the dashed-dotted line. The
inset serves as an illustration for the definition of the ‘initial’ and
‘final’ values.

combination of P f; and P f3 resulting from reaction (1) [50].
The experiment at 300 K was carried out at a discharge power
of 12W, [H,] =~ 10 cm~3 and [Ar] = 2 x 103 cm 3. Data
from 80K were acquired at two different discharge powers
(4 and 8 W) and three different concentrations of Ar (1 x 104,
3 x 10 and 1 x 10¥ cm™3) and [Hy] = 2.5 x 104 cem~3.
Significant influence of the discharge power and concentration
of Ar was not observed.

The black dots in figure 10 show the values of P f3 and
P f, at TDE at the indicated temperature. Experimental values
of P f3 for all temperatures at P f, = 0.25 are close to the
corresponding TDE values, as was discussed in section 3.1.3.
We can see that the slices of the graph for P f, = 0.25 and
P f, = 0.87 are in agreement with figures 8 and 9. Since it was
shown by figure 9 that the influence of [*H, ] is weak and all data
were measured at similar values of [*H, ], we can state that we
do observe an influence of temperature dependence of reaction
(2) on the final P f; in the graph, i.e. P f3 =P f3(° f5, Tin)-

The experimental data in figure 10 resemble those from a
recently published paper of the McCall group on the nuclear
spin selection rules of reaction (2) [29]. Their data are also
plotted in the figure (+ and * symbols). Unlike in the case of
the McCall group data, the dependence of P f3 on P f, measured
by us is linear, not convex. This difference is probably due to
the H, concentration: in our case, [H,] is 100 times lower [29]
and almost no H? ions are formed [51]. Therefore, the nuclear
spin conversion processes within the H3 ensemble can be
described much more simply in our experiment. However,
further discussion about figure 10 with respect to the nuclear
spin selection rules of process (2) is beyond the scope of this

paper.
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Figure 10. Dependence of the population of PH} (P f3) on the para
enrichment of °H, (P f,) in experiments and TDE. Black dots: values
corresponding to TDE at the indicated temperature (arrow shows the
direction of rising temperature). The line marked as nascent is the
population of P 5 and P f; resulting from reaction (1) [50]. The
experimental values come from measurements at 80 and 300 K. ‘+’
and ‘x’ symbols: values measured in pure H, discharge [29] at
pressures above 400 mTorr and temperatures 300 K and 77 K,
respectively.

4. Conclusion

We tracked the population of three of the lowest rotational
states of Hj ions (corresponding to one para nuclear spin
state and two ortho states) in a Hj-dominated microwave
discharge plasma and the early afterglow plasma by cavity
ring-down spectroscopy (CRDS). The relative population of
PHY (° f3) was varied by using "H, or °*H,. We characterized
the properties of the ensemble of H} ions by the kinetic and
rotational temperatures and the relative population of para
nuclear spin states (P f3). The following conclusions were
drawn for the considered experimental conditions:

o the ensemble of H} ions in the plasma has a stable kinetic
temperature equalling the temperature of the discharge
tube;

e the rotational temperature can be determined from the
relative population of the two ortho states and it is equal
to the kinetic temperature, i.e. Trot-ortho = IKin}

o the population of HJ in the para states is given by the
population of the para states of H, and the temperature of
the system, i.e. P f3 is a function of P f, and Txin;

e a steady-state population of para-Hj is reached in our
discharge plasma.

These conclusions confirm our previous assumptions that our
measurements of H} recombination rate coefficients performed
with a He-Ar—"H, afterglow plasma ([26-28,42], i.e. under
experimental conditions similar to those described in this
paper) give values close to those in TDE.
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Results of an experimental study of binary recombination of para- and ortho—H;' ions with
electrons are presented. Near-infrared cavity-ring-down absorption spectroscopy was used
to probe the lowest rotational states of H; ions in the temperature range of 77200 K
in an H;—dominated afterglow plasma. By changing the para/ortho abundance ratio,
we were able to obtain the binary recombination rate coefficients for pure para-Hj and
ortho—H;{. The results are in good agreement with previous theoretical predictions.

Keywords: H;’; dissociative recombination; cavity ring down spectroscopy; afterglow plasma

1. Introduction

The fundamental characteristics of the Hi dissociative recombination (DR) [1]
have been the subject of much interest for both theoretical and experimental
physicists [2]. The discrepancies between measurements of the binary dissociative
reaction rate and the theoretical complexity of this seemingly simple reaction
led to a great deal of fruitful research on this process. The history of Hj
recombination studies has been adequately covered in several review articles [3-9].
Recently, both theory and experiment have converged to a value for the rate of
this particular reaction. The theoretical treatment took a crucial leap forward in
the understanding of the DR process after including the Jahn—Teller mechanism
as the critical step in the initial electron-capture step of the DR reaction
[10]. This resulted in a convergence with experimental DR data reported from
ion storage rings where experimentalists had realized the impact of rotational
excitation of the H3+ ions on the DR reaction rate, especially with respect
to the importance of the DR process in interstellar molecular clouds [11-13].
Final convergence between theory and the remaining important experimental
techniques, stationary and flowing afterglow, was reached after recognizing that a
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fast third-body reaction, not previously considered, stabilizes the recombination
process in such plasmas [4,14,15]. However, recently it has been shown [16,17]
that the assumption of rotationally cold Hj ions in storage rings was not
entirely correct [17]. This is important if we realize that the quantum mechanical
calculations [18] predict a large difference in the low-temperature recombination
of ions in para—H; and 01rtho—H§r states. This has been qualitatively confirmed in
storage-ring experiments using hydrogen with an enriched para fraction [12,13,19].
However, as has just been stated, the actual rotational population of the
recombining ions has not been proved experimentally. In the present experiments,
the stationary afterglow (SA) technique with spectroscopic in situ determination
of the abundances of the recombining ions was used. Near-infrared cavity-ring-
down absorption spectroscopy (NIR-CRDS) enabled in situ determination of the
spin states, together with the kinetic and the rotational temperatures of the
recombining ions. A similar approach was used in our recent study of binary
recombination of para-HJ and ortho-Hj ions at temperatures close to 77K [20].
In the present studies, we have extended the range of temperatures up to 200 K.
Our previous measurements in H;- and Dj-dominated plasmas at conditions
similar to those in the present experiment [4,14,15,21,22] have shown that the
H;)r ions recombine by both a binary process with a rate coefficient ay;,, and a
ternary helium-assisted recombination mechanism, with a rate coefficient K.
The plasma decay can then be described by an overall effective recombination
rate coefficient:

Ooff = Qhin + KHe[He] (11)

Both rate coefficients can be obtained by measuring the dependence of s on the
helium density [He]. The possible effects of another ternary process—collisional
radiative recombination (CRR) [23,24]—are discussed in detail elsewhere [25].

In the following, we will use left indices p, o, n and e to denote ‘para’, ‘ortho’,
‘normal’ and ‘para-enriched’ hydrogen (i.e. PHs, °Hy, "Hy and “Hy) and Pf; and
°f, to denote para and ortho fractions. pH; and "H; stand for para—H; and
ortho-HJ , while Pf; and °f; denote their fractions (i.e. Pf3 = [PH]/[H; ] and °f; =
[°H;1/[H71). If an index is missing, then the spin modification is not specified.
Assuming that the plasma is quasi-neutral and that it contains no ions other
than Hy (i.e. n.=[PHJ ]+ [°HJ]), then following the derivation in the study of
Varju et al. [20], we can write the continuity equation for the electron number
density ne:

dn n, n,
- = —(Paer’fs + e’ fi)nd — — = —aenn — —, (1.2)
dt ™D D

where . and Poegr are the state-selected effective recombination rate coefficients
for Ong and pH;, respectively, dor =PfsPaesr + 3% is the overall (apparent
binary) recombination rate coefficient for a given mixture of ortho and para ions,
and 7p is the characteristic time constant of the ambipolar diffusion. A linear
relation similar to equation (1.2) holds also for Paeg and °aegr [20].

The data (see §3) show that at the Hy and He densities used in the experiment,
the fractions Pf; and °f; are nearly constant during the afterglow. A measurement
of au¢ for two or more different values of Pf;, but under otherwise identical
conditions (temperature, and density of He and Hy), then permits a determination

Phil. Trans. R. Soc. A (2012)
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of the individual recombination rate coefficients Pa,y and . The fraction Pfy
can be enhanced from about 0.5 to 0.8 by using para-enriched hydrogen instead
of normal hydrogen (for details, see [20,26]).

2. Experimental apparatus

The experimental apparatus is the same as that in our previous studies [20,26].
A pulsed microwave discharge generates a plasma in a tube (inner diameter
of approx. 1.5cm) cooled by liquid nitrogen. A mixture of He/Ar/Hy with a
typical composition 10'7/10'*/10' cm ™3 flows continuously along the discharge
tube. Details of the ion formation reactions are given elsewhere [4,5,27]. ‘A para-
hydrogen generator’ prepares samples of para-enriched H, (°Hy) [26]. The
enrichment was measured by nuclear magnetic resonance spectroscopy (RNDr Jan
Lang PhD 2010, personal communication). NIR-CRDS in the continuous wave
modification (based on the configuration described by Romanini et al. [28]) was
developed in our laboratory for time-resolved studies [26,29,30]. The light source
is a fibre-coupled distributed feedback laser diode with a central wavelength of
1381.55 nm, line-width less than 2 MHz, and maximum output optical power of
20mW. During the experiment, the time-dependent optical absorption signals
from the discharge and the afterglow are recorded. The measured absorption is
then converted to ion concentrations. The kinetic temperature of the H7 ions and
its evolution during the discharge and in the early afterglow were determined
from the Doppler-broadened absorption line profiles by tuning the wavelength
of the laser diode. All spectroscopic absorption measurements were performed
on the second overtone transitions originating from the ground vibrational level
of Hi. The lowest rotational levels (1,0) (ortho, transition 3v;(2,0) < 0v9(1,0))
and (1,1) (para, transition 3vy(2,1) < 0v9(1,1)) of the vibrational ground state
were monitored routinely. In some experiments, we also probed the higher-lying
level (3,3) (ortho, transition 3vj(4,3) < 0v5(3,3)). Here, and in the following
discussion, the energy levels are labelled (J, G) by their quantum numbers
J and G.

3. Experimental results: binary recombination of para-H;' and ortho-H;'

The measured electron density decay curves were analysed to obtain a.g for two
particular values of Pf; (further details can also be found in the study of Varju
et al. [20]). We carried out a systematic set of measurements that differed only in
the value of Pf, (°f; =0.25 when using "Hy and Pf, = 0.87 using “Hy), but under
otherwise very similar conditions. The densities of the para (1,1), ortho (1,0) and
ortho (3,3) states of Hj were monitored. Examples of data measured at 140K
with "Hy and with °Hy are plotted in figure 1a,b, respectively. The middle panels
of figure 1a,b show a large difference in the measured populations of the particular
rotational states of Hj{ in both experiments. In this set of experiments, we
obtained Pfs ~ 0.5 for "Hy, and Pf5 ~ 0.7 for “Hy (see the lower panels). Note that
in both experiments, the values of Pf; are nearly constant during the afterglow.
Assuming thermal equilibrium (TDE) within the para and ortho manifolds,
we calculated from the densities of the ions in the (1,1) and (1,0) states the
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Figure 1. (a) Upper panel: a typical example of the ion and electron decay curves measured during
the afterglow in a He/Ar/"Hs gas mixture. The time ¢ =0 is taken to be at the beginning of the
afterglow when the discharge is switched off. The measurements were made at 140 K and 1000 Pa
of He and at the indicated densities of Ho and Ar. Middle panel: the measured relative populations
of the para (1,1), ortho (1,0) and ortho (3,3) states of H; Lower panel: the measured fraction of

Pfs of pH;. Note the constant value of Pf3 during the afterglow. (b) Similar to (a), but for data
measured in a He/Ar/°Hy gas mixture. (Online version in colour.)

total densities [pH;{], [OH;{] and n.. We have proved experimentally [25,26]
that the assumption of TDE under our experimental conditions is correct. To
obtain a.s from the measured electron density decay curves, we used direct fits
to the data and, in addition, the more advanced ‘integral analysis’ technique
[31]. We deliberately excluded the first 50-150 ps of the afterglow decay from
the data analysis because some new ions were probably still being formed (for
details see [4,20,26,31]). The observed dependences of "a. and ®a.s on [He]
at 140K are shown in figure 2a. The corresponding fractions Pf; are shown in
figure 2¢. Because "o, and o, increase linearly with increasing [He], we can use
equation (1.1) to obtain binary and ternary recombination rate coefficients for
known para/ortho ratios. The values obtained with normal hydrogen (Pf; =0.5)
correspond to those expected under TDE. The present experiments with "H, also
confirmed that Pf; was 0.5 in our previous flowing afterglow with Langmuir probe
(FALP) experiments [4,14,15,32]. Hence, the values of ay;, and Ky, from these
experiments correspond to TDE.

The dependences of "o, and “aer on [He] were measured for four temperatures
in the 77-200 K range. From those dependences and from the corresponding
Pfs we calculated the values of Paegr and °aqy for pure pH;{ and for pure OH;,
respectively. The binary recombination rate coefficients for pure PH; and for
pure °HJ were obtained by fitting the values of Payy and °aq (figure 2b) using
equation (1.1). For further details on the data analysis, see Varju et al. [20].
The measured values of Payy, °apin, "apin and values of "y, from previous
FALP experiments [4,14,15] are plotted in figure 3. The displayed errors of rate
coefficients are 1o errors, and systematic errors (mainly from determination of
ion number densities) were estimated to be less than 10 per cent.
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Figure 2. The measured dependences of the effective recombination rate coefficients on the He
density at 140K. (a) aeff measured using “Ho (open circles) and ae measured using Ha (filled
circles). (b) The measured values Paegr and Caegr for pure pH; (filled triangles) and pure °H3Jr (open
triangles), respectively. (¢) The fractions Pf3 of pH;‘ measured in the experiments with "Hy and
“Hg. (Online version in colour.)

4. Discussion and conclusion

By using either normal or para-enriched hydrogen gas, we were able to form
plasmas with different partial populations of PHJ (fractions, Pf;) and °Hj,
and from the measured decay of the ion density, we evaluated the binary
recombination rate coefficients for pure PHY and °Hj ions. The temperature
range covered in this study was 77-200 K. The results of this study show a
strong dependence of the low-temperature binary recombination of Hy ions on the
nuclear spin states of the ions. The agreement between the experimental values
("bin, Papim and °ayy,) and the theoretical values ("apgr, Papr and °apgr) [18] is
very good. Moreover, though the electron number density used in the present
experiment was by an order of magnitude higher than in our previous FALP
experiments using Langmuir probes [14], the agreement between the present
"api, values and those from the FALP experiments is very good over the whole
temperature range. Because of this agreement at higher temperatures, where
CRR is negligible, we conclude that the measured rate coefficients at 77 K do not
depend on the electron density. From this, it follows that CRR has little to no
effect on the plasma decay and that the obtained recombination rate coefficients
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Figure 3. The measured temperature dependences of the binary recombination rate coefficients
2 opin, Ppin and ©apiy . ‘Normal—H;’ refers to data measured in the present experiments with "Hos.
Previous FALP data [4,14,15] measured with "Hy are indicated by filled circles. Combined SA-
CRDS/FALP data at 100K and 305K [4,14] are indicated by a filled circle in a square. The lines
indicate the theoretical rate coefficients for pH; °H§ and for H;‘ ions in TDE [18]. (Online version
in colour.)

P, and oy, correspond to the binary DR (for details see discussion in the study
of Dohnal et al. [25]). Further results concerning ternary recombination have been
published elsewhere [25], together with a detailed discussion of the equilibrium
conditions in the recombining afterglow plasma and with an estimation of the
effect of the CRR process.
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of the Czech Republic and was partly supported by GACR (205/09/1183, P209/12/0233), by SV
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Measurements in HJ afterglow plasmas with spectroscopically determined relative abundances of
HY ions in the para-nuclear and ortho-nuclear spin states provide clear evidence that at low tem-
peratures (77-200 K) para-H3+ ions recombine significantly faster with electrons than ions in the
ortho state, in agreement with a recent theoretical prediction. The cavity ring-down absorption
spectroscopy used here provides an in situ determination of the para/ortho abundance ratio and
yields additional information on the translational and rotational temperatures of the recombining
ions. The results show that H;’ recombination with electrons occurs by both binary recombina-
tion and third-body (helium) assisted recombination, and that both the two-body and three-body
rate coefficients depend on the nuclear spin states. Electron-stabilized (collisional-radiative) re-
combination appears to make only a small contribution. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4730162]

. INTRODUCTION

The present experiments were motivated by the fun-
damental character of the recombination of H;r ions,! its
relevance to modeling of astrophysical diffuse clouds,” and
electrical discharges in hydrogen. In cold diffuse clouds (tem-
peratures from 50 to 100 K), H7 ions are formed by cosmic-
ray ionization of Ha, followed by the reaction Hf + H,
— HY + H.3 The HY ions subsequently either recombine by
dissociative recombination (DR) with electrons or transfer
protons to other atoms or molecules.* The recombination of
H7 ions competes with the rate of molecule formation in
diffuse clouds and plays a pivotal role in the chemical evo-
lution. Even though HY is the “simplest” triatomic ion, its
recombination is a rather subtle process that has challenged
theorists and experimentalists for many years. It has become
clear in recent years that the ortho-modifications and para-
modifications of HY, distinguished by their nuclear spins and
allowed rotational states, may recombine differently at low
temperatures. The experiments described in this paper focus
on this question. Unlike other previous experiments, they in-
corporate in situ spectroscopic identification of the recombin-
ing ion species in the recombining medium.

The spin dependence of H3+ recombination also plays a
role in the interpretation of spectra observed in astrophysical
clouds. For instance, a recent analysis by Crabtree et al.’ of
several diffuse molecular clouds suggests that the observed
differences between the rotational excitation temperatures of
H, and H;r (denoted as T(g1)(H,) and T(H3+)) can be explained
by a kinetic model that includes both reactive collisions of
H;r or para-H3+ with H, and recombination with electrons.
The model makes specific allowance for the dependence of
all relevant reaction rates on the ortho/para states of both
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H, and HJ . Surprisingly, reasonable agreement between ob-
served and calculated excitation temperatures was found only
when the DR rate coefficients of para-H3+ (nuclear spin /
= 1/2) and H;’ (nuclear spin I = 3/2) were assumed to be
nearly equal, which, however, is in conflict with the theoret-
ical prediction® that the low-temperature DR rate coefficient
of para-H7 is considerably larger than that of HY .

The history of H3+ recombination studies has been ex-
tensively covered in a number of reviews’'> and in the
book by Larsson and Orel.!* Many of the once puzzling dis-
agreements among measured recombination coefficients have
either been resolved or can be rationalized by invoking third-
body stabilized recombination processes that occur in plas-
mas but not in beam-type experiments. Also, earlier serious
discrepancies between experimental results and theory were
largely resolved in 2001 when it was shown that the Jahn—
Teller mechanism can account for the observed magnitude
of dissociative recombination rates of H3+ ions.'* Subsequent
improvements of the theory!” yielded a thermal rate coef-
ficient of the dissociative recombination at 300 K of apr
= 5.6 x 1078 cm’s™! which comes close to the magnitude of
many experimental values. Theoretical predictions also agree
quite well with the temperature dependence of the thermal
rate coefficients inferred from ion-storage-rings (ISR) exper-
iments. The more recent ISR studies employed ion sources
specifically designed to produce rotationally cold ions (“cold
ion sources”)'!® and the results supported the theoretical
thermal rate coefficients.'” At that time it appeared that a sat-
isfactory solution to the H;’ enigma,” the often-cited term
coined by Bates ef al. in 1993,%° had been found. However,
it proved difficult to verify experimentally that the H7 ions
circulating in the storage rings were truly rotationally cold

© 2012 American Institute of Physics
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and this problem has not been entirely solved. It had been as-
sumed that the “cold” rotational distributions inferred from
spectroscopic observations in the ion source survived extrac-
tion into the storage ring and were not altered further in the
ring, but recent experiments using high-resolution storage-
rings indicate that these assumptions were not necessarily
correct.?"?? The problem awaits clarification by further ex-
periments. Also, high-resolution storage rings data exhibit
resonances at particular collision energies that have not been
clearly assigned to specific recombination paths and are not
predicted by theory.?? Thus, a truly satisfactory convergence
of theory and experiment has not been achieved. Petrignani
et al.*> summed up the current situation of storage-ring ex-
periments: “Presently no rate coefficient measurement with a
confirmed temperature below 300 K exists.” Plasma afterglow
measurements at reduced temperatures have been made, but
those, as will be discussed later, have their own set of compli-
cations. Paraphrasing Bates et al.?’ and Larsson et al.,'” we
can sum up the state of the art today in the words: “...the
saga of the H}' enigma continues. . ..”

Recent theoretical calculations® predict that the low-
temperature DR rate coefficients for para-Hj are larger than
those for H3+ ions, by a factor of about ten at temperatures
below 10 K. This prediction has been qualitatively confirmed
at low electron-ion collision energies in storage-ring exper-
iments using para-enriched HJ,'”** but, as has been men-
tioned before, the actual para/ortho abundance ratio of the
recombining ions was not experimentally verified. This prob-
lem, of course, is closely linked to that of the rotational pop-
ulations. Further progress will require direct in situ deter-
mination of the para/ortho ratio and rotational excitation of
the stored H;r ions. Experimental photodissociation measure-
ments on H;r ions in the ring may be one feasible approach
(see discussion in Refs. 24 and 25).

The experiments described here make use of the plasma
afterglow technique but add spectroscopic capabilities. Here,
the ion densities are many orders of magnitude larger than
those in storage rings which enables in situ spectroscopic ab-
sorption measurements of rotational populations of H;’ ions
under recombination-controlled conditions. The feasibility of
such experiments was demonstrated by us in a recent study
in which we measured binary recombination rate coefficients
for pa.ra-H3+ and ortho-H3+ ions (Pay;, and °ayy,) at buffer
gas temperature ~77 K.2%?7 The present study extends this
work and provides recombination rate coefficients for pure
para-Hj and pure ortho-H7 over a wider range of tempera-
tures from 77 K to 200 K. As before, the experiments were
carried out in a stationary afterglow (SA) in conjunction
with a near-infrared cavity-ring-down absorption spectrome-
ter (NIR-CRDS) for direct in situ determination of the kinetic
temperature, the rotational temperature, and the spin states of
the ions.

In a SA experiment?® electrons and ions undergo multiple
collisions with buffer gas atoms (here He and Ar) and reagent
molecules (here H;) prior to their recombination. The early
phase of the afterglow is dominated by ion-formation and
ion-conversion reactions, electron thermalization, and equi-
libration of internal degrees of freedom of the ions. Ideally,
this early phase should be completed rapidly so that the only
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relevant processes during the recombination phase are binary
electron-ion recombination and ambipolar diffusion of ions
and electrons. However, the neutral constituents (He, H,, and
Ar in our case) and ambient electrons and ions can affect the
overall recombination process as well as the para/ortho ratio
and this requires careful consideration. There are two known
ternary recombination processes that contribute to the plasma
decay, ternary neutral-assisted recombination (largely due to
the helium buffer),? and ternary electron-assisted collisional
radiative recombination (CRR).3*3? We have recently stud-
ied the ternary helium-assisted recombination of Hi and DY
ions with electrons at conditions similar to those of the present
experiments® 3337 and found that H;r ions recombine by both
the binary process with rate coefficient ay;, and by ternary
(“He-assisted”) process with ternary rate coefficient Ky.. The
observed plasma decay yields an “effective” rate coefficient
oefr given by the sum aer = abin + Kne[He] that can be de-
composed into its parts by measuring the dependence of ot
on helium density [He].

The role of electron-assisted CRR is less clear because
experimental data and theoretical calculations exist only for
atomic ions but not for molecular ions. For atomic ions
the predicted very strong negative temperature dependence,
acrr ~ neT~*7, of the CRR rate coefficient, has been con-
firmed for temperatures above 300 K,3%38:3% and recently
also for Ar* ions at temperatures below 300 K.3>40 In low-
temperature plasmas most molecular ions are removed by fast
dissociative recombination (see, e.g., book by Larsson and
Orel'?) and the contribution from collisional radiative recom-
bination is usually negligible. However, at temperatures ap-
proaching 77 K the effective binary rate of CRR (Refs. 38
and 39) becomes comparable to typical DR rate coefficients
for electron densities >10'° cm=3. Somewhat surprisingly, the
HY afterglow studies of Amano*!"** at gas temperatures near
77 K and electron densities >10'! cm™3 seemed to indicate
that CRR did not play a significant role. However, as Bates>°
pointed out, the occurrence of CRR 1is “inevitable,” and to
make matters worse, the observed plasma decay due to CRR
can give the appearance of binary recombination since the en-
ergy released by CRR can lead to a time-dependent electron
temperature. A quantitative re-analysis of Amano’s experi-
ments is beyond the scope of this paper. It is far from obvious
that CRR made only a negligible contribution. It is also diffi-
cult to accept the author’s conclusion that clustering of Hy to
form fast recombining H;r ions was entirely absent.

In our flowing afterglow (FA, FALP (Ref. 34)) and sta-
tionary afterglow (SA (Refs. 26 and 43)) experiments we can
measure at gas temperatures close to 77 K and cover a wide
range of electron and ion densities, from 10% to 10" cm™3.
This makes it possible to separate binary and helium-assisted
ternary recombination of Hy ions from CRR. We will con-
clude (see Appendix) that CRR may have a slight effect at the
lowest temperature (77 K), but most likely it is completely
negligible at higher temperatures.

Il. EXPERIMENTAL METHODS

The basic methods of measuring recombination rates
in afterglow plasmas are well known and will not be
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discussed here in great detail. This section focuses on the
interconversion processes between para—Hgr and or“[ho—H;r
ions, and their recombination. Technical details of the experi-
ments will be presented in Sec. I11.

A. Afterglow processes in para-H} and ortho-H;
dominated plasma

In the following upper left indices p, o, n, and e de-
note “para,” “ortho,” “normal,” and “para-enriched” hydro-
gen (e.g., PHy, °Hz, "H», and °H,) and Pf, and °f, de-
note their fractions. Para-H{ and ortho-Hj ions denote PHy
and °HY, while P f; and °f; stand for their fractions (i.e.,
Pf; = PH{VHZ] and °f; = [PH{V[H{] with Pf; + °f;
= 1). Absence of an index implies that the spin modification
is not specified.

In a low-temperature afterglow plasma in a gas mix-
ture of helium (the “buffer gas”) with small additions of ar-
gon and hydrogen the principal processes affecting the densi-
ties of PHy and °HJ are recombination, ambipolar diffusion,
para/ortho conversion in reactions with H,, and formation of
H{ in ternary association, i.e.:

LT3

Pore

pH;r +e~ ﬁg“ neutral products, (1a)

oprt | a— g

H; +e~ —  neutral products, (1b)
PHY +H, 5 °HJ +H, (1¢)
°Hi +H, 2 PHY +H,, (1d)
+ PR ot

PH; +H, + He — H{ + He, (le)

O.ER
°Hf +H, + He — H{ + He, (1f)

where Pogr and o stand for effective (apparent binary)
recombination rate coefficients of pure para—Hgr and pure
ortho-Hy ions, respectively. vy, and v, are the frequencies
of para-Hj /ortho-H conversion due to reactions with Ha.
The spin state of the neutral hydrogen molecule in reactions
(1c) and (1d) will change also, but because the neutral hydro-
gen is far more abundant than the ions, the resulting change
in P f, can be neglected. Prg and °tx are time constants for
ternary association, later we will assume that Pt = °g for
simplification. The continuity equations for the ion densities
[pH;] and [°H3+] during the afterglow are:

%ﬁm = —Pater "y Ine — T Vpol PHZ 1 + vopl °Hy
—[?;f L @)
d[ dItH s [HiT o[ PH — v B
‘ﬂ 3)

R
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where n. is electron density and tp is the time constant for
ambipolar diffusion, assumed to be equal for both spin modi-
fication of H3+ Three-body association of H;r with H; to form
H1 is at the hydrogen and helium densities used in the present
experiments relatively slow in comparison with the rate of
the recombination (for details see Refs. 9, 34, and 44) and
we can conclude [H;r] < [H;r]. Assuming that the plasma is
quasineutral and that it contains no ions other than H;r (i.e.,
ne = [PHT 1+ [°H7 1), the continuity equation for the elec-
tron density (obtained by summing Egs. (2) and (3)) becomes

dn n n
—= = —(Pf3 e + O fy Coeni — — — —. (4
dr D TR

The experimental data (see Sec. V) show that the frac-
tions P f; and °f; are nearly constant during the afterglow.
This implies that the para/ortho ratio is maintained by re-
actions (1c)and (1d) on a time scale that is short compared
to the recombination time scale. In that case, one can de-
fine an overall effective (apparent binary) recombination rate
coefficient for a given mixture of ortho and para ions by
et = P f3Poesr + © f3 atesr. Equation (4a) then simplifies to

dn, ) Me
= —an? — =, 4b
m Clefity - (4b)

where 1/7, = 1/tp + 1/7r. The time constant i, character-
izes losses due to diffusion and reactions (1e) and (1f).

A measurement of o, for two or more different values
of P f3, but under otherwise identical conditions (temperature
and density of He and H,), then permits a determination of
the individual recombination rate coefficients Po.g and e
These rate coefficients still do not necessarily represent purely
binary recombination. In earlier work we observed that H;r
recombination in low-temperature (<300 K) helium-buffered
afterglows occurs not only by binary recombination but also
by ternary helium-assisted recombination.®33:3%36 In those
studies "H, was used as a precursor gas to form HJ . It was
then found that the effective recombination coefficient gt
varies linearly with helium density [He], i.e.,

oefi(T, [Hel]) = awin(T) + Ke[He], (&)

where oy, and Ky are the binary and ternary recombina-
tion rate coefficients. Previous experiments at 77 K (Ref. 27)
showed that the same linear relation holds for the state-
selected effective recombination rate coefficients Poeg and
°arr. Hence, least-square fits to data of aegr as a function of
the helium density for two different values of P f; can be an-
alyzed to obtain oy, and Ky for each of the two spin states
of HY.

In experiment, P f; can be enhanced from about 0.5 to
0.8 by substituting para-enriched hydrogen for normal hydro-
gen. This was tested by a preliminary set of experiments, to
be discussed next. Technical details of the para H, generator
and the optical absorption measurements will be presented in
Sec. III.
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FIG. 1. Panel (a): Calculated temperature variation of the fractions P f3 and
°f3 in thermal equilibrium, compared to measured values of P f3 during
the discharge phase (open triangles) and during the afterglow (closed circles
and triangles) in experiments with either "H, or °Hy. Panel (b): Calculated
thermal-equilibrium fractions P f, and ° f,. The dashed horizontal lines indi-
cate the values of P f, in experiments with either "H or °Ha (measured by
NMR).

B. Method of controlling the relative abundance
of para-H} and ortho-H;

In the experiment, normal "Hj is obtained by cooling
normal hydrogen from 300 K to lower temperatures without
ortho—para conversion, i.e., in a container without a catalyst.
Hence, "H, will have fraction Pf, = 1/4 and °f, = 3/4.
Para-enriched H, is produced by cooling normal hydrogen
to cryogenic temperatures in the presence of a catalyst and
then letting it warm up without the catalyst to the desired tem-
perature. Our experiments confirmed earlier findings that an
increase of P f; in hydrogen discharges can be achieved by
using °Hj instead of "H, (see, e.g., Refs. 45 and 46), and that
the increase of P f; observed during the microwave discharge
persists into afterglow phase.?%27-43

Figure 1 shows the equilibrium values P f; and ° f; and
P f, and °f, for temperatures from 0 to 300 K, calculated us-
ing published energy levels.*”-*® The same graph shows our
experimental values of P f; and ° f3. In normal H, measured
P f2 approach 0.5 at temperatures above ~77 K, this is the
value corresponding to thermal equilibrium at these tempera-
tures. When para-enriched H; is used, measured P f; becomes
significantly larger (~0.8).

lll. EXPERIMENTAL APPARATUS
A. Stationary afterglow

The plasma is generated in a pulsed microwave dis-
charge in a fused silica tube (inner diameter ~ 1.5 cm) cooled
by liquid nitrogen to nearly 77 K or by pre-cooled nitro-
gen gas for measurements in the range 80-220 K. The tube
contains a mixture of He/Ar/H, with a typical composition
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FIG. 2. Schematic diagram (not to scale) of the discharge tube and the op-
tical resonator (cw—CRDS). The discharge tube at the center (containing a
He/Ar/H; gas mixture) is immersed in liquid or pre-cooled gaseous nitrogen.
The light signal exiting the optical cavity is measured by a photodetector (In-
GaAs avalanche photodiode).

10'7/10'*/10™ cm™3 (details of the ion formation reactions
are given in Refs. 8, 9, 34, 37, 44, and 49. The gas handling
system includes a “para H, generator,” used to prepare sam-
ples of para-enriched H,, indicated here as °H,.*3 The mi-
crowave generator 2.45 GHz is equipped with an external fast
high voltage switch to cut off the power to the magnetron
within a fall time of < 30 ws. A fairly low microwave power
in the range 5-15 W, with ~50% duty cycle, was used to avoid
excessive heating of the gas during the discharge.

B. CRDS spectroscopy

The principal diagnostic technique employs cavity ring
down absorption spectroscopy in the continuous wave modi-
fication (cw-CRDS), based on the configuration described by
Romanini et al.’® The instrument used here was fabricated
in our laboratory for spectroscopic time-resolved studies of
elementary processes in plasmas, such as ion-electron recom-
bination (see, e.g., Refs. 43 and 51-54). The light source is
a fiber-coupled distributed feedback (DFB) laser diode with
a central wavelength of 1381.55 nm, linewidth <2 MHz, and
maximum output optical power of 20 mW. The wavelengths
are measured by a wavemeter and a Fabry—Perot etalon. The
ring-down signal exiting the optical cavity is detected by an
InGaAs avalanche photodiode. A schematic picture of the ap-
paratus is shown in Fig. 2.

The cw-CRDS instrument in conjunction with associated
data processing electronics records the time-dependent opti-
cal absorption signals during the discharge and the afterglow.
The observed absorption strengths are then converted to ion
concentrations. By tuning the wavelength of the laser diode
one can also determine the kinetic temperatures of the Hj
ions from the Doppler-broadened absorption line profiles, and
their evolution during the discharge and in the early afterglow.

All spectroscopic absorption measurements were per-
formed on the second overtone transitions originating from
the ground vibrational level of Hj . The lowest rotational lev-
els (1,0) (ortho) and (1,1) (para) of the vibrational ground
state were monitored routinely, but the higher lying level (3,3)
(ortho) was probed only occasionally. These first two tran-
sitions were chosen for routine scanning because they have
closely spaced frequencies that can be covered by a single
DFB laser. This made it possible to switch quickly from ob-
serving one to the other Hy spin state. Figure 3 shows the
relevant rotational levels and Table I lists the transitions. The
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FIG. 3. Rotational energy levels of the ground vibrational state of H;r. The
energy levels (J,G) are labeled by quantum numbers J and G.> The zero of
the energy scale is taken at the forbidden (0,0) level, indicated by a dashed
line. The rotational states, (1,0), (1,1), and (3,3) observed in the present study
are indicated by arrows. Compiled from the data in Ref. 56.

energy levels are labeled (J,G) by their quantum numbers J
and G.

C. Para H, generator

Normal hydrogen gas at 300 K is a mixture of 1/4
para-hydrogen and 3/4 ortho-hydrogen (i.e., P f, = 0.25 and
°f, = 0.75, see Fig. 1). It is well known that the composi-
tion changes extremely slowly when the hydrogen is cooled
or heated, unless the gas is in contact with a suitable para-
magnetic catalyst that facilitates re-alignment of the proton
spins. By using a catalyst and cooling to low temperatures,
nearly pure samples of para-hydrogen in the lowest rotational
state (J = 0, v = 0) can be produced. When the catalyst is then
removed and the gas is reheated, the hydrogen retains its low-
temperature para/ortho composition for a sufficiently long
time to carry out experiments with para-enriched hydrogen.

We produced para-enriched hydrogen in a closed-
cycle helium cryostat that cools hydrogen in a conversion
chamber’’ filled with the catalyst Fe,03. Nuclear magnetic
resonance (NMR) was used to check the actual para/ortho
ratio in the enriched para-hydrogen °H,. The experimental
setup for measurement of para-hydrogen enrichment was sim-
ilar to the one used in study by Tom.® The NMR measure-
ments indicated (87 &+ 5)% content of para-hydrogen, i.e.,
P £, = 0.87,%° which is adequate for our experiments. In the
following text we will use this value of P f, without explicitly
mentioning its error. It suffices to enrich the hydrogen to a
level where the fraction of para—H3+ significantly exceeds the
value P f; = 0.5 in normal hydrogen. Figure 1 shows exper-
imental data on the para-enrichment of H;r measured in the
discharge and in the afterglow for °H, and for "H,.
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IV. TEMPERATURES IN THE H7
AFTERGLOW PLASMA

The different particles in a plasma afterglow and their
internal degrees of freedom are not necessarily in complete
thermal equilibrium with each other and with the walls of the
plasma container. For instance, the electron temperature 7,
can significantly exceed that of the ions Tk;, and gas atoms T
because the energy transfer in electron collisions with heavy
particles is inefficient. Also, the ion’s rotational temperature
Trot and vibrational temperature Ty, do not have to be equal
to the ion’s translational temperature.

A. lon and neutral gas kinetic temperatures

Since the exchange of translational energy between ions
and neutral gas atoms is very efficient, the kinetic temper-
ature of the H3+ ions during the afterglow should be nearly
the same as the gas temperature, provided that the plasma is
free of macroscopic electric fields that, in principle, can heat
the ions. The ambipolar electric field is too weak to cause a
significant heating. This expectation was confirmed by time-
resolved scans of the Doppler-broadened absorption lines of
HY ions over the experimental temperature range from 77 K
to 220 K. The inferred temperatures of the HY ions during
the discharge and the afterglow were equal to the wall tem-
perature within ~10 K (see also Figs. 3 and 4 in Ref. 43).
This also confirmed that the gas temperature in the discharge
region approaches that of the walls. Previous afterglow stud-
ies in this lab performed under similar conditions,*° but using
absorption lines of H,O rather than of H;r, led to the same
conclusion.

B. Electron temperature T,

The electron temperature 7, was not measured in these
experiments. In previous FALP experiments®!™% we used
Langmuir probes to determine the electron energy distribu-
tion function in He and He/Ar buffered afterglow plasmas un-
der conditions similar to those in the present study. It was
found that the electrons gained a Maxwellian distribution with
the gas temperature very quickly after the metastable helium
atoms from the microwave discharge had been depleted by
Penning ionization of argon atoms.** The electron cooling
time constant at typical helium densities can also be estimated
as the product of the electron-helium collision frequency
(>1 GHz) and the mass ratio 2m./my., Which yields a cool-
ing time of 7, < 10 us.%% We indirectly observed fast cooling
of electrons by monitoring visible light emissions from the
discharge and in the very early afterglow.’! These estimates

TABLE 1. Transitions monitored in the present study. For details on the spectroscopic notation see Ref. 55.

Energy levels were taken from Ref. 56.

Wavenumber (cm™!) Spin Low. Ivl. (cm™1) Up. Ivl. (cm™h) Transition

7234.957 315.349 7550.316 31@,3) < 0103, 3)
7237.285 64.1234 7301.4084 W 1) <01, 1)
7241245 o 86.9591 73282041 301(2,0) < 0v0(1,0)
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FIG. 4. Rotational temperatures of Hg’ ions. Panel (a): Relative populations
of H;r ions in ortho (1,0) and (3,3) and para (1,1) states versus kinetic temper-
ature of the ions measured in the experiments with normal H,. The data ob-
tained during the discharge (before switching it off) and during the afterglow
(at ~ 150 us) are indicated by the filled and the open symbols, respectively.
The full lines indicate the calculated populations of the indicated states for
ions in thermal equilibrium at temperatures equal to Tkin. The dashed line in-
dicates joint population of all other states. Panel (b): The measured rotational
temperature of ortho manifold (7Trot—ortho) Versus measured kinetic tempera-
ture (Txkin)- The data were obtained in experiments with "H» and with ®Hp.
The dashed straight line indicates equality TRot—ortho= TKin-

need to be refined when the plasma contains energy sources
that heat the electron gas, for instance, recombination of ions
by collisional radiative recombination. It is shown in Ap-
pendix that this heating mechanism at used electron densities
can elevate the electron temperature slightly in the early after-
glow at gas temperatures near 77 K, but becomes unimportant
at higher gas temperatures and lower electron densities.

C. Vibrational excitation of the H ions

We expect that all excited vibrational states of H are
quenched in collisions with He, Ar, and H,. The reaction H;
+ H, can produce Hj ions with vibrational excitation up to
v = 5 but the ions with internal energies above 0.57 eV are
rapidly destroyed by proton transfer with Ar, leaving only ions
in v < 2 (for details see Refs. 23 and 53). There is also a
high probability that the vibrational excitation of Hi will be
quenched in collision with Hy. Kim et al.®® obtained a rate
coefficient 3 x 1071° cm®s~! for vibrational relaxation of Hf
ions in Hy. At [Hy] ~ 10" cm™3 this leads to vibrational re-
laxation within 30 us (see also discussion and references in
Ref. 67). We conclude that at Ar and H, densities of the or-
der of ~ 10" cm™ vibrational excitation will be quenched
within 30 us after ion formation. Collisions with He atoms
are more frequent by at least by three orders of magnitude,
but vibrational quenching by helium can be very low, as it
is, e.g., in collisions of He with vibrationally excited N ions
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(see, e.g., Ref. 68). To estimate the rate of formation of H3+
ions (in reactions with Hj, Ar, and He) we studied the pro-
cesses at very early afterglow at several He densities and at
low H; and Ar densities ([H,], [Ar] ~ 10'> cm ™) in our pre-
vious study® and we found qualitative agreement with results
obtained from kinetic model.

D. Rotational and nuclear spin states of the H; ions

The determination of the spin-dependent recombination
rate coefficients of H ions relies on accurate knowledge of
the relative abundance of ions in the ortho-states and para-
states and corresponding rotational states. In this experiment
these quantities were measured by optical absorption, rather
than by modeling the kinetic processes, but we will briefly
describe the reactions of relevance.

The probability of changing the nuclear spin alignment
by radiation is very low and likewise collisions with He or
Ar atoms are inefficient in causing spin changes. The prin-
cipal rotational equilibration and spin scrambling process is
the proton-hopping or exchange reaction of H;’ with H, that
proceeds via a short-lived (H;r)* reaction complex. The re-
action has been studied in great detail.>>”7%75 It has been
found that the ratio of [PH;]/[ 0H;’] in plasmas containing
H; is constrained by nuclear spin selection rules and depends
on the relative concentrations of PH, and °Hj (Refs. 70-75)
and on temperature. Rotational-state changes without chang-
ing the nuclear spin state, i.e., within the para or ortho man-
ifold, are possible by radiation and in collisions with He or
Ar. Electron collisions can change the rotational states within
the para or the ortho manifold with rates approximately ten
times faster than the rate of the dissociative recombination
(for details see Ref. 76) which means than on average an H3+
ion has ten thermalizing collisions with electrons prior to its
recombination at our conditions. For this reason, we expect
that ions are rotationally thermalized within the para and ortho
manifolds.

Rotational temperatures of the ions were inferred from
measurements of absolute densities of ions in three rotational
states. Panel (a) of Fig. 4 shows the populations of two ortho-
states and one para-state, measured during the discharge and
during the afterglow in experiments with normal H, at tem-
peratures 77-200 K. The relative populations of the ortho-
and para-states were computed by dividing the measured ab-
solute ion densities in a given state by the density of all H}
ions, assuming a thermal rotational state distribution. At tem-
peratures where two H3+ absorption lines were observable,
the rotational temperature Trot—ortho Within the ortho mani-
fold was obtained also. The relation between the rotational
temperature (TRot—ortho) and the kinetic temperature (7x;,) of
the ions is shown in panel (b) of Fig. 4. The data plotted in
panel (b) were obtained in experiments with "H, and with
°H,. The agreement between Tror—ortho and Tkiy 1S very good
(ITRot—ortho— Txinl <15 K ). During the discharge, a slightly
higher rotational temperature TRot—ortho compared to the ki-
netic temperature iy, is expected since the ions are produced
with higher rotational excitation and then relax by collisions
to lower states. During the afterglow, the lifetime of the Hy
ions is longer (because ambipolar diffusion is slower) and
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FIG. 5. Panel (a): Evolution of [PHI], [°H ], and n. measured in ex-
periments with enriched hydrogen, °Ha, at Tye~ 77 K and [He] =4
x 107 em™3, [*H,] = 3 x 10" cm ™3, [Ar] = 6 x 103 cm™3. The decay in
the early afterglow is caused by recombination. Panel (b): Evolution of P f3.
The final value of P f3 ~ 0.7 during the late discharge and in the early after-
glow exceeds the equilibrium value of P f3 ~ 0.5 in normal hydrogen.

more time is available for rotational relaxation. Some produc-
tion of rotationally excited H;r ions may occur in very early
afterglow. Therefore, in the determination of TRot—ortho WE €X-
cluded data obtained during the first ~ 150 us after switching
off the discharge.

We concluded that the ions under study were kinetically
and internally thermalized in plasmas containing "H,, within
the experimental uncertainties of TRot—ortho» Tkin» and P f3(see
Figs. 1 and 4). In plasmas containing “H, we also found
that Trot—ortho ~ Tkin ~ Tue (see panel (b) of Fig. 4), but in
this case the relative abundances of para—Hgr and ortho—Hgr
(P f5 and ° f3) are not in thermal equilibrium (see panel (a) of
Fig. 1). The enrichment of para-H} will be discussed next.

E. H} para to ortho ratio

We measured absolute densities [PH{ ] and [°H7] dur-
ing the discharge and during the afterglow to determine the
dependence of the para—H;r and ortho—H_;* fractions on experi-
mental conditions. The time resolution in our experiment suf-
fices to record the temporal evolution during the discharge
and during the early afterglow. Typical evolutions of [pH;],
[°H3+] and electron densities are plotted in panel (a) of Fig.
5 for the case where °H, was the precursor gas. The electron
density n. is taken as the sum [pH;] + [OH;]. Panel (b) of
Fig. 5 shows the measured fraction P f; of [pH;]. After the
rapid change in the early discharge the variation during the
discharge becomes slow. The faster change of P f; at the be-
ginning reflects the transition from the nascent HY, formed
by proton transfer from ArH™ or H2+ to Hy, to the steady
state established in subsequent reactions with Hy. A thorough
discussion of the reactions is contained in two recent papers
by Crabtree et al.**%). During the discharge, the para/ortho
composition of H, (P f,) changes slowly as a consequence
of H, dissociation and recombination and hence P f; also
changes during the discharge. When we refer to values (e.g.,
TRot—ortho> Tkin) measured “during the discharge” we mean
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FIG. 6. Dependence of P f; on Pf, measured in a He/Ar/H, mixture at
300 K (discharge) and 170 K (discharge and afterglow). Arrows point to the
values of P f, in "H, and °H» that were used in the recombination studies.
Open symbols: Values in the discharge (tpisch ~ 2 ms). Filled symbols: Val-
ues during the afterglow (Tafierglow ~ 150 us).

values measured shortly before switching off the discharge
(Tpisch ~ 2 ms), unless stated otherwise (see also discussion
in Ref. 43).

Our systematic measurements of the evolution of the
para/ortho composition show that, under the conditions of this
set of experiments, the fraction P f; remains nearly constant
during the afterglow, and that it can be varied by using nor-
mal or para enriched hydrogen. We also measured the depen-
dence of Pf; on Pf, which was varied from P f,= 0.25 to
~0.87 by mixing "H, with °Hj, while keeping the overall
hydrogen density ([ "Hz] + [ “H2]) constant. The dependence
of Pf; on Pf, measured at 300 K and at 170 K (see Fig. 6)
is linear and the same was found to be true at other tempera-
tures (for details see Ref. 43). The linearity is a consequence
of the spin-scrambling reaction with hydrogen.”®”* Crabtree
et al.*>* have recently discussed in great detail the general
dependence of P f; on P f, and other experimental conditions.
For the present study of Hi recombination a quantitative un-
derstanding of the reaction kinetics is not required; it is only
important that P f; is known and can be varied over a signifi-
cant range.

V. EXPERIMENTAL RESULTS - STATE SELECTIVE
RECOMBINATION

The measured electron-density decay curves were ana-
lyzed to obtain apparent binary recombination rate coeffi-
cients for two particular values of P f;(see Egs. (2)—(4)). Fur-
ther details can also be found in Ref. 27. We carried out a sys-
tematic set of measurements which differed only in the value
of P f,, but employed otherwise very similar conditions. The
densities of para (1,1), ortho (1,0), and ortho (3,3) states of H;r
were monitored. Examples of data measured at 170 K with
"H, and with °H, are plotted in Figs. 7 and 8, respectively.
Note the large difference in measured populations of particu-
lar rotational states of H3+ in both experiments (see panels (b)
of both figuers). In this set of experiments we obtained P f;
~ 0.5 for "H, and P f; ~ 0.7-0.8 for °H, (see panels (c) of
both figures). Note also that in both experiments the values of
P f3 are nearly constant during the afterglow.
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FIG. 7. Panel (a): Example of decay curves of densities of ions in para (1,1),
ortho (1,0), and ortho (3,3) states of Hfr, measured during the afterglow in
a He/Ar/"H» gas mixture at 170 K, 1440 Pa of He, [Hy] = 1 x 10" cm~3,
and [Ar] = 2 x 10 cm™3. Time is set to zero at the beginning of the after-
glow. The vertical bar shows the end of the discharge period and the begin-
ning of the afterglow. Electron density is obtained as a sum of ion densities.
Panel (b): The measured relative populations of para (1,1), ortho (1,0), and
ortho (3,3) states of H;r, note the nearly constant values during whole after-
glow. Panel (c): Measured fraction P f3 of para—H;.
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FIG. 8. Panel (a): Example of decay curves of densities of ions in para (1,1),
ortho (1,0), and ortho (3,3) states of HY, measured during the afterglow in
a He/Ar/°H, gas mixture at 170 K, 1550 Pa of He, [Hy] = 1 x 10*cm~3,
and [Ar] = 2 x 10" cm™3. The vertical bar shows the end of the discharge
period and the beginning of the afterglow. Panel (b): The measured relative
populations of para (1,1), ortho (1,0), and ortho (3,3) states of H;r. Panel (c):
Measured fraction P f3 of para—H;.
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FIG. 9. Examples of the evolutions of the reciprocal number density 1/ne
during the afterglow when using normal "H or para-enriched °Hz at other-
wise identical conditions. The effective (apparent) binary recombination rate
coefficient is given by the slope of the linear part of the plot.

From the densities of the ions in (1,1) and (1,0) states
we calculated, assuming thermal equilibrium (TDE) within
the para-manifolds and ortho-manifolds, the total densities
[pH;] and [OH;] and their sum, i.e., the electron density. The
electron-density decay curves can be approximately analyzed
by graphing 1/n. versus decay time. The slope of the linear
part of the plot yields the effective (apparent) binary recombi-
nation rate (for details see Ref. 61). Examples of such graphs
of data obtained with "H, and ®H; are shown in Fig. 9.

This simple form of analysis demonstrates that recombi-
nation in afterglows containing para-enriched hydrogen °Ha,
i.e., with higher relative population of para-H;, is faster than
when normal hydrogen is used. However, it neglects am-
bipolar diffusion and eventual reactive losses characterized in
Egs. (2)and (3). Hence, we used the more advanced “inte-
gral analysis” of the measured electron density decay curves
(for details of “integral analysis” see Refs. 61 and 77). This
analysis can separate o from 77, and minimize influence of
ternary association (le) and (1f) on determination of a.g. The
first 50-150 ps of the afterglow decay were excluded because
probably new ions were still being formed (for details see
Refs. 8, 27, 43, and 69. At 77 K special attention was paid to
analysis of the decay curves because of a possible influence
of the CRR process, which is discussed in Appendix.

The dependences of "o and cefr on He density mea-
sured at 170 K are shown in panel (a) of Fig. 10. Panel (c)
shows values of the corresponding fractions P f;. Note that
the fractions P f; are different in "H, and in °H,, but are in-
dependent on helium density [He]. Both, "o and °cg in-
crease linearly with increasing [He]. Therefore (see Eq. (5)),
we can obtain separate binary and ternary recombination rate
coefficients for known para/ortho ratios. The values obtained
with normal hydrogen refer to the thermal equilibrium H;’
with P f; ~ 0.5. In our previous FALP experiments using "Hj
we assumed but did not prove that P f;= 0.5. The present ex-
periments with "H, confirmed that ? f;= 0.5 and Tror—ortho=
Txin. In other words, the values of ay;, and Ky recombination
rate coefficients obtained in our previous FALP experiments
were the values appropriate for thermal equilibrium.333-37
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FIG. 10. Measured dependence of effective recombination rate coefficients
aefr on He density at 170 K. Panel (a): The values o measured using "Ha
as the precursor gas ("cfr, open circles) and the values measured using Hp
(Caegy, filled circles). Panel (b): The calculated values Paeg and o for
pure szLra—Hgr (filled triangles) and pure H;r (open triangles), respectively.
For comparison straight line obtained by fit of values "o in panel (a) is also
plotted. Panel (c): The P f; fractions of para—H;r measured in the experiments
with "H, and °Hj.

We measured the dependences of ".g and g on [He]
for temperatures in the range 77-200 K. From the depen-
dences of "¢ and °og on [He] and the corresponding val-
ues of P f; we calculated values Poregr and °oegr for pure para-
H;r and for pure ortho-HY, respectively. In these calculations,
linear fits to the data measured with "H, were used as a
reference (the full lines in panels (a) and (b) of the Fig. 10
indicated as "o,g). The obtained negative values of ‘g
were truncated to zero and the corresponding values of Poeg
were corrected accordingly. By fitting the data Poeg and
®aegr (panel (b) of Fig. 10) with a linear dependence (Eq.
(5)) we obtained the corresponding binary (Pay, and o)
and ternary (P Kye and ° Ky.) recombination rate coefficients
for pure para-H; and for pure ortho-Hj . This form of data
analysis is also described in Ref. 27.

VI. RESULTS—TERNARY HE ASSISTED
RECOMBINATION OF PARA-H; AND ORTHO-H}

The present SA—CRDS experiments cover a range of
pressures from 200 to 1600 Pa, corresponding to max-
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FIG. 11. Measured effective recombination rate coefficients Poegr and oy
(closed and open triangles, respectively) as a function of He density at
77 K (panel (a), for details see also Ref. 27) and at 140 K (panel (b)). The full
lines indicate "ogr. The stars in panel (a) are data measured in previous FALP
experiment at 77 K (Ref. 34) and the large square in panel (b) represents
data measured in previous FALP and stationary afterglow experiments at
130 K.3*7 The slopes of the straight-line fits yield the corresponding ternary
recombination rate coefficients (Ky.) while the intercept for [He] — 0 gives
the corresponding apip.

imum He densities of 1.6 x 10 cm™ at 77 K and
~6 x 10'7 cm™3 at 200 K. The ability to vary the He density
over a large range of nearly a factor of 10 improves the accu-
racy of the inferred ternary rate coefficients. The dependences
of a.sr on [He] were measured at four temperatures (77, 140,
170, and 200 K) using "H, and °H,. The dependences of Pag
and °ag on helium density obtained for 170 K are shown in
panel (b) of Fig. 10 and dependences obtained for 77 K and
for 140 K can be found in our previous papers?’-’® and are
shown in Fig. 11 (the values of Po,g were omitted in Fig. 11
for better clarity). From the dependences of Pog and ®oegr on
[He] we obtained (using Eq. (5)) the corresponding binary and
ternary recombination rate coefficients oy, and Kye. In spite
of the fairly large scatter in the data it is clear that ternary
recombination depends on the spin state of recombining ions
(on P f3). This large scatter is mirrored in error bars of the val-
ues shown in Figs. 12 and 13. As can be seen from Fig. 11,
zero values of extrapolated °o, cannot be excluded at the
lowest temperatures. For all three temperatures the ternary
helium-assisted recombination of para—Hgr is faster than the
recombination of H3+

Figure 12 shows the ternary recombination rate coef-
ficients PKy. and °Kye as a function of temperature, as
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FIG. 12. Ternary recombination rate coefficients P Kpe, ®Kpe, and "Kye.
The data obtained in previous CRDS (closed circles) and FALP/SA (open
squares) experiments>>3* are also shown. The dotted lines drawn through
the para and ortho data are only meant to guide the eye. In the insert diagonal
elements Qj; of lifetime Matrix Q for the two lowest initial rotational states
of H;‘ are plotted. Each curve is labeled with the corresponding quantum
numbers (J,G).5:34

obtained from the slopes of graphs of the kind shown in
Figs. 10 and 11. The values "Kpye corresponding to thermal
equilibrium at 77, 140, 170, and 200 K (open rhomboids in
Fig. 12) were obtained in the same way from "a.g (see Figs.
10 and 11). Particular attention was paid to experiments at 77
and 140 K (see Fig. 11) where we obtained high accuracy by
measuring at larger helium density range (when comparing
current CRDS data to FALP data, see Fig. 11). The CRDS
data at 100 and 330 K (closed circles in Fig. 12) and FALP
data at 200 K were measured in previous experiments and
were obtained from the measured dependences of "cefr On
hydrogen number density in the “saturated region.” For de-
tails see Ref. 34. Values of Ky at 250 K and 300 K were
obtained from the slopes of the linear dependence on helium
number density from the data collection of SA and FALP
data.’* Because of the lower electron density in FALP exper-
iment plasma decay is longer and formation of HS+ can influ-
ence the decay at higher helium densities. We have taken this
effect into the account by enlarging error bars of the FALP
data. Having in mind high He density and low temperature we
used kinetic models to verify our assumptions on influence of
HS+ formation on plasma decay and on determination of og.
Note that H5+ formed in association (1e) and (1f) is in used ex-
perimental conditions removed from plasma within ~10 us
and the association is loss determining process. Possible error
caused by H;r formation is within statistical error of the data,
as was confirmed by the chemical kinetics model. In Fig. 12
we did not include the data previously measured in “contin-
uous regime” where FALP was first cooled to 77 K and after
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FIG. 13. Measured temperature dependences of the binary recombination
rate coefficients "ain, Patpin, and °oriy for normal-Hj (measured in exper-
iments with "Hy), para—H}', and ortho-HT, respectively (see also Ref. 78).
Previous FALP data®33-3* measured with "H, are indicated by full circles.
Combined SA—-CRDS/FALP data at 100 K and 305 K (Refs. 8 and 34) are
indicated by a full circle in a square. The temperature 7 in the SA—-CRDS
experiments is given by Txin, while in the FALP it is the temperature of the
flow tube. That is why we use 7 = 82 K for data obtained in experiment made
with discharge tube (SA-CRDS) immersed in liquid nitrogen, otherwise we
indicate it as 77 K (e.g., in Fig. 5). Error bars (present CRDS data) represent
statistical errors (see linear fits in Figs. 10 and 11). The dashed lines indicate
the theoretical rate coefficients for para—H*, ortho—H;r, and for H;‘ ions in
the thermal equilibrium (TDE).® The curves labeled CRR are the effective
binary rate coefficients of collisional radiative recombination (CRR) calcu-
lated from the Stevefelt formula (see Refs. 31, 32, and 38) for electron densi-
ties ne = 5 x 10° cm™3 (dotted line) and ne = 3 x 10'° cm=3 (dash-dotted
line). For details see the Appendix.

stopping cooling effective rate coefficients were measured at
continuously increasing temperature (for details see Ref. 8).
The accuracy of data obtained in “continuous regime” is lower
when comparing with accuracy of present data obtained from
dependences on helium density (Figs. 10 and 11).

In our previous studies®3*3* of recombination of H3+
with electrons we discussed the ternary recombination rate
coefficient Ky in terms of the lifetimes of excited metastable
Rydberg states Hj formed in collision of Hi ion with
electron.®3%3* At low collision energies the calculated values
of the lifetimes depend on the spin state of the recombining
ions and on collision energy. In the inset in Fig. 12 the
calculated diagonal elements Qy; of the lifetime Matrix Q for
the two lowest initial rotational states of Hj are plotted. The
calculated lifetimes are long enough to enable /-changing
collision of Hj molecule with helium buffer gas atom.
The calculated ternary recombination rate coefficients®* for
para-Hj and ortho-H{, shown as dashed lines in Fig. 12,
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are in qualitative agreement with measured values. PKpe
is greater than ° Ky, due to the longer lifetimes of para-Hj
Rydberg resonances. Although some rather rough assump-
tions were made in the theoretical calculations (mainly the
independence of the rate coefficient of /-changing collision
on temperature) the overall agreement with the measured data
is quite good in comparison with older theories of ternary
assisted recombination.”8" An alternative explanation of
ternary recombination of Hy has been suggested by Johnsen
and Guberman.'?

More accurate theory should address decrease of ternary
rate coefficients at temperature decreasing towards 77 K and
also observed small difference between PKpy. and °Kpye at
77 K (see also Ref. 27), which are in contradiction with cal-
culated dependences.

Vil. RESULTS—BINARY RECOMBINATION
OF PARA-H} AND ORTHO-H}

The values of Pay, and ®oyy, for pure pa.ra-H3+ and pure
ortho—Hgr and values of "o, measured in the present exper-
iment are plotted versus temperature in Fig. 13. Plotted are
also values "oy, for H;’ ions in thermal equilibrium obtained
in our previous FALP experiments.®3%3* The theoretical rate
coefficients for pure para-HJ , pure ortho-Hz , and for H ions
in thermal equilibrium® are also shown in Fig. 13. The agree-
ment between experimental and theoretical binary recombi-
nation rate coefficients "oy, Popin, and oy, is very good.
Also, the agreement between the present "oy, values and
those obtained in our earlier FALP experiments using Lang-
muir probes is very good over the whole temperature range,
even though in the present experiments the electron densities
in the early afterglow were higher by at least a factor of 20.%
The agreement at higher temperatures (140, 170, and 200 K)
indicates that the measured rate coefficients at 77 K do not
depend on electron density (see overlap of FALP and CRDS
data plotted in Fig. 11), which means that CRR has little ef-
fect on the binary recombination rate coefficients Poyy, and
%oy (for details see discussion in the Appendix).

VIil. POSSIBLE CONTRIBUTION OF CRR

The afterglow experiments described here had to be
performed at high ion and electron densities (approaching
10" cm™3) in order to obtain adequate optical absorption.
Hence, we were concerned that electron-stabilized recombi-
nation (CRR) might contribute to the recombination loss, es-
pecially at the lowest gas temperature of 77 K. The dominant
term in the “classical” treatment of CRR for atomic ions by
Stevefelt et al.’*3? yields a three-body CRR rate coefficient
Kcrr = 3.8 x 107° Te*“‘5 cm®s~!. The formula (hereinafter
referred to as the “Stevefelt formula”) has been experimen-
tally verified for recombination of atomic argon ions at tem-
peratures down to 60 K (Refs. 32 and 40)). Its validity for
molecular ions seems plausible but has not been tested.

An uncritical application of the commonly used “Steve-
felt formula”®® results in an effective binary CRR rate co-
efficient of 3 x 107 cm’s~! (at 7. = 77K and an electron
density n. = 3 x 10'° cm~3, see Fig. 13), larger than the bi-
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nary H3+ recombination coefficient measured in normal H, at
the same temperature. At later afterglow times, e.g., when the
electron density has dropped below 5 x 10° cm~3, the contri-
bution of CRR becomes much smaller (see Fig. 13). However,
the real situation is more complicated because the electrons
that are captured by CRR transfer energy to other electrons,
thereby raise the temperature of the electron gas, and reduce
the rate of the strongly temperature-dependent CRR. The esti-
mates of the electron heat balance described in the Appendix
indicate that the electron temperature in the very early after-
glow may be as high as 100 K, when the gas temperature is
77 K. This would reduce the contribution of CRR consider-
ably but not make it entirely negligible. The model calcula-
tions described in the Appendix suggest that the effect of CRR
is negligible, even at 77 K.

The fact that the present data for normal hydrogen are
very close to those measured by us in flow tubes (FALP) at
ten times smaller electron densities>* supports our conclusion
that CRR makes only a small contribution to recombination.
While the exact contribution of CRR is difficult to determine,
our main conclusion, namely that para-H;r and ortho-H3+ re-
combine with different rates, remains unaffected since CRR
should not distinguish between nuclear spin states, however
this question is in need of further clarification. Under prepa-
ration is the SA—CRDS experiment where wall temperature
will be below liquid nitrogen temperature, i.e., below 77 K.

IX. DISCUSSION AND CONCLUSION

Our investigations show that the low-temperature recom-
bination of Hy ions depends strongly on the nuclear spin
states of the ions. CRDS proved eminently capable of quan-
tifying the populations of para-H and ortho-Hy in the dis-
charge and during the afterglow and to verify that the after-
glow plasma was in thermal equilibrium with the He buffer
gas. By adding normal and para enriched hydrogen to He
buffer gas we were able to form plasmas with different par-
tial populations of para-Hj (fractions, P f;) and ortho-H7
(fractions, °f3) and to deduce both binary and ternary (He-
assisted) recombination rate coefficients for pure para-H3+ and
ortho-Hj ions. The rate coefficients were measured at temper-
atures from 77 to 200 K. As far as applications to astrophys-
ical clouds are concerned, the binary rate coefficients are the
most important. Applications to laboratory hydrogen plasmas
will have to include the ternary coefficients as well. It is worth
mentioning here that the recent observation of laser lines in
hydrogen/rare gas discharge was explained by three-body re-
combination of Hf !

This is the first time that binary and ternary recombina-
tion rate coefficients have been determined for H;r ions with
in situ measured abundances of the para and ortho nuclear
spin state and actual kinetic and rotational temperature. The
results support theoretical predictions and are compatible with
the partial results obtained in storage-ring experiments.
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TABLE II. Electron processes and corresponding characteristic times calculated for a plasma at Tie = Tkin = Trot = 77K, T = 82K, ne =5 x 10" cm—3,

and [He] = 5 x 10'7 em™3 (~500 Pa). Definition of symbols: v: electron velocity; oe/He(v): tabulated cross section of electron-He elastic scattering; (

)

average over relative velocity distribution; Ap: Debye length; A: impact parameter for 90° coulombic scattering; mye: mass of He atom; m.: electron mass; A:
coulombic logarithm; A; »: energy difference between rotational states (1,1) and (2,1); ny, n: number density of H;’ ions in rotational states (1,1) and (2,1);
w21, a2 rate coefficients for electron (de)excitation between the states 2 — 1 and vice versa; Kye: ternary rate coefficient of helium assisted dissociative

recombination; apiy: rate coefficient of binary dissociative recombination.

Reactants Process T [ps] Remark Reference
e+ He Elastic scattering 0.0008 “Te/me = 1/[Hel(oe/me - v) 85
ete Coulombic scattering 0.004 “Teje = 1/ne (v A2In(Ap/A)) 83,84
e+ He Elastic cooling 2.9 “Te/He = “TeyHe(Mpe/2mc) 65
e+ HY Coulombic cooling 34 “Tei = W":ﬁ(e%w T 86
e+e+HJ CRR 43 Tcrr = 1/n2Kcrr 38
e+ HY Rotational cooling 140 £ TRot = %% 76,87
e+ Hf +He Ternary recombination 200 Tiernary = 1/ Kne[Helne 34
e+ H3+ Binary recombination 250 Toin = 1/Qpinnt 34
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APPENDIX A: ELECTRON HEATING AND EFFECT
OF COLLISIONAL RADIATIVE RECOMBINATION

In this appendix we consider the heat balance for elec-
trons in low temperature plasma. First we consider the heat
balance between the heat released by CRR and heat trans-
fer to ions and neutrals and the resulting increase of the elec-
tron temperature. In the second step we consider the effect of
electron heating on the afterglow decay.

We denote characteristic times between electron colli-
sions as °t (left superscript c) and characteristic times for
equipartition of energy as *t (left superscript ). Right sub-
script will be used to denote collision partners. For example,
the characteristic time for electron/He collisions is denoted
as “7/p. and the electron temperature relaxation time due to
electron/He collisions is denoted as °Te/pe. Both quantities
are related by the equation: “Te/pe = Te/me(Mpe/2me).0

In these calculations we do not distinguish between the
para and ortho nuclear spin states of H. In this approx-
imation we treat the interactions as spin independent. The
relevant collision processes are listed in Table II together
with calculated characteristic times for conditions typical
in our experiment: Ty. = Txin = Trot = 77K, T, = 82K, n,
=5x10"%cm™3, and [He] = 5 x 10" cm™3 (~500 Pa).
Collisional radiative recombination adds AFEcggr to the
internal energy of the electron gas. We assume that this en-
ergy is of the order of AEcgr = 0.13 eV per recombined
electron. This corresponds to the ionization potential of the
lowest Rydberg state recombining predominantly by colli-
sions rather than radiative transitions.3% 82 Varying the A Ecrr
by a factor of 2 had no qualitative effect on the conclu-
sions of our simulations. The CRR ternary rate coefficient

is taken as Kcrg = 3.8 x 10_9Te_4'5 cm®s~1.38 Heat transfer
from the electron gas to neutrals (He) and ions occurs via
electron/He collisions, electron-ion coulombic collisions, and
by rotational excitation of H; between the rotational levels
(1,1) and (2,1). We use recently calculated thermal rates (see
Ref. 76) for rotational energy transfer. Electron-electron colli-
sions establish and maintain a maxwellian energy distribution
of the electron gas.

The maxwellization of the electron gas by electron-
electron coulombic collisions®># is much faster than the
cooling processes under our conditions. Hence, we can de-
fine an electron temperature and write a simple equation for
the internal energy of the electron gas U:

dU

dt
where the Qcrr, Qelastic; Qe/i> and Oro terms represent the
heating by CRR, cooling by elastic collisions with neutrals,
cooling by coulombic collisions with ions, and cooling by ro-
tational excitation of ions, respectively. This equation can be
rewritten in terms of relaxation times defined in Table II:
d.  2AEcge/3ks  Te—Tg Te —Tkin  Te — Tat

dr TCRR A /He ¢ Te/i TRot
(A2)

= Ocrr — Qelastic — Qe/i — ORot» (A1)

In determining the electron temperature, the time deriva-
tive term can be neglected, because the relaxation processes
are fast enough to maintain the equilibrium temperature at
each time during the afterglow. The electron temperature is
then obtained by numerically solving Eq. (A2) with zero time
derivative.

For the beginning we use the theory of CRR of atomic
ions’® to estimate a rate of CRR of H;r ions, then the effective
binary rate of CRR should be comparable to the rate of effec-
tive binary recombination at 77 K and n, > 10'° cm™3 (see
plots in Figs. 11 and 13). We deliberately chose conditions
where a large influence of CRR can be expected. We then nu-
merically model afterglow recombination in the presence of
electron heating by CRR and compare the results to our ex-
perimental data. The evolution of electron density on axis of
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FIG. 14. Model fits of sample data measured in normal hydrogen at 77 K.
Panel (a): The dashed line (i) shows the best fit to the data when aes and
Acrr are treated as free parameters. The short dashed line (ii) indicates the
best fit when aefr is treated as a free parameter, but Acgr is taken as that given
by the Stevefelt formula.® The dashed-dotted line (iii) shows model results
assuming that both the Stevefelt value of Acrr and the FALP values of oefr
(Ref. 34) are correct. Panel (b): The corresponding evolution of the electron
temperature calculated for conditions corresponding to fit (iii).

the discharge tube is given by the differential equation (4b)
augmented with the CRR term

e = Kewn (T — e’ — = (A3)
where T. is given by Eq. (A2) and is dependent on n.. In
the numerical models, the value of Kcrr was taken as Kcrr
= ACRRTe_4'5 cm®s~! with either Acgr = 3.8 x 107° K*° or
with Acrg as a free fitting parameter.®® The latter choice is
permissible since no accurate measurement or theory of CRR
for H ions is available. Figure 14 compares numerical fits to
sample data measured in normal hydrogen at 77 K. As before,
the first 100 us of the afterglow were excluded to eliminate
possible effects of ion formation in the early afterglow.

It can be seen in Fig. 14 that the best fit to the data is
obtained for a value of the CRR coefficient close to zero (line
(1) in Fig. 14). The fit obtained under the constraint that Kcrr
is given by the Stevefelt formula is noticeably worse, even
when «.g is reduced (line (ii)). An even worse agreement
is obtained when . is taken as the FALP value measured
previously* (see panel (a) of Fig. 11) and the Stevefelt value
is used for Kcrr (line (iii)). Since the previous FALP mea-
surements were performed at lower electron densities, they
should not be affected by CRR even if the Stevefelt value of
Kcrr is appropriate for Hj .

The same fitting procedures were applied to several of
our normal and enriched hydrogen datasets and led to the
same conclusion that CRR has only a negligible effect. Hence,
we did not correct the measured values of o, for CRR con-
tributions. The apparent absence of CRR is surprising. It is
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known to occur for atomic ions and the high Rydberg states
involved in CRR are essentially the same for molecular ions.
On the other hand, it is also possible that the electron temper-
ature in the experimental afterglow plasmas was somewhat
higher than we estimate. This would greatly reduce the rate
of CRR but make only a minor difference in the dissociative
recombination coefficient of H;r.
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Recombination of D;’ ions with electrons at low temperatures (80-130 K) was studied using spec-
troscopic determination of D;r ions density in afterglow plasmas. The use of cavity ring-down ab-
sorption spectroscopy enabled an in sifu determination of the abundances of the ions in plasma
and the translational and the rotational temperatures of the recombining ions. Two near infrared
transitions at (5792.70 & 0.01)cm™" and at (5793.90 4 0.01)cm™" were used to probe the num-
ber densities of the lowest ortho state and of one higher lying rotational state of the vibrational
ground state of D3+ ion. The results show that D3+ recombination with electrons consists of the
binary and the third-body (helium) assisted process. The obtained binary recombination rate co-
efficients are in agreement with a recent theoretical prediction for electron-ion plasma in thermo-
dynamic equilibrium with a,;,(80 K) = (9.2 £2.0) x 108 cm? s~!. The measured helium assisted
ternary rate coefficients Ky are in agreement with our previously measured flowing afterglow data
giving a value of Ky(80 K) = (1.2 £0.3) x 1072 ecm®s~!. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4767396]

. INTRODUCTION

The astronomical importance of trihydrogen cation H;’
has been driving research in many areas of both physics and
chemistry! for a long time. This simplest of all polyatomic
ions and its isotopologues are also very important for the-
ory, because their properties including interactions with elec-
trons, can be calculated. Processes leading to formation and
destruction of H;r ions and similar processes in which deuter-
ated isotopologues are formed or destroyed are important for
astronomy and fundamental physics. Deuteration of H;“ and
formation of H,DT, HDS, and D;r are important processes
that enable us to characterize the environment in which the
deuteration takes place.” This also includes interstellar plasma
and plasmas under physical conditions believed to be appro-
priate for pre-protostellar cores.>3 The particular importance
of H3+, but also of H,D* and HD2+ , was recognized and they
were detected in interstellar plasma.*~” These detections con-
firm expectations that multiple deuterated ions play a key role
in the chemistry of the early universe.> The inclusion of HD;
and D;’ in the models leads to predictions of higher values
of the D/H ratio in the gas phase.* Unfortunately, DY has not
been directly observed in the interstellar medium or in other
astronomical object up to now.

Because of its fundamental character, the recombination
of Hi and Dy ions with electrons has been studied for over
60 years with emphasis on Hj (see, e.g., the book by Larsson
and Orel®). For details on recombination studies of the D}
ion, see Refs. 9-19. For both H3+ and D;r significant differ-
ences between recombination rate coefficients were obtained
in different types of experiments!'®2-13.19-20 gyer many years
and the differences between the experimental values and the
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theoretical ones were very large.”! Moreover, recombination
studies of H,D* and HDJ ions are very rare.”>~>

Only in the early 2000s the modern theory of bi-
nary dissociative recombination (DR) of these ions was
formulated.”*?® Agreement between this theory and exper-
iments achieved in the late 1990s and in the years 2000-
2003 was only partial. The remaining discrepancies were
assumed to be in internal excitation of recombining ions,
which can play a role at low collision energies. Because
of this assumption ion storage rings were equipped with
“cold ion sources” and better agreement was obtained for H;“
recombination.?’=3! In these experiments, it had been assumed
that the “cold” rotational distributions measured in the ion
source, survived the injection and storage in the ring. Recent
high-resolution storage ring experiments indicate that these
assumptions were not necessarily correct.’>33 At this mo-
ment, there are no reliable storage ring data for Hf recom-
bination below 300 K (see discussion in Refs. 32 and 33). We
assume that the situation with D;r is similar to H;r (i.e., no
reliable data from storage ring experiments exist for low tem-
perature recombination of the D;r ion).

In our laboratory, we have studied DI recombination
using stationary afterglow (AISA experiment'*3*) and also
flowing afterglow (FALP)." In our recent studies, we discov-
ered a fast ternary neutral assisted recombination of Hj and
D ions in plasma.'®18:35-37 At temperatures between 77 and
300 K in helium buffer gas, the losses due to this ternary pro-
cess are comparable with the losses due to binary dissociative
recombination already at a buffer gas pressure of few hundred
Pa. When this process is accounted for, then the rate coeffi-
cient of binary process can be obtained from afterglow exper-
iments. In Hf experiments, we obtained very good agreement

© 2012 American Institute of Physics
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of the measured binary recombination rate coefficients with
the ones theoretically predicted for thermodynamic equilib-
rium (TDE) and for pure para- and pure ortho-H;r:“Ml

Among the Hj studies only few were made using
spectroscopic identification of the recombining ions (e.g.,
Refs. 42-46). The study by Amano done in pure
hydrogen*>* is well known. Nevertheless, his value of the
recombination rate coefficient is up to three times larger than
other measured values.?*3”#! We can speculate that in his ex-
periments the H;’ recombination was enhanced by the ternary
H, assisted process.

The situation with D is different. To our knowledge,
there was no spectroscopic study of D3+ recombination
up to now. Only few studies were made using afterglow
experiments™ %12 1415 and storage ring experiments.'> !
There are few storage ring experiments®? and no afterglow ex-
periments with H,D* and HD;r . Usable, near infrared (NIR)
absorption frequencies are known*’*® and we have made
spectroscopic investigation of plasma containing a mixture of
these ions.*” Recombination study of these ions using cavity
ring down spectroscopy (CRDS) in the afterglow experiment
is possible, but it would be very complicated. As was already
mentioned, there are no recent storage ring studies of these
ions and none at all with “cold ion source”. The recent theory
predicts the rate coefficients for DR of these ions to be smaller
than the one of Hy at temperatures ~300 K.?7-4%-30

In the present study, we formed D;’ dominated plasma in
local thermodynamic equilibrium and we measured the binary
recombination rate coefficient apy, and the helium assisted
ternary recombination rate coefficient Ky, of D;“ recombina-
tion with electrons. To our knowledge, this is the first spec-
troscopic study concerning recombination of D;r ions with
electrons.

Il. EXPERIMENTAL METHODS

The method of measuring the recombination rate co-
efficients in stationary afterglow plasma is well known, so
only a very short description will be given here (see, e.g.,
Refs. 14 and 34). In pulsed discharge, quasi-neutral D3+ dom-
inated plasma is formed and when the discharge is switched
off a decrease of the ion number density is monitored during
the afterglow. At these conditions the decay of the afterglow
plasma is governed by ambipolar diffusion to the walls and
by electron-ion recombination. Here, in addition to the men-
tioned processes, we also consider the conversion of DY ions
to D? in ternary helium assisted association reaction.'> The
main processes are

DI +e” 2 neutral products, 1)

+ _ Kye
Di + e~ + He — neutral products, 2)
DI + D, + He 3 DI + He, 3)
D5+ +e” 3 neutral products, 4

where ay;, is the binary recombination rate coefficient of D;r
ions, Ky is the ternary recombination rate coefficient of He
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assisted recombination, ks is the ternary rate coefficient of He
assisted association, and o5 is the binary recombination rate
coefficient of D5+ ions with electrons.'>>! If the recombina-
tion of D5+ is fast and the ternary association (3) is the rate
determining reaction in the sequence of processes (3) and (4),
then the balance equation can be written in the form

Ne Nne

d[D7]
3 32 = —apin[DF Ine — Kpe[Hel[Df 1ne — — — ==, (5)
t [ R

where 1p is the characteristic diffusion time, Tg the time con-
stant characterizing losses due to ternary association followed
by a rapid recombination of DY If we assume quasineutrality
and if we introduce the time constant 7, for “linear losses” by
equation 1/t = 1/tp + 1/1R, then the balance equation can
be rewritten as

dn. 5 e

= —agm? - 6
ar Qefrh; o’ (6)

where we introduced the effective binary recombination rate
coefficient aer Which can be written in the form

ei(T, [He]) = awin(T) + Kue(T)[He] . @)

We have demonstrated in our previous studies'¢~'® and here

we will demonstrate again, that the overall recombination of
D7 in afterglow plasma can be described in this way. To ob-
tain o, and Ky one has to measure the dependence of ot
on [He] at fixed temperature 7.

lll. EXPERIMENT

The plasma is generated in a pulsed microwave discharge
in a fused silica tube (inner diameter ~1.5 cm). The tube
is cooled to 80 K by liquid nitrogen or by pre-cooled ni-
trogen vapors for measurements in the temperature range of
80-220 K. To form a Di dominated plasma a mixture of
He/Ar/D, with a typical composition 10'7/10'%/10'* cm—3
is flowing through the discharge tube. The D3+ ions are
formed in a sequence of ion molecule reactions. The de-
tails of the kinetics of the ion formation are well known (see
Refs. 14, 15, 18, 34, and 52). The microwave generator
(f=2.45 GHz) is equipped with an external fast high-voltage
switch to cut off the HV power to the magnetron. The switch
off transient time is less than 30 us. This was indirectly
confirmed by monitoring the spontaneous emission of the
plasma.*> A fairly low microwave power in the range 5-15 W,
with ~50% duty cycle, was used to avoid excessive heat-
ing of the gas during the discharge. A NIR-CRDS was used
as the main diagnostic tool, the principal layout is shown in
Figure 1. The discharge tube, equipped with an optical res-
onator (not in scale), forms the main part of the continuous
wave modification of CRDS. Because the apparatus was de-
scribed elsewhere (see Refs. 38—41, 45, and 46) only a short
description will be given here.

A distributed feedback laser diode covering the spectral
range of 5788-5798 cm~! was used in the present study. Dur-
ing the measurement the laser current was kept constant and
wavelength change was done by means of computer con-
trolled temperature change. An interference signal from the
Fabry-Perot etalon was used to linearize the wavenumber
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ot
2

o/ J { bFB l

| i | Laser

FIG. 1. Stationary afterglow with the CRDS absorption spectrometer. A dis-
charge is periodically ignited in the microwave resonator («W) in the middle
part of the discharge tube. A He/Ar/D, gas mixture is used to form a D;r
dominated afterglow plasma. The laser light modulated by the acousto-optic
modulator (AOM) is injected through the mirror on one side and photons
exiting the cavity through the mirror on the other side are detected by an In-
GaAs avalanche photodiode. The absolute wavelength is measured using a
Michelson wavemeter and relatively by a Fabry-Perot etalon.

scale. Two H,O lines at 5789.65 cm™! and 5793.03 cm™! (line
positions taken from HITRAN database>®) were used to trans-
form the relative value given by Fabry-Perot etalon to abso-
lute wavelength. The resulting precision of wavelength deter-
mination is better than 0.01 cm~!. At conditions used in the
present experiment, where D was the dominant ion, only
two absorption lines (5792.70 & 0.01)cm™! and (5793.90
+0.01)cm™! were visible during the discharge and early af-
terglow. The difference between the measured line positions
and those predicted by quantum mechanical calculations is
less than 0.02cm™!.>* Given this fact and that those two
absorption lines were only in plasma with D, present, we
concluded that they belong to D3+ ion. The conclusion was
also supported by measuring the temperature dependence of
the intensities of both lines. The examples of measured pro-
files of absorption lines are shown in Figure 2. In this study
we used the transitions, which we assigned (after discus-
sion with Tennyson54) as 31)2'(1, 0) < ng(O, 0) and 31}21 3,2)
« 019(4,2) for ortho-Df (0,0) and meta-D7 (4,2), respec-

25 T T T T

20r

ortho-D (0,0
15F 5(0.0)

—7

absorption (107 cm™)

1.0F

0.5¢ meta-D, (4,2)

0.0»%{)7%&@%

2.64 2.70

276 3.84 3.90 3.96
(A -5790) (cm™)

FIG. 2. Example of absorption line profiles of D;r ions measured at the wall
temperature of Twa = 112K and P = 560 Pa of He. The kinetic temper-
ature Tkin = (112 & 10) K was obtained from the Doppler broadening of
the absorption lines. The line center positions are: (5793.90 + 0.01)cm™!
and (5792.70 + 0.01)cm~" for ortho—Dg' (0,0) and meta—D;' (4,2), respec-
tively. The calculated values are 5793.92 cm™~! for 3\)2](1, 0) < ng(O, 0) and
5792.68cm™! for 3v1(3,2) < 0vY(4,2) for ortho-D3 (0,0) and meta-DY
4,2), respectively.s“g5
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; Discharge (a)
ortho-D} (0,0)

c (_\/VV\M,___,.\/
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<
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FIG. 3. Panel (a) Measured number densities of the ions in ortho (0,0) and
meta (4,2) states of D;r during the discharge and early afterglow. Panel (b)
Measured fraction ™ f3 of meta—D3+ 42), " f;= [meta—D;r (4,2)]/[D3+]. The
value of the ratio corresponding to the TDE at 80 K is indicated by the dashed
horizontal line. Used conditions are Ty = 80 K, P = 400 Pa of He, [D;]
=4 x 10" cm™3 and [Ar] =2 x 10" cm 3.

tively. The rotational levels are labeled by corresponding
quantum numbers (J,G), for details on notation and calcula-
tions of transitions frequencies see Ref. 55.

An example of measured ion number density evolutions
in discharge and early afterglow is shown in panel (a) of
Figure 3. The dashed vertical line indicates the end of the
discharge and the beginning of the afterglow. The measured
evolution of the fraction ™ f; of the number density of the
rneta-D;r (4,2) to the number density of D3+ is shown in the
lower panel of Figure 3. The horizontal dashed line indicates
the calculated ratio corresponding to the TDE at 80 K.

IV. TEMPERATURE IN THE D DOMINATED
AFTERGLOW PLASMA

In general, in an afterglow plasma the different particles
and their internal degrees of freedom are not necessarily in
complete thermal equilibrium with each other and with the
walls of the plasma container. For instance, the electron tem-
perature T, can significantly exceed the kinetic temperature
of the ions Tk;, and the buffer gas atoms temperature Ty be-
cause the transfer of kinetic energy in electron collisions with
heavy particles is less efficient than the kinetic energy transfer
in collisions of ions and gas atoms. Also, the ions’ rotational
temperature Tr, and vibrational temperature Ty, do not have
to be equal to the ions’ translational temperature if the cor-
responding relaxation times are long in comparison with the
characteristic time of the ion density decay. We have dis-
cussed this problem for H;r dominated plasma in Refs. 40, 41,
and 56. In the present studies, we determine kinetic tempera-
ture (Tkin) of ions from the Doppler broadening of measured
absorption lines. In Figure 4 an example of the evolution of
Txin measured at a wall temperature of Tw,; = (112 £ 1) K
is plotted. The obtained equality Twa = Tkin means also
Twan = Txe. We have made such measurements for the whole
range of pressures and temperatures used in the present study
with the same conclusion.

The electron temperature 7. in the afterglow was not
measured in these experiments. The time constant for
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FIG. 4. The measured evolution of the kinetic temperature of the ions (7kin)
during the discharge and during the early afterglow, while a wall temperature
was Twan = (112 £ 1) K and rotational temperature was Tror = (112 & 3) K.
Used helium buffer gas concentration was [He] = 3.6 x 10'7 cm™3. The
mean value of the measured Txiy is indicated by a horizontal dashed line.

electron cooling at a typical helium density used in the ex-
periment can be estimated from the electron-helium col-
lision frequency (>1 GHz) and the mass ratio 2m./mye.
The calculated time constant for electron cooling is
7. < 10 us. In previous FALP experiments, we measured
the electron energy distribution function (EEDF) in He and
He/Ar buffered afterglow plasmas under conditions similar
to those in the present study.’’>° It was found that EEDF
is close to a Maxwellian distribution with a temperature
close to the buffer gas temperature.®® In stationary after-
glow with CRDS, we indirectly observed fast cooling of
electrons after switching off the discharge by monitoring
visible light emissions from the discharge and very early
afterglow. Using analogy with Hi, we also expect that all
excited vibrational states of D;’ are quenched in multiple
collisions with He, Ar, and D, (see discussion for H;r in
Ref. 41).

Using FALP, we also studied the collisional radiative re-
combination (CRR) in an Ar* dominated plasma in a He/Ar
gas mixture and we measured the corresponding ternary re-
combination rate coefficient Kcgrg which has a very pro-
nounced temperature dependence, Kcgg ~ Te /26163 In this
study, we also measured the temperature dependence of am-
bipolar diffusion. In both cases, we obtained very good agree-
ment with theory for temperatures of 77-300 K.5%%3 This
is an excellent confirmation that at the given experimental
conditions T, = Tye = Twan. These estimates need to be re-
fined when the plasma contains energy sources that can lead
to heating of the electron gas. One such source can be He
metastables.”>® In the present experiments, metastables are
destroyed in reaction with Ar (by Penning ionization®®¢0),
At low temperatures and high electron densities the electron
heating can be caused by CRR; we will discuss this possibil-
ity later. In our previous studies of HI recombination,*' we
showed that at the used electron densities, the CRR can ele-
vate the electron temperature only slightly in the early after-
glow at gas temperatures near 77 K, but becomes unimportant
at higher gas temperatures and lower electron densities.

From the measured relative population of the ions in the
two monitored states we determined the rotational tempera-
ture Tror- The rotational temperature Tro Was measured not
only during the discharge but also during the early afterglow
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FIG. 5. The measured rotational temperature Tre of the D;r ions versus the
measured kinetic temperature Txin. The dashed straight line indicates the
equality Trot = Tkin. The open triangles and filled rhomboids indicate data
measured during the early afterglow and during the discharge, respectively.

when the signal from meta-D;r J,G) = (4,2) was still suffi-
cient. The measured dependence of Tre on Txi, is shown in
Figure 5.

Recently, we studied relaxation processes and equilib-
rium in H;’ dominated plasma using very similar experimen-
tal conditions, the only difference being that now we use D,
instead of H,.%#1:%6 In HY studies, we monitored the pop-
ulation of two ortho states and one para state and the used
transitions were more suitable for measurements of rotational
temperatures at He buffer gas temperatures in the range of
80-200 K. We were also able to monitor the para to ortho ra-
tio, [para-HJ J/[ortho-HJ ]. In addition, in the H experiments
we used normal and para enriched hydrogen to manipulate
the fraction of para-HJ in the plasma. From the obtained re-
sults we also concluded that Troe = Tkin = Tae = Twan for
H3+ Later on, for present experiments we will use temperature
measured from the Doppler broadening of the absorption lines
(mean value from several measurements at the same wall tem-
perature). For previous FALP data, we will use the measured
temperature of the flow tube. On the basis of the present ex-
periments and using comparison and analogy with the results
obtained in H experiments, we concluded that the plasma in
the afterglow is in the thermodynamic equilibrium at a tem-
perature given by the wall of the discharge tube.

V. RESULTS AND DISCUSSION

We measured the variation of light absorption in after-
glow plasma using CRDS. Under the assumption that the
plasma is in thermal equilibrium and D}' is the dominant ion
we calculated the electron density decay. Examples of data
measured at 112 K are plotted in Figure 6. The measured
number densities of the ions in ortho (0,0) and meta (4,2)
states of DY, the calculated electron density and the partial
density of ions in (4,2) state (fraction ™ f; of meta—Dgr 4,2),
M= [meta-D3+ “2)1/ [D;r]) are plotted.

We studied plasma decay at temperatures of 80-130 K
over a wide range of He pressures. The decay curves were
analyzed using “integral analysis” (for details see Refs. 57
and 64). This analysis can separate aeg from 71 (see Eqgs. (5)
and (6)) and minimize the influence of DS+ formation followed
by a rapid recombination on the determination of oeg. The
first 50-150 us of the afterglow decay were not taken into
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FIG. 6. Panel (a) Example of the decay of densities of ions in ortho (0,0)
and meta (4,2) states of DI, measured during the afterglow in a He/Ar/Dy
gas mixture at 112 K, 550 Pa of He, [D] = 1.7 x 10'*cm—3 and [Ar] = 8.4
x 103 cm=3. Time is set to zero at the beginning of the afterglow (indicated
by vertical dashed line). The electron density (7 ) is obtained from the partial
density of ions in the (0,0) state under assumption of TDE. The dashed-dotted
line indicates losses due to diffusion and reactions with the time constant 7,
the dashed line indicates the fit of the electron number density decay, see
Egs. (5) and (6). Panel (b) Measured fraction ™ f3 of meta—D;r 4,2), ™ f3
= [meta-DY (4,2)//[D7].

account from the analysis to exclude eventual formation of
DY in very early afterglow (for details see Refs. 18, 39, and
65). Dependencies of the effective recombination rate coeffi-
cient aegr on [He], measured at 80 and 100 K are shown in pan-
els (a) and (b) of Figure 7, respectively. Linear dependence of
aefr on [He] is obvious. Similar dependencies were measured
also at 112 and 125 K. The data from previous FALP exper-
iment are plotted in Figure 7 as open squares.'” In addition,
we performed series of experiments using new Cryo-FALP II
apparatus (for details on experimental setup see Ref. 63) at
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FIG. 7. Measured dependence of the effective recombination rate coeffi-
cients on [He] at 80 K - panel (a) and 100 K - panel (b). The data indicated
by filled squares were measured in present experiments using CRDS and the
data indicated by open squares were measured using a Langmuir probe in
previous FALP experiment (see compilation in Ref. 17). The data indicated
by open triangles were measured in this study using a new Cryo-FALP II
apparatus. For comparison straight lines obtained by a fit of CRDS data at
indicated temperatures are plotted in both panels. The horizontal dotted lines
indicate theoretical values of apg at corresponding temperatures.2”50
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the same conditions (temperature, number density of Ar and
D,) as in the already mentioned FALP experiment but in a
broader pressure range and with better temperature control.
These data are plotted in Figure 7 as open triangles.

Special attention was paid to the analysis of the decay
curves measured at 80 and 100 K because of a possible in-
fluence of CRR process described by Bates.%%” To demon-
strate and evaluate the effect of CRR we used the fact that the
overall binary rate coefficient ccrr of the ternary CRR pro-
cess is dependent on the electron density, «crr = KcRRr - e,
where Kcgrr is the ternary rate coefficient, only dependent
on the temperature. We measured aef in two types of ex-
periments, in FALP with a typical initial electron density of
fe, =2 x 10°cm™ and in SA-CRDS with a typical initial
electron density ., = 3 x 10'°cm™3. The measured o, are
plotted in Figure 7. Within experimental accuracy, the data
measured at the same temperature but with very different
electron densities give the same value of o.g. From this we
concluded that CRR contribution, which should be depen-
dent on ng, is small in comparison with the contribution from
processes with their rate coefficients independent of electron
density. This conclusion can be surprising, but it agrees with
conclusions from more detailed studies of this phenomenon
made for recombination of H3+ ions, for details see Ref. 41.
For comparison if one uses the classical Stevefelt formula
for calculation of ocgg at T= 77 K and ne = 3 x 109 cm™3
then the value of acgr ~ 3 x 1077 cm?s~! is obtained (for
details see Refs. 41 and 61). From the data plotted in
Figure 7 it is clear that Stevefelt’s calculated value of acgr®!
is three times higher than the measured overall recombina-
tion rate coefficient sy at low [He]. We experimentally veri-
fied the validity of Stevefelt formula for atomic ions by mea-
suring acrr in Ar™ dominated plasma at temperature range
of 60-300 K and we obtained a good agreement.®>% Up to
now we do not have an explanation for not observing CRR
for HY nor DI molecular ions while we can observe it for
atomic ArT(bearing in mind the differences between both the
experiments).

We calculated binary and ternary recombination rate co-
efficients oy, and Ky from the measured dependencies of
aer on [He] (see Eq. (7)). Present measurements are made
over a broad range of [He], so the accuracy of obtained oy,
and Ky is higher in comparison with previous FALP and
AISA studies.!” The obtained values of o, and Ky, are plot-
ted in Figures 8 and 9 as a function of the temperature and
summarized in Table I. The thermal rate coefficients apgr cal-
culated for binary dissociative recombination’-?%0 are also
plotted in Figure 8 (recombination rate coefficient plotted in
Figure 8 as theory of Pratt and Jungen was calculated from
the dependence of the recombination rate on energy pub-
lished in Ref. 28). We also included several values of rate
coefficients measured in previous afterglow experiments at
300 K.!%!2 These rate coefficients were corrected by tak-
ing the He density into account in particular experiments
and the actual values of ternary rate coefficients as measured
in the FALP experiment.!” We also plotted the rate coeffi-
cients calculated from the corresponding cross section mea-
sured in storage ring experiment CRYRING.!*!° For compar-
ison of the measured o, With acrr, wWe also plotted expected
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TABLE I. Measured binary o, and ternary Kye recombination rate coeffi-
cients of D}'. The displayed temperature 7 is the temperature obtained from
Doppler broadening of absorption lines in the present study and temperature
of the metal wall of the flow tube in FALP experiments.'’
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FIG. 8. Dg’ binary recombination rate coefficients. The solid line and the
dashed double dotted line indicate the values for the binary dissociative re-
combination («pr) at a thermal population of the para-/ortho-/meta-states of
D;’ calculated by Kokoouline?”->* and by Pratt and Jungen,?® respectively.
The values ayp, indicated by filled circles were obtained in present study from
the dependencies of aefr on [He] at particular 7. The open circles denote the
data obtained in this study using Cryo-FALP II apparatus. The values indi-
cated by open diamonds were obtained in previous FALP experiments from
dependencies of aeff on [He] at fixed T.'%-18 The dotted line indicates the
rate coefficients measured in storage ring experiment CRYRING.'3! Pre-
vious FALP data obtained in other laboratories are indicated as Gougousi,'!
Laube,'? and Smith;!'? these data were corrected (see text). The steep dashed-
dotted line labeled CRR is the effective binary rate coefficient «crr of CRR
calculated using Stevefelt formula (see Refs. 41 and 61) for electron density
ne =3 x 10'% cm™3). The dashed line is a fit to FALP, Cryo-FALP II, and
CRDS data.

acrr in Figure 8 calculated for n, = 3 x 10'% cm ™3
Stevefelt formula.*!-¢!

The measured ternary recombination rate coefficients
Ky are in good agreement with previous data measured in
FALP experiments. In our previous studies, we discussed the
ternary helium assisted recombination in terms of the life-
times of excited Rydberg states D} formed in the collision of
D7 ions with electrons.!®'® Because of long life-time of D}
(up to several hundreds of picoseconds) the process can be,
depending on the temperature, hundred times more effective

using the
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FIG. 9. The ternary recombination rate coefficient, Kye(7'), for He assisted
ternary recombination of D} ions. The filled circles indicate the present val-
ues obtained from the measured linear dependencies of s on [He] at fixed
T, see full lines in Figure 7. The open circles were obtained in present study
with Cryo-FALP II apparatus from the dependence of s on [He]. The open
diamonds indicate data obtained from dependence of a.f on [He] measured
in FALP experiment (for more details see Refs. 16—18). The data measured
using Cryo-FALP with the continuously increasing temperature are labeled
by stars.!”-!8 The full line indicates theoretical ternary rate coefficients cal-
culated for D;r ions in thermal equilibrium. 618

than classical neutral assisted ternary recombination predicted
by Thomson®® and by Bates and Khare.%° The process is es-
sentially different from the process considered by Thomson.
The present studies confirmed the previously measured strong
increase of Ky with temperatures starting from 80 K.

. CONCLUDING REMARKS

We studied electron-ion recombination in D7 dominated
afterglow plasma in He/Ar/D, gas mixture using CRDS
for measuring ion density decays during the afterglow and
for characterizing kinetic and rotational temperature of
ions. From this measurements and using similarity with Hy
dominated afterglow plasma’®*!:3¢ we concluded that at used
conditions DY dominated afterglow plasma is in thermal
equilibrium w1th He buffer gas. The study confirmed that
the decay of DI dominated afterglow plasma is controlled
by the binary recombination and in parallel by the three
body helium assisted recombination process. The magnitude
and temperature dependence of rate coefficients of these
processes as measured with CRDS are in agreement with
our previous flowing afterglow studies using Langmuir
probe.!®18 The binary and the ternary recombination rate
coefficients were obtained in the temperature range of
80-130 K yielding a;,(80K) = (9 242.0)x 108 cm?s™!,
apin(125K) = (6.9 £ 1.8) x 1078 cm?®s7!, K (80K) = (1.2
+03)x 107%cm®s™'  and  Kp(125K) = (2.4 £ 0.3)
x 10726 cmS s~

As in our previous recombination study of H dominated
plasma, neither for recombination of DI ions we have seen
any substantial dependence of recombination rate coefficient
on electron number density as predicted by theory of col-
lisional radiative recombination.! This rather surprising re-
sult is supported by comparison of effective recombination
rate coefficients obtained at the temperature of 80 K in this
study and in previous flowing afterglow measurement!’ (see
Figure 7 for details) at electron number densities different by
an order of magnitude.

This is the first study on the recombination of D7 ions
with electrons with spectroscopically resolved abundances of
the recombining ions. The results support theoretical predic-
tions and are in agreement with previous flowing afterglow
measurements'®~'® and with storage ring data.!!°
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Ternary electron-assisted collisional radiative recombination (E-CRR) and neutral-assisted radiative recombi-
nation (N-CRR) have very strong negative temperature dependencies and hence dominate electron recombination
in some plasmas at very low temperatures. However, there are only few data for molecular ions and almost none
for atomic ions at temperatures much below 300 K. In this experimental study we used a cryogenic afterglow
plasma experiment (Cryo-FALP II) at temperatures from 50 K to 100 K to measure ternary recombination rate
coefficients for Ar" ions in ambient helium gas. The measured magnitudes and the temperature dependencies
of the ternary recombination rate coefficients for electron-assisted and neutral-assisted collisional radiative
recombination agree well with theoretical predictions (Kg-crg ~ T~*° and Kye-crr ~ T2 to T~2°) over a

broad range of electron and He densities.

DOI: 10.1103/PhysRevA.87.052716

I. INTRODUCTION

Electron-ion recombination in cold plasmas can occur
by several mechanisms. When the ions in the plasma are
molecular, dissociative recombination (DR) [1] is almost
always much faster than third-body-assisted recombination,
unless the densities of third particles (electrons, ions, and
neutrals) are very high or the temperature is very low. Hence,
in many afterglow determinations of DR rate coefficients of
molecular ions at temperatures near 300 K, neutral densities
below 1 x 107 cm~3, and electron densities <1 x 10 cm™3,
third-body-assisted recombination can usually be neglected.
Experimental methods have now been developed that are
capable of measuring DR rate coefficients at the very low
temperatures (near 50 K) that exist in cold interstellar clouds.
At those temperatures, third-body-assisted recombination be-
comes competitive with DR and must be clearly separated from
binary DR. The studies described here test existing theories
of ternary recombination at very low temperatures in helium-
buffered plasmas containing predominantly atomic argon ions,
thus largely eliminating DR. The remaining recombination
processes consist of ternary recombination in which electrons
and helium atoms act as third bodies and a slow conversion
of atomic argon ions to molecular Ar,™ ions that recombine
by DR. As will be shown, the relative contributions of the
three mechanisms can be separated and the results confirm
theoretical calculations.

In the following we will refer to ternary electron-assisted
collisional radiative recombination (see, e.g., [2]) as E-CRR
and to the ternary neutral-assisted recombination process (see,
e.g., [3]) as N-CRR, where N denotes the neutral atom (e.g.,
He). The overall reaction equations for atomic argon ions in
the presence of electrons and helium atoms can be written as

Art e +e SE Ar 4o 1)
and
Art 4 e + He X% Ar 4 He, )

1050-2947/2013/87(5)/052716(9)

052716-1

PACS number(s): 34.80.Lx, 52.27.Aj, 52.20.—]

where Kg-crr and Kye-crr are ternary recombination rate
coefficients (in units of cm®s~'). Writing the reactions in
this form is not meant to imply that a single three-particle
collision completes the recombination. In general, several
energy-reducing collisions are required to render the product
atom stable against reionization. Both E-CRR and N-CRR
have been extensively treated by semiclassical theories (see,
e.g., [2,4]) that solve the coupled equations for three-body
electron capture into discrete Rydberg states, ionization, and
stepwise collisional and radiative reduction of the electron
energy. Results of numerical calculations of E-CRR by
Stevefelt et al. [2] can be expressed by the following formula
for the effective binary rate coefficient:

ap-crr = 3.8 x 10797, n, + 1.55 x 107107,706
6 x 107,218,937 cm? 57! 3)

where T, is the electron temperature in K and 7, is the electron
number density in cm™3. At low temperatures the second
and third terms on the right-hand side tend to be small in
comparison with the first term and one can define a three-body
rate coefficient Kg-crr by dividing E-CRR by the electron
density:

6

Kg-CRR = OE-crr/Me = 3.8 x 10777+ cm®s™". “)

Recently, Pohl et al. [5] have revised the rates of electron
capture into high Rydberg states and of the energy exchange
between high Rydberg states and free electrons. In the limit
of small energy transfer the revised rates differ drastically
from the earlier rates, however, the steady-state recombination
rate is only weakly affected. The numerical coefficient in
Eq. (4) is reduced to 2.77 x 10™°. The only experimental
data on E-CRR for temperatures below 300 K are those of
our Cryo-FALP I studies of Ar" ions [6] at 77-180 K, and
our recent study at temperatures 57-200 K [7]. Those agreed
well with theory. However, our studies of the recombination
of H3* and D3;* ions with electrons gave no indication of
E-CRR, a rather puzzling result since E-CRR should have
been faster than binary dissociative recombination at very
low temperatures [8—10]. Those observations motivated us

©2013 American Physical Society
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to conduct the present studies of E-CRR in a range of
temperatures thatis largely unexplored. Ternary recombination
in cold and ultracold plasmas is also of interest in the formation
of antihydrogen [5,11].

As a consequence of the small electron-to-neutral mass
ratio, transfer of electronic energy to heavy particles is slow
and N-CRR is less efficient than E-CRR by many orders
of magnitude. A good estimate of the recombination rate
coefficient can be derived from the energy-diffusion model
[3,12—14] that treats the electron energy states as a continuum,
as discussed in great detail by Flannery [3]. Flannery derived
the following rate coefficient for the case of atomic ions in
their parent gas:

me , (8kgT,\'"?
ON-CRR — 8 RO Rg O¢,atomMatom - (5)

atom

Here, kg is the Boltzmann constant, m, and M, denote the
masses of the electron and gas atoms (e.g., helium), o, aom 18
the electron-atom momentum transfer cross section, and R, =
e?/kgT,(=5.6 x 1075 cm at 300 K). Ry is a “trapping radius,”
the assumption being made that electrons that collide with an
atom inside this radius recombines with unit probability, while
those colliding outside that radius will escape recombination.
If Ry is taken as 2R, /3, the recombination coefficient decreases
with temperature as T,”>3 and agrees with the energy-diffusion
model of Pitaevskii [12].

The more elaborate theory of Bates and Khare [4], in which
recombination proceeds by stepwise collisional deexcitation
of excited Rydberg states of the ion, yields nearly identical
recombination coefficients (for He™ in He) at temperatures
below 125 K, but lower values (by approximately a factor of
2) at 300 K. Much larger values (~10% ¢cm® s~! at 300 K) have
been calculated by Whitten et al. [15], but, as has been pointed
out by Wojcik and Tachiya [13,14], the results of Whitten ez al.
depend sensitively on several assumptions, for instance, that
the Rydberg populations of states with binding energies less
than 4kgT are in thermal equilibrium.

It is not quite clear how the theoretical results should be
modified when the ions and neutrals have different masses, the
case of interest in our experiments. Bates and Khare [4] suggest
that the recombination rate at low temperatures and densities
is approximately proportional to the reciprocal of the ion-atom
reduced mass, i.e., that the mass My in Eq. (5) should be
replaced by 2M,.q, where M4 is the reduced mass of the ion
and gas atoms. If one adopts that rule, the recombination of
Ar" ions in helium should be slower by a factor of 0.54 than
that for He™ in helium. This scaling agrees with the conclusion
of Wojcik and Tachiya [13,14] that the energy-diffusion model
for heavy ions yields smaller rates by a factor of 2 than for
ions of the same mass as the gas atoms.

In the case of recombination of atomic argon ions in ambient
helium of density [He] Eq. (5) reduces to

ape-crr(T.) = 1.2 x 1072(T,/300)"23[He] cm®s™!.  (6)
The momentum transfer cross section for electron-helium

collisions was taken as 5.4 x 10716 cm? [16], independent of
energy.

PHYSICAL REVIEW A 87, 052716 (2013)

The ternary rate coefficient Kye-crr is obtained by dividing
O'He-crR bY the helium number density:

Kie-cRR = oe-crr/[He] em®s™". @)

Experimental data on ternary neutral-assisted recombina-
tion N-CRR at temperatures >300 K have mostly confirmed
theoretical predictions [3,4], including the expected T2
temperature dependence. Deloche ef al. [17] found similar
coefficients for both atomic and molecular ions. The only
experimental measurements at low temperatures (77-150 K)
by Cao and Johnsen [18] yielded rate coefficients close to those
expected for atomic ions, even though the ions were most
likely simple diatomic ions (N,+,0,7,NO™). On the other
hand, our recent low-temperature studies of recombination
of H3t and D3* ions, summarized in [9,10,19-23], gave
much faster ternary He-assisted recombination with rate
coefficients Kye-crr(300 K) > 1072 cm®s~!, indicating that
ternary recombination of H3* and D3 ions can also proceed
by dissociation of long-lived intermediate rotationally excited
H;* and D3* Rydberg molecules.

In this paper, after describing the Cryo-FALP II apparatus,
methods of data analysis, and test measurements on O, ions,
we will discuss the determination of the electron temperature
in the afterglow plasma by monitoring the decay of the electron
density due to ambipolar diffusion. Finally we will present new
data on ternary electron- and helium-assisted recombination of
Ar™" at temperatures down to 50 K.

II. EXPERIMENTS

A. Experimental apparatus

The recombination measurements described here were
carried out in a decaying fast-flowing plasma, created by
passing helium gas through a continuous microwave discharge
and converting the primary active particles (mainly helium
metastables) to argon ions by adding argon through a gas
inlet downstream from the discharge. When the decay of the
electron density is monitored by a Langmuir probe, a thin
tungsten wire, the technique is referred to as the flowing
afterglow Langmuir probe (FALP) method. Afterglow optical
emissions from the decaying plasma, for instance, argon
emission lines resulting from recombination, are present but
were not analyzed in these experiments. While the FALP
method has been used extensively to study recombination in
decaying plasmas, the extension to very low temperatures
required construction of the Cryo-FALP II apparatus to
be described below. Also, additional efforts are needed to
characterize the thermal properties of the plasma.

‘We note in passing that it might have been simpler to con-
struct a cryogenic pulsed “stationary afterglow.” However, the
FALP arrangement offers better control of plasma parameters
and avoids exposing all reagent gases directly to an intense
discharge, which can lead to undesired excitation of atomic or
molecular species.

In the Cryo-FALP II apparatus (see Fig. 1) the reaction
section of the flow tube can be cooled down to 40 K
and recombination processes can be studied down to 50 K.
Effective binary recombination rate coefficients above 1 x
1078 cm3s~! can be reliably measured. A very broad range
of helium pressures and partial pressures of reactant gases

052716-2
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FIG. 1. (Color online) Simplified diagram of the Cryo-FALP
II apparatus (not to scale). The three sections A, B, and C have
temperatures of 300, 100, and 40-300 K, respectively. The axially
movable Langmuir probe measures the decaying electron density
along the section C of the flow tube.

can be covered which enables accurate measurements of rate
coefficients of binary and ternary recombination processes.
Using Cryo-FALP II we recently studied E-CRR of Art
at temperatures 57-200 K and at electron number densities
ne ~ 10°—10' cm=3 [6,7] and we found good agreement
with theoretical predictions (see, e.g., [2]). At those electron
densities E-CRR of Ar™ was the dominant loss process
during the afterglow. The present work focuses mainly on
He-assisted ternary recombination (He-CRR) of Ar™ ions at
very low temperatures and lower electron densities. However,
the relative contributions of E-CRR and He-CRR are often
of similar magnitude and the data analysis (see Sec. IIB)
necessarily involves both processes.

A detailed description of the FALP technique can be found
in the papers by Mahdavi [24] and by Smith [25] and in the
book by Larsson and Orel [1]. The high-pressure version
of the FALP and Langmuir probe technique is described
in [26]. A short description of Cryo-FALP II is also given
in Refs. [7,22,23].

The flow tube of Cryo-FALP II has three sections A, B, and
C with different temperatures. The internal diameter of the flow
tube is ~5 cm and the length is ~ 80 cm. Helium buffer gas
flows through the glass section (A, 300 K) where it is partially
ionized in a microwave discharge (2.45 GHz, power of 10—
30 W). Downstream from the discharge the plasma contains
mainly helium metastables (He™), He™ ions, and electrons.
At high helium densities ([He] ~ (1—-25) x 10" cm™3) most
He™ ions are converted by ternary association to He,. The
addition of Ar gas ([Ar] ~ (0.01—10) x 10 cm™3) further
downstream from the discharge region at the beginning of
the stainless steel section B of the flow tube converts the
He,* ions by charge transfer reaction to Ar' ions. The
metastables He™ are converted to Ar' ions by Penning
ionization [27,28]. The Ar*-dominated plasma is carried along
the section B of the flow tube that is cooled to ~100 K by
liquid nitrogen. In sections A and B at temperatures above
100 K the recombination of He,* and Ar™ ions is very slow
and the plasma decay is caused mainly by ambipolar diffusion
to the walls of the flow tube.

PHYSICAL REVIEW A 87, 052716 (2013)

After precooling in section B the plasma enters section
C, made from stainless steel. This section is connected to
the cold head (Sumitomo CH-110) by copper braids, and
temperatures of the flow tube wall in the range of 40-300 K
can be achieved. To obtain good thermal insulation the whole
section C and the cold head are placed in another vacuum
chamber. Calculations showed that the buffer gas temperature
Tye in section C is equal to the wall temperature 7w of the
flow tube, and that the ion and electron temperatures (7o,
and 7,, respectively) in the afterglow are equal to that of
the buffer gas, i.e., Tion = T, = Tye = Tw. The temperature
distribution along the flow tube and the resulting temperature
of the He buffer gas was calculated by a computer model
(see [7]). The calculated relaxation time constant for the
electron temperature is <0.1 ms, i.e., electron temperature
relaxes to the buffer gas temperature immediately after removal
of the He metastables (see [26,29]). We verified the electron
thermalization by analyzing characteristic times of ambipolar
diffusion (see Sec. II D). The results supported the assumption
Tw = T,. The ion thermalization is many times faster (with
time constant < 0.1 us) because the masses of ions are
similar to those of the neutral atoms. This was also confirmed
by spectroscopic measurements in H3*- and D3*-dominated
plasma at otherwise very similar conditions (see [8—10]). In
the following we will refer to the kinetic temperatures simply
as T without subscripts.

The gas handling system and the flow tube itself employ
UHV technology and high-purity He and Ar are used.
Helium is further purified by passing it through two in-line
liquid-nitrogen-cooled molecular sieve traps, resulting in an
estimated level of impurities of the order of 1072 ppm. A
throttle valve at the downstream end of the flow tube (prior
to the Roots pump) adjusts the working pressure and the flow
velocity of the buffer gas to the desired values.

The recombination measurements, carried out in section
C of the flow tube, rely on the electron density decays as
determined by an axially movable Langmuir probe (length
7 mm, diameter 18 wm). To convert positions in the flow
tube to afterglow time, the plasma velocity is needed. It is
measured by modulating the discharge and observing the time
of the Langmuir probe response at certain positions on the flow
tube axis. The plasma velocities range from 1 to 20 ms~!,
depending on pressure, helium flow rate, and on the flow
tube temperature (see Fig. 2 in [7]). The plasma velocity
is not constant along the whole flow tube because the wall
temperature is different in different sections.

The Langmuir probe characteristics are measured point by
point along the flow tube, and the actual values of the electron
densities are obtained from the saturated electron current to
the probe at positive probe potential [30,31]. The reliability
of Langmuir probes used in this mode has been established
many times, e.g., by comparing recombination rate coefficients
obtained with laser absorption spectroscopy (CRDS technique
[32]) to those obtained with Langmuir probes [8—10] or
by measuring recombination rate coefficients of well-known
recombination processes, e.g., dissociative recombination of
0,7 ions with electrons (see Sec. I1 C).

To establish optimal conditions for the measurements of
the ternary rate coefficients we developed a kinetic model
which includes all significant processes taking place during the
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afterglow [33,34]. The temperature evolution along the flow
tube was explicitly taken into the account. The calculations
show that Ar" is the dominant ion at the beginning of the
section C, and that the plasma is completely thermalized at
that position.

B. Data analysis and conditions of measurement

In a quasineutral afterglow plasma, dominated by a single
ion species AT in ambient helium gas, the loss rate of electrons
and ions is given by

dn, _ dIA"] [A* I, — Kpe-crr[He][A*]
= = —Upjn ne — - e N,
dt dt b He-CRR
n@ né’
— Kg-crr[AT 02 — =% — =2, ®
(%)) TR

where oy, 1S the rate coefficient of binary recombination (e.g.,
DR) and tp is the time constant of ambipolar diffusion. The
additional term containing time constant tg accounts for a
loss due to possible reactions (for details see Sec. IID). By
combining the recombination terms into an effective binary
rate coefficient oy and combining the diffusion and reaction
loss terms into a linear loss term characterized by a time
constant 7, one obtains

dn, d[AT] ,  Me
ar . dr —_aeﬁne_Za (&)

where
aer(T,[Hel,n,) = apin + Kpe-crr[He] + Kg-crr2ze  (10)

and

1 1 1
—=—+—. (11)
L L) R

We note that a linear addition of the contributions of He-
CRR and E-CRR in Eq. (8) is not necessarily correct, as Bates
pointed out [35], since both processes can partly compete for
the populations of the same energy levels. Hence, we regard
Eq. (10) as a first (linear) approximation that is valid only
in the limit when a small fraction of the intermediate levels
is stabilized by collision with electrons or neutrals. We will
discuss this again in Sec. IV.

The effective binary recombination rate coefficients for
ternary processes depend on electron and neutral density.
For atomic Ar" ions purely binary recombination can be
neglected so that the overall effective (measured) binary
rate coefficient can be taken as oteff = g-CRR + He-CRR =
Kg-crrie. + Kye-crr[He]. Different experimental conditions
must be chosen to separate the two contributions: To determine
KEg-crr, 1. should be large but [He] should be small. On
the other hand, to determine Kye-crr, [He] should be as
high as possible, while n, should be small. Figure 2 shows
decay curves measured at a temperature of 60 K for two
different sets of parameters. For the decay curve (i) [He] was
minimized and n, maximized, so that E-CRR dominates. For
the decay curve (ii) [He] was maximized and n, minimized, so
that He-CRR dominates. The temperature distribution model
showed that for both data sets in Fig. 2 the temperature in
the recombining plasma is relaxed to 60 & 2 K. This was
confirmed by measuring the plasma velocity along the flow
tube [7].

PHYSICAL REVIEW A 87, 052716 (2013)
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FIG. 2. (Color online) (a) Measured electron density decay in
an Ar'-dominated afterglow plasma for two helium pressures, 450
(open triangles) and 1200 Pa (open circles). Symbols show measured
data, full lines represent fits of these data, and dashed lines indicate
diffusion losses. The effective recombination rate coefficients at 1200
and 450 Pa are 1.0 x 1077 and 3.3 x 107% cm? s™!, respectively. (b)
Measured temperatures of the flow tube wall (7w) at the positions of
the temperature sensors (indicated by arrows). Section C is divided
into two subsections C; and C, in the figure indicating different
measured temperature.

In a low-temperature Ar™-dominated plasma in He buffer
gas with a small admixture of Ar gas the reactive loss term in
Eq. (8) accounts for the relatively slow ternary association of
Ar" with atomic argon, i.e., the reaction Ar* + Ar + He —>
Ar,* + He [36,37]. Since the Ar,* product ions recombine
rapidly with electrons [1,38], the rate determining step at low
argon concentrations is ternary association. The association
reaction essentially constitutes an additional electron loss
process that can be represented by a time constant g as
written in Eq. (8). In this particular case, g depends on
the ternary association rate coefficient k, and on Ar and He
densities, tg = 1/(k,[Ar][He]). The temperature dependence
of tg is given by the temperature dependence of k, (details
will be discussed below). At higher Ar and He densities and
lower temperatures the formation of Ar,* is faster and the
recombination of Ar,™ is the rate determining process. The
effect of Ar, ™ ions on observed effective binary recombination
(on aefr) was determined by measuring the effective binary
recombination rate coefficient as a function of argon density.
Examples of such dependencies are plotted in Fig. 3 for
62 K and He pressure 500 and 1200 Pa. The measured
effective binary recombination rate coefficients are constant
below [Ar] = 1 x 10" cm™ but increase above this value, in
accordance with our kinetics model that includes the formation
of Ar,™. To minimize the influence of Ar,* formation on
the measured o the typical number density of Ar used in
the present experiment was limited to [Ar] ~ 3 x 102 cm™3,
which is still sufficient to form an Art-dominated plasma
before entering zone C of the flow tube. The final data were
taken under conditions where the effect of Ar,™ on measured
o Was negligible.

Figure 4 shows data for a.y as a function of helium
density [He] for three different temperatures. The slopes of the
linear dependencies yield Kye-crr(7') [see Eq. (10)], and the
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FIG. 3. (Color online) The dependence of measured effective
binary recombination rate coefficient oefr on Ar number density at
62 K and indicated pressures of He (full circles for the pressure of
1200 Pa and full squares for 500 Pa). Displayed errors are statistical.

intercept at [He] = O gives the sum oy, + Kg-crr#e. Since
previous work [6] has shown that oy, = O (see Fig. 4 and
discussion in [6]), we can write def = Kg-crrZe at [He] =
0. This is in agreement with the expectation of slow radiative
recombination of atomic Ar™.

C. Test measurements on recombination of O, ions

Some of the present studies were conducted under con-
ditions (helium densities, temperatures, flow velocities, etc.)
that have not been used much in earlier work. Also, the data
analysis relies on modeling of the temperature distribution and
flow velocities. As a precaution, we performed a series of test
measurements of the well-known binary recombination rate
coefficient of dissociative recombination o, pr of O, ions,
which is much simpler to measure than ternary recombination.
Our test results (see Fig. 5) agreed very well with previous
data [39-45]. The rate coefficients were measured for three
temperatures and over a broad range of He pressures and O,
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FIG. 4. (Color online) Measured dependence of the effective bi-
nary recombination rate coefficient as(7',[He],n,) of recombination
of Ar' ions with electrons on He number density at 62 (full circles),
72 (full triangles), and 100 K (full stars). The lines represent the linear
fits of the data.
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FIG. 5. (Color online) Temperature dependence of the measured
recombination rate coefficient ay,pr of the binary dissociative
recombination of O, " ions with electrons. The present Cryo-FALP
1I data (large circles) are compared to previous results [39—45]. The
dashed line represents a fit given by [43,45]. Inset: Data obtained
at different O, number densities, measured at 155 K and at several
helium pressures. The full line is the mean of the measured values.

number densities. The results of these tests clearly confirm the
validity of the methods used in present experiments.

D. Verification of the electron temperature by measuring
ambipolar diffusion losses

The strong temperature dependencies of Kg-crr and
Kue-crr make the electron temperature a crucial parameter
that is not directly measured, but within some limitations a
precise measurement of ambipolar diffusion losses in the late
afterglow can serve as a “diffusion thermometer.” Ambipolar
diffusion losses also enter directly [see Eq. (8)] in the
determinations of .y and 7. The measured time constant
7. has two components: one representing ambipolar diffusion
(tp) and the second representing reactive losses (tr) (see
Sec. IIB). The value of tp depends on temperature, helium
density, the characteristic diffusion length A of the flow tube,
and the zero-field reduced mobility Ky of Ar' ions in He
(for details see [6]). For a long flow tube of radius R the
characteristic diffusion length is A = R/2.405. Using the
relations given by Mason and McDaniel [46] one can show that
if electrons, ions, and gas atoms have the same temperature
T, = Tion = Tge = T then

1 Ko(T) T
Y T LR
™ A2 [He]

12)

The units are [He] in cm™3, T in K, A in cm, and

Ky in cm? V~'s~!. Since the zero-field reduced mobility
of Ar™ in He is nearly constant for temperatures below
300 K, a graph of [He]/tp versus T should yield nearly
a straight line, with small deviations when the dependence
of Ky on temperature is included [6]. Measured values
of [He]/tp should be proportional to the temperature thus
providing an independent measure of the otherwise difficult to
determine electron temperature. Figure 6 shows the theoretical
temperature dependence of [He]/tp, where 7p is calculated
using zero-field reduced mobilities of Ky = 18.9 cm?> V~!s~!
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FIG. 6. (Color online) Temperature dependencies of the in-
verted time constants of diffusion losses [He]/tp and [He]/tr.
Solid line represents the theoretical temperature dependence of
[He]/tp on T, calculated from the zero-field reduced mobil-
ity of Art in He for a thermalized afterglow plasma [47-49].
Dashed lines are calculated for 10 K higher or lower tempera-
tures. The dash-dotted line labeled [He]/tg shows values corre-
sponding to reactive losses due to Ar,"™ formation at densities
[Ar] =3 x 102 cm™3 and [He] = 7 x 10'7 cm™ (see text). In the
calculation we used the formula [He]/tz = k,[Ar][He]?> = 9.5 x
10732(300/ T)*"°[Ar][He]?. Data measured with Cryo-FALP I (open
triangles) are adapted from [6] as well as data indicated by asterisk
symbols measured at 250 and 300 K. Open circles indicate measured
[He]/t. and closed circles indicate corresponding experimental
[He]/tp calculated for particular [He] and [Ar] using relation
[Hel/mp = ([He]/7. — [Hel/wr).

at 77 K and 20.5 cm®> V~'s7! at 300 K [47-49] and a linear
interpolation at intermediate temperatures.

To show the sensitivity to small errors in temperature,
we also include in Fig. 6 calculated values of [He]/tp for
two temperatures that are 10 K higher or lower. As may be
seen in Fig. 6, the accuracy of the “diffusion thermometer”
deteriorates rapidly below ~70 K because the experimental
values [He] /. include a contribution [He]/tg due to reactive
losses in the late afterglow [see Eq. (11)]. We tried to correct
the raw “experimental” values [He]/7. (open circles) by
subtracting an estimated reactive loss term [He]/tr to obtain
the pure diffusion loss rate term [He]/7p (solid circles). The
reactive loss term [He]/tg was ascribed to conversion of Art
ions to fast recombining Ar," ions, using the experimental
association ternary rate coefficient k, of Bohme et al. [36]
and extrapolating it assuming a temperature dependence of
the form k, ~ T~". From the measured values k,(82 K) =
1.6 x 1073 cm®s~! and k,(290 K) = 1 x 103 ecm®s~! we
calculated k,(T) = 9.5 x 10732(300/ T)>'° cm®s~!. The size
of this correction is included in Fig. 6 (dash-dotted line), the
values were calculated for [Ar] = 3 x 10'2 cm— and [He] =
7 x 10'7 cm™3. Since the reactive losses increase rapidly at
lower temperatures, while the diffusion losses become smaller,
the accuracy of the diffusion thermometer becomes poor below
70 K and corrections for reactive losses do not improve it by
much. For comparison, in Fig. 6 we also show data from our
previous FALP and Cryo-FALP I experiments measured at 250
and 300 K [6]. In that case the whole flow tube was cooled
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FIG. 7. (Color online) Temperature dependence of the mea-
sured ternary recombination rate coefficient Kp-cgr of ternary
electron-assisted collisional radiative recombination of Ar™ ions
with electrons. The full circles are the present data measured at
lower n,(103—10° cm™3). The data represented by full triangles are
measured in our previous studies at higher n,(10°—10' cm~3) [7].
Data depicted by the open rhomboid at 77 K is compiled from several
measurements on Cryo-FALP I. The crosses indicate previous data
measured on Cryo-FALP I at temperatures above 77 K (adopted
from [6]). The dashed line indicates Kg-crr calculated by using
Stevefelt’s formula (4), Kg-crg ~ T ~*°.

by liquid nitrogen to the same temperature and there was no
doubt about temperature equilibration.

The measurements of the diffusion losses corroborate our
calculations of the temperature distribution in the flow tube
only for temperatures above ~70 K. Nevertheless, this does
not necessarily imply a difference between Tw, T,, and Tjy,
below 70 K. The agreement between experimental data on
the rate coefficients for E-CRR and N-CRR and theory (see
Secs. IIT A and I1I B) also supports the assumption of complete
thermalization.

III. RESULTS AND DISCUSSION

A. Temperature dependence of Kg-crr

Figure 7 shows the temperature dependence of Kg-crr
obtained in the present experiment and compares it to previous
data measured with the Cryo-FALP I apparatus in the range
77-200 K [6], to previous data measured with the Cryo-FALP
IT apparatus in the range 57-77 K [7], and to theoretical
dependence. The agreement between the experimental data
sets is good, even though the electron density n, in the
earlier experiments was much higher (10°—10'° cm™3) than
in the present experiment (108—10° cm™3) and experimental
conditions were different. In the present study Kg-crr Was
obtained by extrapolation of o.g to zero helium density, as
shown in Fig. 4. The present and previous data agree well
with the collisional term of the Stevefelt formula [see Eq. (4)],
leaving no doubt that the Kg-crr ~ T—43 dependence remains
valid for Ar" ions down to 50 K.

The agreement of the experimental values of Kg-crr With
theory can be taken also as another confirmation that the
electron temperature and the measured temperature of the wall
of the flow tube are nearly equal. Note also the good agreement
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FIG. 8. (Color online) Temperature dependence of the measured
ternary recombination rate coefficient Ky.-crr of He-assisted recom-
bination of Ar' ions with electrons (full circles). Included are also
data from previous experiments [17,18,50,51]. The dotted line follows
calculation by Bates [4]; the solid line is scaled for this study using the
dependence of the ternary recombination rate coefficient on reduced
mass as suggested by Bates [4]. The dash-dotted line indicates theory
by Pitaevskii [12].

of data obtained at 77 K at very different experimental
conditions (it will be again discussed in Sec. IV).

B. Temperature dependence of Kye-crr

The measured temperature dependence of Kye-crr Of
ternary recombination of Ar™ ions with electrons in helium
buffer is depicted in Fig. 8, together with examples of data
measured in previous experiments with different ions at higher
temperatures, predominantly at 300 K [17,18,50,51]. Our data
for Ar™ ions agree well with the calculations of Bates [4] after
scaling by the reduced mass factor. The temperature depen-
dence (approximately 7~>9) is somewhat stronger than the
T2 dependence of Pitaevskii [12], presumably because the
energy diffusion model of Pitaevskii ignores the discreteness
of the electron energy states.

IV. DISCUSSION AND CONCLUSIONS

We have reported on He-assisted ternary recombination of
atomic ions below 300 K and rate coefficients of both ternary
recombination processes were clearly separated and measured
in a well-characterized afterglow plasma at temperatures
below 100 K. Careful attention was paid to verifying electron
temperatures by measuring the characteristic time constant
of ambipolar diffusion 7p at fixed pressure and flow tube
temperature. It was concluded that the plasma particles have
nearly the same temperature as the wall of the flow tube,
ie., that T =T, = T;on = Tye = Tw. However, at the lowest
temperatures the verification was complicated by reactive
losses.

The measured magnitudes and the temperature dependen-
cies of both ternary recombination rate coefficients Kpe-crr
and Kg-crr of Ar' ions agree with theoretical predictions
[3,4,12] (Kye-crr ~ T7%?) in the temperature range from 50
to 100 K and Kg-cgrr ~ T+ in the range from 50 to 180 K [2]
over a broad range of electron and He densities. This observed
agreement is not at all obvious. Recent experimental studies
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FIG. 9. (Color online) Dependence of the effective recombination
rate coefficient ae¢r on helium number density at 77 K. Present values
(open triangles) are plotted together with values obtained by Cao
et al. [18] (full pentagons) for a mixture of ions, by Varju et al. [8],
by Dohnal et al. [9], and by Glosik et al. [19] for H;* and by Kotrik
et al. [6] for Art (open squares). The full stars are the present data
corrected by subtracting the E-CRR component of «.. The dashed
lines are linear fits to the data (values by Cao were not included in
the fit). The dotted lines show the binary and the ternary components
of the fitted ag.

of both ternary recombination processes for H3* and D3 ions
at temperatures below 300 K gave drastically different results
[9,10,22,23], as is demonstrated in Fig. 9 that summarizes the
effective binary recombination rate coefficients o measured
at 77 K in helium afterglow plasmas dominated by different
ions. The data obtained by Cao et al. [18] for a mixture of
molecular ions at very high helium densities are in agreement
with the aforementioned results, giving comparable ternary
rate coefficients. At their experimental conditions the ternary
E-CRR and the binary dissociative recombination can be
neglected and He-CRR is by far the dominant recombination
process.

The figure also shows data obtained for atomic Ar™
ions in the present experiments for electron densities n, =
(0.4—1.5) x 10° cm™> and He densities [He] = (5—20) x
10'7 cm™3. Some earlier data measured at high r, and low [He]
[6] are also plotted. For atomic Ar* ions binary recombination
is negligible and both ternary processes He-CRR and E-CRR
have comparable rates. The overall rate coefficients can
be expressed as deff = O/He-cRR + ¥E-CRR = KHe-crr[He] +
Kg-crrne. At high [He] and low n, (triangles) o/ge-crr
dominates, while at low [He] and high n, (open squares)
ag-crr dominates. The fit of the Art data gives values Kye-crr
and Kg-crr in agreement with those obtained by precise
analyses (see Figs. 7 and 8). At low [He] the data (triangles)
level off due to the contribution from og-crr, indicated by
a horizontal dashed line (calculated for n, = 1 x 10° cm™?).
To show the contribution from Kpy.-crr alone we plotted the
values aye-crr (indicated by full stars) obtained by subtracting
op-crr from the measured oerr. We used expression (4) for
ag-crr and the actual n,. Note that the corrected data ope-crr
(stars) and data obtained by Cao et al. [18] (pentagons) then
follow a straight line apge-crr = Kne-crr[He] over three orders
of magnitude of [He].
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The sample of data (upper set of data) obtained in H;*-
dominated He buffered afterglow plasma are significantly
larger. These data were obtained at electron densities from 2 x
10° up to 5 x 10'° cm~3 in Cryo-FALP I, Cryo-FALP II, and
SA-CRDS experiments [8,9,19]. We did not observe any sig-
nificant dependence of o.g on n, that would indicate electron-
assisted recombination (see discussion in [9,10,22,23]), so we
can expect Qeff = Cthin DR + XHe = bin DR + Kne[He], where
obin DR 18 the binary rate coefficient of dissociative recombina-
tion of H3 ™ and Ky, ternary rate coefficients of helium-assisted
recombination of H;*. The seeming absence of electron-
assisted recombination is surprising (see discussion in [9,10]).

Figure 9 strongly suggests that the mechanisms of the
ternary helium-assisted processes for Ar™ and H3* (D3 ™) must
be very different. The rate coefficients at low [He] are also
different. They reflect dissociative recombination in the case
of H3" (apin pr) and ternary electron-assisted recombination
(cg-crpr) in the case of Ar'.

The present study was, in part, undertaken to learn whether
our earlier measurements of the ternary recombination rate
coefficients of Hy3* and D3 [9,10,19,20,23,52] were subject
to possible systematic errors. This does not seem to be the case.

PHYSICAL REVIEW A 87, 052716 (2013)

The good agreement of the helium-assisted ternary channel for
ArT with theory [4] strongly corroborates the methods used in
the earlier work. We conclude that the very fast helium-assisted
ternary recombination of H3™ and D3;* ions must be due to
an entirely different mechanism than that proposed for atomic
ions by Bates and Khare [4] and Flannery [3]; for discussion
and suggestion of the mechanism see [9,19-21].

The presented experimental results on the ternary electron-
and neutral-assisted recombination of atomic Ar" ions at
temperatures down to 50 K show a remarkable difference
in comparison with ternary recombination of H;™ and D;*
ions. To find differences between ternary recombination of
atomic and molecular ions and a possible dependence on type
of buffer gas we plan to study ternary recombination of other
ions and temperature dependence of recombination processes
at temperatures down to 30 K.

ACKNOWLEDGMENTS

This work was partly supported by GACR 205/09/1183,
GACR P209/12/0233, SV 267 302, GAUK 353811, GAUK
388811, and GAUK 659112.

[11 M. Larsson and A. Orel, Dissociative Recombination of
Molecular Ions (Cambridge University Press, Cambridge,
2008).

[2] J. Stevefelt, J. Boulmer, and J. Delpech, Phys. Rev. A 12, 1246
(1975).

[3] M. R. Flannery, J. Chem. Phys. 95, 8205 (1991).

[4] D. Bates and S. Khare, Proc. Phys. Soc. London 85, 231
(1965).

[5] T. Pohl, D. Vrinceanu, and H. R. Sadeghpour, Phys. Rev. Lett.
100, 223201 (2008).

[6] T. Kotrik, P. Dohnal, S. Roucka, P. Jusko, R. Plasil, J. Glosik,
and R. Johnsen, Phys. Rev. A 83, 032720 (2011).

[7] T. Kotrik, P. Dohnal, P. Rubovic, R. Plasil, S. Roucka,
S. Opanasiuk, and J. Glosik, Eur. Phys. J. Appl. Phys. 56, 24011
(2011).

[8] J. Varju, M. Hejduk, P. Dohnal, M. Jilek, T. Kotrik, R. Plasil,
D. Gerlich, and J. Glosik, Phys. Rev. Lett. 106, 203201 (2011).

[9] P. Dohnal, M. Hejduk, J. Varju, P. Rubovic, S. Roucka, T. Kotrik,
R. Plasil, J. Glosik, and R. Johnsen, J. Chem. Phys. 136, 244304
(2012).

[10] P. Dohnal, M. Hejduk, P. Rubovic, J. Varju, S. Roucka, R. Plasil,
and J. Glosik, J. Chem. Phys. 137, 194320 (2012).

[11] T. C. Killian, S. Kulin, S. D. Bergeson, L. A. Orozco, C. Orzel,
and S. L. Rolston, Phys. Rev. Lett. 83, 4776 (1999).

[12] L. P. Pitaevskii, Sov. Phys. JETP 1, 919 (1962).

[13] M. Wojcik and M. Tachiya, J. Chem. Phys. 110, 10016
(1999).

[14] M. Wojcik and M. Tachiya, J. Chem. Phys. 112, 3845 (2000).

[15] B. L. Whitten, L. W. Downes, and W. E. Wells, J. Appl. Phys.
52, 1255 (1981).

[16] R. W. Crompton, M. T. Elford, and R. L. Jory, Aust. J. Phys. 20,
396 (1967).

[17] R. Deloche, P. Monchicourt, M. Cheret, and F. Lambert, Phys.
Rev. A 13, 1140 (1976).

[18] Y. S. Cao and R. Johnsen, J. Chem. Phys. 94, 5443 (1991).

[19] J. Glosik, R. Plasil, I. Korolov, T. Kotrik, O. Novotny,
P. Hlavenka, P. Dohnal, J. Varju, V. Kokoouline, and C. H.
Greene, Phys. Rev. A 79, 052707 (2009).

[20] J. Glosik, I. Korolov, R. Plasil, T. Kotrik, P. Dohnal, O. Novotny,
J. Varju, S. Roucka, C. H. Greene, and V. Kokoouline, Phys. Rev.
A 80, 042706 (2009).

[21] J. Glosik, R. Plasil, T. Kotrik, P. Dohnal, J. Varju, M. Hejduk,
1. Korlov, S. Roucka, and V. Kokoouline, Mol. Phys. 108, 2253
(2010).

[22] P. Rubovi¢, P. Dohnal, M. Hejduk, R. Plasil, and J. Glosik,
J. Phys. Chem. A (2013), doi: 10.1021/jp3123192.

[23] R. Johnsen, P. Rubovi¢, P. Dohnal, M. Hejduk, R. Plasil, and
J. Glosik, J. Phys. Chem. A (2013), doi: 10.1021/jp311978n.

[24] M. R. Mahdavi, J. B. Hasted, and M. M. Nakshbandi, J. Phys. B
4, 1726 (1971).

[25] D. Smith, N. G. Adams, A. G. Dean, and M. J. Church, J. Phys.
D: Appl. Phys. 8, 141 (1975).

[26] J. Glosik, G. Bano, R. Plasil, A. Luca, and P. Zakouril, Int. J.
Mass Spectrom. 189, 103 (1999).

[27] A.]J. Yencha, in Electron Spectroscopy: Theory, Techniques and
Applications, edited by C. R. Bundle and A. D. Baker (Academic
Press, London, 1984), Vol. 5.

[28] R. Plasil, I. Korolov, T. Kotrik, P. Dohnal, G. Bano, Z. Donko,
and J. Glosik, Eur. Phys. J. D 54, 391 (2009).

[29] 1. Korolov, T. Kotrik, R. Plasil, J. Varju, M. Hejduk, and J. Glosik,
Contrib. Plasma Phys. 48, 521 (2008).

[30] J. D. Swift and M. J. R. Schwar, Electrical Probes for Plasma
Diagnostics (Elsevier, New York, 1969).

[31] O. Chudacek, P. Kudrna, J. Glosik, M. Sicha, and M. Tichy,
Contrib. Plasma Phys. 35, 503 (1995).

[32] P. Macko, G. Bano, P. Hlavenka, R. Plasil, V. Poterya,
A. Pysanenko, O. Votava, R. Johnsen, and J. Glosik, Int. J. Mass
Spectrom. 233, 299 (2004).

052716-8



COLLISIONAL-RADIATIVE RECOMBINATION OF Ar* ...

[33] O. Novotny, R. Plasil, A. Pysanenko, I. Korolov, and J. Glosik,
J. Phys. B 39, 2561 (2006).

[34] R. Plasil, J. Glosik, V. Poterya, P. Kudrna, J. Rusz, M. Tichy,
and A. Pysanenko, Int. J. Mass Spectrom. 218, 105 (2002).

[35] D. R. Bates, Proc. R. Soc. London, Ser. A 337, 15 (1974).

[36] D. K. Bohme, D. B. Dunkin, F. C. Fehsendeld, and E. E.
Ferguson, J. Chem. Phys. 51, 863 (1969).

[37] B. M. Smirnov, Sov. Phys. Usp. 20, 119 (1977).

[38] J. Royal and A. E. Orel, Phys. Rev. A 73, 042706 (2006).

[39] J. L. McLain, V. Poterya, C. D. Molek, L. M. Babcock, and
N. G. Adams, J. Phys. Chem. A 108, 6704 (2004).

[40] E. Alge, N. G. Adams, and D. Smith, J. Phys. B 16, 1433
(1983).

[41] F. L. Walls and G. H. Dunn, J. Geophys. Res. 79, 1911 (1974).

[42] R. Johnsen, Int. J. Mass Spectrom. Ion Processes 81, 67
(1987).

[43] N. G. Adams, D. Smith, and E. Alge, J. Chem. Phys. 81, 1778
(1984).

PHYSICAL REVIEW A 87, 052716 (2013)

[44] R. Peverall, S. Rosen, J. R. Peterson, M. Larsson, A. Al-Khalili,
L. Vikor, J. Semaniak, R. Bobbenkamp, A. N. Maurellis, and
W. J. van der Zande, J. Chem. Phys. 114, 6679 (2001).

[45] P. Spanel, L. Dittrichova, and D. Smith, Int. J. Mass Spectrom.
129, 183 (1993).

[46] E. Mason and E. McDaniel, Transport Properties of lons in
Gases (Wiley, New York, 1988).

[47] L. Viehland, A. Viggiano, and E. Mason, J. Chem. Phys. 95,
7286 (1991).

[48] W. Lindinger and D. Albritton, J. Chem. Phys. 62, 3517 (1975).

[49] R. Johnsen and M. A. Biondi, Phys. Rev. A 20, 221 (1979).

[50] J. Berlande, M. Cheret, R. Deloche, A. Gonfalone, and C. Manus,
Phys. Rev. A 1, 887 (1970).

[51] R.J. van Sonsbeek, R. Cooper, and R. N. Bhave, J. Chem. Phys.
97, 1800 (1992).

[52] T. Kotrik, P. Dohnal, I. Korolov, R. Plasil, S. Roucka, J. Glosik,
C. H. Greene, and V. Kokoouline, J. Chem. Phys. 133, 034305
(2010).

052716-9






ARTICLE VII

TITLE: Ternary Recombination of HgL and D;“ with Electrons in He-H,
(D7) Plasmas at Temperatures from 50 to 300 K

AUTHORS: Rainer Johnsen, Peter Rubovi¢, Petr Dohnal, Michal Hej-
duk, Radek Plasil, and Juraj Glosik

JOURNAL: The Journal of Physical Chemistry A 117:9477-9485
DATE: 6 February 2013

DOI: 10.1021/jp311978n

179


http://dx.doi.org/10.1021/jp311978n




THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCA

Ternary Recombination of H;* and D;* with Electrons in He—H, (D,)
Plasmas at Temperatures from 50 to 300 K

R Johnsen,*’Jr P. Rubovi&,* P. Dohnal,¥ M. Hejduk,fF R. Plasil,* and J. Glosik*

"Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, United States

*Faculty of Mathematics and Physics, Department of Surface and Plasma Science, Charles University, Prague, Czech Republic

ABSTRACT: We present results of plasma afterglow experiments on
ternary electron-ion recombination rate coefficients of H;* and D;* ions at
temperatures from SO to 300 K and compare them to possible three-body
reaction mechanisms. Resonant electron capture into Hy* Rydberg states is
likely to be the first step in the ternary recombination, rather than third-
body-assisted capture. Subsequent interactions of the Rydberg molecules
with ambient neutral and charged particles provide the rate-limiting step that
completes the recombination. A semiquantitative model is proposed that
reconciles several previously discrepant experimental observations. A

rigorous treatment of the problem will require additional theoretical work

and experimental investigations.

1. INTRODUCTION

The recombination of H;* ions and their deuterated analogs
with thermal electrons has been studied for more than four
decades, motivated largely by its pivotal role in the chemistry
and physics of astrophysical clouds and the atmospheres of the
outer planets, applications to man-made discharges, and basic
interest. However, a true reconciliation of often discrepant
experimental data, and a convergence of theory and experiment
have not been achieved, as has been pointed out in recent
reviews of the subject (see, e.g., Johnsen and Guberman'). This
article focuses on three-body recombination of H;" ions, ie.,
the enhancement of recombination by collisions with ambient
plasma particles, such as electrons, ions, and neutrals.
Theoretical>™® and experimental®™® work on purely binary
recombination of H;" has made enormous progress since the
advent of storage rings, advanced afterglow techniques, and the
modern Jahn—Teller type theories.” At this time, the theory
reproduces the experimental values of the thermal (Maxwel-
lian) rate coefficients very well, but discrepancies still exist
between the calculated resonances and the structures seen in
high-resolution storage-ring data, as has been discussed in great
detail by Petrignani et al.” Some of these resonances may also
play a role in the three-body effects discussed here (see section
S).

It is important to realize that third-body assisted recombi-
nation does not always lead to experimentally detectable
dependences on ambient gas density. We briefly illustrate this
point by revisiting the early experiment of Leu et al.'">'" Their
microwave-afterglow measurements yielded an H;" recombina-
tion coefficient (2.4 X 1077 cm?/s at 300 K) that is far larger
(by a factor of nearly 4) than that obtained later (about 0.6 X
1077 ecm®/s) in low-pressure afterglowsm*14 and storage-ring
experiments.®™® Leu et al. employed helium as buffer gas, at
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densities from 4.4 X 10" to 8.6 X 10'7 cm™ at T = 300 K, and
from 4.1 X 10" to 7.8 X 10'7 ecm™ at 205 K. They found that
the recombination rates were independent (within about 5%)
of density and that they were independent of the experimental
electron densities from 5 X 10° to about 1/20 of that density.
Over the limited range of temperatures the measured
recombination coefficients varied with temperature as T~"/?,
exactly what was expected for binary recombination, and hence
the authors were confident that they had observed binary
recombination of H;*, but as we will discuss later, they probably
measured a “saturated” three-body reaction that only gives the
appearance of binary recombination. A crude estimate of the
three-body rate coefficient at 300 K would be given by the ratio
(24 x 107 = 0.6 X 107)/ 44 X 107 = 4 X 107 cm®/s, a
rather large value that cannot be ascribed to known three-body
mechanism"™ such as collisional radiative recombination in
which atoms act as third bodies. We emphasize that the large
body of data for ions other than H;* collected by the
microwave technique was confirmed later and that three-body
effects are not at all common. The gas phase recombination of
H,", the simplest triatomic ion, clearly has some unusual
features!

Systematic measurements of the neutral-assisted recombina-
tion have been carried out in the Prague laboratory over a
period of about four years and have recently been extended to
unprecedented low temperatures (S0 K). Both stationary and
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flowing afterglow apparatus were employed, always in
conjunction with mass spectrometric identification of the
recombining ions. In some measurements the traditional
Langmuir probe technique was used to determine electron
densities. Although accurate recombination coefficients can be
obtained by this method, the internal state of the ions remains
unspecified. Hence, optical absorption (cavity-ring-down-spec-
troscopy, CRDS) was added to observe the decay of Hy" (D5")
ions in known vibrational/rotational states and to measure the
dependence of the recombination on the nuclear spin
modification (para, ortho, meta). Complete descriptions of
the earlier experiments can be found in Glosik et al,'¢™'%??
Varju et al, > Kotrik et al,*' Plasil et al.,*® Rubovi¢ et al,**
and Dohnal et al?*™>’

The earliest such measurements,”® carried out over a small
range of helium densities, were consistent with a lack of density
dependence. However, as the accuracy of the data improved,
and the density range was increased, a dependence of the
recombination on neutral (helium) density was invariably
observed. The measurements revealed that the three-body
coefficients vary with temperature and that they also depend on
the nuclear spin states of the H;* (D;*) ions (see Varju et
al,>** Plasil et al,?® and Dohnal et al.25’27).

We limit the discussion to plasmas in which helium is the
dominant neutral gas and ignore possible effects of the minority
gases that are often present in afterglow experiments, typically
argon and hydrogen. Tests showed that small additions of
argon have no significant effect. The hydrogen density is kept
small (<10" cm™), sufficient to maintain thermal equilibrium
among rotational states (within either the para or ortho
manifolds) and to convert precursor ions (mainly Ar*) rapidly
to Hy" (D;*). We digress briefly to discuss one important
measurement that was performed in pure hydrogen to assess
the possible effect of H,.

Amano’s®® pioneering and very influential optical absorption
measurements in pure hydrogen afterglows yielded a large
recombination coefficient of 1.8 X 1077 cm?/s at 300 K, about 3
times larger than the now accepted binary value. Amano did
not observe a dependence of the recombination coeflicient on
hydrogen density in the range from 3.2 X 10'* cm™ to 10 times
that value, which seems to indicate an absence of a three-body
contribution due to hydrogen. However, as was pointed out
earlier, the absence of a density dependence is not conclusive
proof that three-body effects are not present. If one were to
ascribe the larger observed recombination coefficient entirely to
H,-stabilized recombination (ignoring possible contributions
from electrons), the three-body rate would have to be larger
than (1.8 X 1077 — 0.6 X 1077)/3.2 X 10" = 3.75 X 107 cm®/
s, about 100 times faster than the estimate made earlier for He
as third body. This estimate is compatible with that obtained in
the experiments of Gougousi et al®' In the afterglow
experiments described here, the H, density was kept below
10" cm™ and hence H,-assisted recombination should have
been negligible. In later work Amano®” extended his measure-
ments to low temperatures (~110 K) and found even larger
recombination coefficients. Under those conditions, conversion
of Hy" to Hy" is not negligible (see Johnsen) and there is the
further complication that the electron densities in Amano’s
studies were unusually high (~3 X 10" cm™).

Neutral particles are probably not the only third bodies that
affect Hy* recombination. Two afterglow experiments,>"** both
performed at low helium densities, indicated that the H;"
recombination slowed down in the later afterglow (ie., at
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smaller electron densities), but the same was not observed in
recombination studies of O," ions, the “benchmark” ion often
used to test experimental procedures. However, this observa-
tion has also been ascribed to vibrationally excited H;" ions.>*

In the following, we will present experimental data on the
temperature dependence of neutral assisted recombination,
followed by a discussion of possible reaction mechanisms. The
proposed mechanisms have in common that they invoke high
molecular Rydberg states with principal quantum number #,
formed either by third-body assisted capture or by resonant
capture into autoionizing states. If such states are sufficiently
long-lived, their interactions with third bodies may induce
dissociation into stable recombination products, thus making
the recombination irreversible. In the case of molecular ions,
the ionic core may be rotationally (or vibrationally) excited so
that several sets of Rydberg states exist that converge to
different jonization limits. One should also be aware that the
electron “orbits” can be quite large so that many ambient gas
particles will be closer to the ion core than the Rydberg
electron. For instance, at gas densities of 3 X 10" cm™ (~10
Torr at 300 K), the spherical volume of an n = 50 state contains
several thousand atoms. The density of charged particles is
typically much lower, but above the Inglis—Teller limit>>>¢
(Mpax ~ 80 at n, = 1 X 10° ecm™, n,, ~ 60 at n, = 1 X 10"
cm™>) the Stark broadening due to neighboring charged
particles is on the same order as the energy difference between
adjacent Rydberg states.

2. EXPERIMENTAL DATA ON THE TEMPERATURE
DEPENDENCE OF THE HELIUM-ASSISTED
RECOMBINATION COEFFICIENT

A comprehensive set of rate coefficients of H;* and D;" has
been collected in helium-buffered afterglow plasmas in the
Prague laboratory. Some of the data were measured earlier, and
some were obtained as part of the present investigation. The
instruments used and the methods of analysis are the same as
those employed in determinations of the binary recombination
coeflicients and there is no need to repeat detailed descriptions
(see, e.g, Kotrik et al,*” Dohnal et al,*® and Rubovi¢ et al.”*).
In all these measurements the electron and ion temperatures
were the same as the gas temperature, the hydrogen and
deuterium gases were taken from room-temperature reservoirs,
and their nuclear spin states have their “normal” abundances.
We will not discuss recent measurements with para-enriched
gases (see Varju et al,”® Dohnal et al,>* >’ and Hejduk et
al®).

As a precaution, a series of measurements was performed
(Dohnal et al.*®*) to rule out the unlikely possibility that the
measured dependences on helium density were due to
unrecognized systematic errors, for instance in the determi-
nations of electron densities or in the corrections for diffusion
losses. In these tests the well-known recombination coeflicient
of O," ions was measured at T = 230 K for helium densities (in
units of cm™) from 3.8 X 10" to 5 X 10", and at T = 155 K
from 2.7 X 10" to 5.6 X 10". No detectable variation with
density was observed and the absolute values agreed with the
known recombination coefhicients.

The three-body (ternary) H;" (D;") rate coefficients Ky, are
derived from graphs of the measured “effective” rate coeflicient
vs the density of helium, assuming that binary recombination
(atp,) and ternary recombination simply add, i.e., that

A = Ay, + Ky [He] ey
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Experimental values of g (Figure 1), collected by the SA-
CRDS (stationary afterglow —cavity ring-down spectrometer)
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Figure 1. Dependence ¢ on helium density at T = 80 + 3 K, as
measured in a stationary afterglow in conjunction with cavity-ring-
down spectroscopy (SA-CRDS) and in flowing afterglows (Cryo-
FALP I and Cryo-FALP II). (a) D;" data (from Dohnal et al,*® Kotrik
et al*"). (b) H;* data (from Glosik et al,,'® Varju et al.>*). The dashed
horizontal lines show theoretical values of the binary coeflicients
(Pagani et al,* Fonseca dos Santos et al.*).

and the flowing afterglow (CRYO- FALP I and II), are
consistent with a linear dependence over the differing density
ranges covered by the experiments. No measurable dependence
on electron density was observed, even though the Cryo-FALP
I and II data were obtained at low electron densities (typically
n, =2 X 10° cm™) in the afterglow plasma and the SA-CRDS
data were obtained at much higher electron densities (typically
3 % 10" cm™).

However, the linear addition of binary and ternary
recombination implied by eq 1 is valid only when the two
recombination mechanisms occur in parallel, but not when
binary and ternary recombination share the same “finite
resource”, for instance, an intermediate excited state that is
formed by electron capture (see section S). The observations
discussed in the Introduction suggest that o is more likely to
approach a constant value at higher [He]. Hence, the
experimental values of Ky, maybe only approximate first-
order values that are valid in the limit of small helium densities.

Figure 2 shows measured Ky, data for H;* in the
temperature range from T = 50 K to T = 350 K, the first
such data ever obtained for molecular ions at temperatures
below 77 K.

It has been verified in additional studies (Dohnal et
al, 7?3 Kotrik et al.’”) that such plasmas are close to
thermal equilibrium (Ty, = T. = T,,). Although the
consistency of the present data with those obtained in earlier
experiments is not perfect, the overall temperature depend-
ences are similar. The present experiments covered a wider
range of densities and have better accuracy. At temperatures
below about 100 K the three-body coefficient falls off with
decreasing temperature and then approaches the three-body
coefficient for neutral-stabilized recombination. For compar-
ison, we have added experimental data points obtained by
Dohnal et al.*® in plasmas that contained only atomic Ar* ions
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Figure 2. Upper data set: measured variation of Ky, of H;" ions with
gas temperature, obtained when normal hydrogen was used (Varju et
al, > Dohnal et al,,*® Glosik et al.'®). Lower data set: measured helium-
assisted collisional radiative recombination rate coefficient of Ar* ions
(Dohnal et al.*®), and earlier results of Cao and Johnsen.** Dashed
line: theoretical values of the Ar* rate coefficient (Bates and Khare'®).

(in the absence of hydrogen) and those agree very well with
earlier data*® and with theory of neutral assisted collisional
radiative recombination (N-CRR, see section 3). At higher
temperatures, the latter recombination mechanism makes only
a negligible recombination.

Figure 3 shows a similar data set for D;" ions. Here, the rapid
decline of the rate coefficient below 100 K is more obvious. In
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Figure 3. Upper data set: measured variation of Ky, of D;" ions with
gas temperature (Kotrik et al,>’ Dohnal et al*®). Lower data set:
measured helium-assisted collisional radiative recombination rate
coefficient of Ar* ions (Dohnal et al.*®) and earlier results of Cao
and Johnsen.** Dashed line: theoretical values of the Ar' rate
coefficient (Bates and Khare'®).

these data it is also clear that the D;* ternary rate coefficient
rises again below ~70 K, exactly as is observed for atomic argon
ions, removing all doubt that neutral collisional radiative
recombination occurs in both cases.

Although H;" and D;" are similar in many respects, there is
no reason to believe that they recombine with the same rates or
that the three-body rate coeflicients should be identical because
their rotational and vibrational levels are different. The three-
body coeflicients exceed those of collisional radiative
recombination in both cases at all but the lowest temperatures.
Also, the temperature dependence clearly does not obey a
simple inverse power-law dependence on temperature, such as
is often seen in three-body reactions such as ion—molecule
association reactions. A casual inspection of the data, especially
those for D;, suggests that the three-body recombination
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involves an activation energy or a resonance that requires a
minimum energy.

3. MODELS OF THREE-BODY ELECTRON-ION
RECOMBINATION OF H,;* AND D;*

Many, if not most, molecular ions recombine by the direct
mechanism. Here, the captured electron induces rapid
dissociation and there is insufficient time for stabilizing
collisions with third bodies. When, as is the case in indirect
recombination, the electron is first captured into autoinizing
Rydberg states, collisions with third bodies can affect their
subsequent evolution, if the lifetime of such states is long
enough. The density of third bodies here enters in the
“stabilizing” step. It is also possible, though, that the third
bodies play a role in the formation of Rydberg states, as in
collisional radiative recombination. It is not obvious which of
the two mechanisms is more important and whether the
capture step or the stabilization step are rate-limiting.

The earliest attempts®' to explain the peculiar recombination
in Hy* containing afterglow plasmas (at low helium densities of
3 x 10" cm™ at T = 300 K) were made at a time when
theoretical calculations predicted a very small binary recombi-
nation coeficient. Gougousi et al’' observed that the
recombination rate coefficient declined in the late afterglow, a
finding that was quite similar to that found in earlier afterglow
experiments by Smith and Span&l** Gougousi et al. proposed a
model in which an electron was captured into a long-lived
Rydberg state with a vibrationally excite core, followed by
electron induced I-mixing (I being the Rydberg electron’s
angular momentum) and eventual stabilization by a reaction
with ambient hydrogen. In hindsight, the lifetimes used in their
model were probably too long, and improved theories” showed
that binary recombination was not as slow as earlier theories
had suggested. The experimental observations of Gougousi et
al. and Smith and épanél, however, should not be dismissed as
“early data”.

When later afterglow experiments (Glosik et
Kotrik et al,>! Dohnal et al.>*) showed that the recombination
rate increased with the density of the buffer gas (helium), the
authors developed an approximate model in which electrons of
low angular momentum (! = 1) are captured into rotationally
excited Rydberg states, subsequently suffer -mixing in collisions
with helium, and are eventually stabilized. As will be discussed
later, rather large I-mixing rates for high Rydberg states have to
be invoked to obtain agreement with experiment. An alternate
mechanism (Johnsen and Guberman') invokes three-body
capture into lower Rydberg states that have higher l-mixing
rates. This estimate, however, relies on the approximation that
states with binding energies less than —4kT (the so-called
“bottleneck”) are in thermal Saha equilibrium, which is not
necessarily true if those states are subject to stabilization other
than by collisional energy loss.

In the following, we will use the following abbreviations: E-
CRR and N-CRR denote electron or neutral assisted collisional
radiative recombination of atomic ions. We use E-CDR and N-
CDR (electron or neutral collisional dissociative recombina-
tion) for molecular ions that can be stabilized by dissociation.
In reality, all these processes can occur together, do not add in a
simple manner, and are difficult to separate.

We begin with a brief introduction to the essential properties
of collisional radiative recombination for ions with an atomic
core. Though neither of these processes provides an adequate
explanation for the three-body effect observed in the case of

16—19,22
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recombining H;" plasmas, some aspects of the problem are best
understood by first considering atomic ions before examining
modifications that should be made in the case of molecular
ions. Electron assisted collisional radiative recombination (E-
CRR) involves three-body capture of an electron by the ion in
the presence of other electrons. One of the electrons is
captured into a high Rydberg state whereas the second electron
carries away the excess energy. Subsequent collisions with
ambient electrons then cause a net downward cascade that
eventually makes reionization impossible.

Th4e1 rate coefficient for E-CRR is given by (see, e.g., Stevefelt
et al*!)

O cpp = 2.7 X 1072°(T,/300)**n, [cm®/s) Q)

Here and in the following we will ignore the additional terms
that represent radiative effects. The validity of eq 2 at very low
temperatures T, (down to 52 K) was recently verified for Ar*
ions in a helium-buffered afte%low plasma in a Cryo-FALP II
experiment (Kotrik et al,>”** Dohnal et al*®). Excellent
agreement of experimental and theoretical values was obtained.
The capture into high Rydberg states (a few kT below the
ionization limit) is much faster than that given by the formula
above, but most of the Rydberg atoms will be reionized, rather
than recombined. The capture rate coeflicient can be calculated
from the detailed balance between capture of free electrons and
ionization of Rydberg atoms in thermal Saha equilibrium as

(n) = n®Ag ek, n, [cm’/s]

acap ion'te (3)
Here Ay, is the thermal de Broglie wavelength
Ay’ = () QamkT)*? )

and ¢, is the ionization energy of a Rydberg atom (13.6 [eV]/
n*) with principal quantum number n, divided by kT, [eV], i.e.
_ 136
2
n°kT,

8?1
()

The electron ionization coefficient ki, in eq 3 is quite
accurately known. Vriens and Smeets* derived the semi-
empirical analytical formula

_9.56 X 10°°(kT,) ™" exp(—¢,)

k. =
T g2 4438, + 1.32¢,

[em®/s]

(6)

Here, kT, has to be inserted in units of electronvolts. More
elaborate calculations by Pohl et al.** have confirmed the
validity of this formula, and Vrinceanu® has shown that the
ionization coefficient is only weakly dependent on the
electronic angular momentum. If one now makes the simple
assumption that low Rydberg states with binding energies
above kT cannot be reionized, the capture rate coefficient of eq
3 in conjunction with eq 6 provides a rather good estimate of
the E-CRR rate of eq 2 that, however, is somewhat fictitious
because it ignores the contribution of downward n-changing
collisions. Capture into higher Rydbergs is much faster than
acgr of eq 2. For instance, capture into a range of Rydberg
states from n = 40 to n = 80 at n, = 1 X 10" cm™ proceeds
with an effective binary capture rate coefficients of a,, ~ 1 X
107% em®/s at T, = 300 K, a,, ~ $ X 107 cm®/s at T, = 100 K.
Note that the equilibrium between capture and collisional
ionization will be maintained on a time scale of 1/k,, 1., about
1078 s for n = 80 (at 300 K and n, = 1 X 10" cm™), which is
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much shorter than the recombination time scale of afterglow
experiments.

In the case of atomic ion cores the capture into high Rydberg
states is almost entirely compensated by reionization, but the
same need not be true for molecular cores that, at least in
principle, can be stabilized by predissociation into fragments
that can no longer be ionized. This is the basic idea of the
collisional dissociative recombination (E-CDR), first prosed by
Collins.*® If one assumes that all Rydberg atoms with p from 40
to 80 predissociate rapidly, the effective recombination
coeflicient approaches the capture coefficient that rises linearly
with n, and is very large, ~1 X 107 cm®/s at T, = 300 K and n,
=1 X 10" cm™, ~5 X 107 cm®/s at 100 K. The effective
recombination coeflicient will rise with 7, until the reionization
rate exceeds the predissociation rate and then levels off.
However, the assumption that a large fraction of the Rydberg
predissociate rapidly is probably not realistic. The capture
populates all allowed angular momentum states evenly (because
the inverse, ionization, is only weakly l-dependent) but only
very few of those, namelg those with small [ are likely to
predissociate (see Chupka®’). If only ions with low , e.g., in [ =
1, are capable of predissociating, the estimates of the E-CDR
rate coefficient will be reduced by the factor (21 + 1)/n?
approximately 10~ at n = 50. One might presume that l-mixing
by electrons would be effective in converting high-I ions to
predissociating I-states. The [-mixing rate by electrons from a
given I’ to a different ! is indeed very large (Dutta et al.**), but
the rate for converting a random [ to a given [’ is smaller by the
factor (2I' + 1)/[n* — (2I' + 1)], again a number on the order
of 107, Thus, it appears unlikely that E-CDR is an important
process under the conditions of the afterglow experiments,
unless Rydberg molecules in high I-states dissociate rapidly or
are destroyed by some other reaction. If E-CDR were
important, its rate should increase quite fast with decreasing
temperature and lead to a strong dependence on electron
density. This, however, is not what is experimentally observed.

Collisional radiative recombination, however, should become
noticeable at very low temperatures and high electron densities.
For instance, at 100 K and n, = 1 X 10" cm™ eq 2 gives Ocrp
~ 4 X% 107% cm®/s.

Similar considerations apply to neutral-assisted recombina-
tion processes. The approximation made in the above estimates
of the electron-assisted three-body capture is not applicable in
the case of neutral-assisted capture. Ionization of Rydberg states
by helium atoms as opposed to electrons is slower by about 10
orders of magnitude (see Lebedev*®). Hence, one would obtain
extremely small rates of capture into high Rydberg states. This
estimate is inappropriate because those states are populated
predominantly by multiple electron-atom collisions that
gradually reduce the total energy. A more reasonable estimate
can be based on the treatment by Flannery,® who obtained the
following rate coefficient for the neutral assisted recombination

of atomic ions:
1/2
] o—e,atomnatom
(7)

Here, m, and M, denote the masses of the electron and gas
atoms (e.g, helium), 6,y is the electron-atom momentum
transfer cross section, and R, = ¢2/kT (=5 X 107 cm at 300 K).
R, is the trapping radius. The assumption is made that an
electron that collides with an atom inside this radius
recombines with unit probability, whereas those colliding

8kT

m,
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outside that radius will escape recombination. If R, is taken as
2R./3, the recombination coefficient decreases with temper-
ature as T~>° and agrees with the energy-diffusion model of
Pitaevskii.*' In the case of recombination in ambient helium
(using Oeatom = 9 X 10716 cm?), one obtains
a(T) = 2.1 x 10727(T/300) >3 n(He) [cm?/s] (8)
A smaller (by about 40%) rate coefficient was obtained by
Bates and Khare'® in their classical treatment of the problem.
At temperatures above 100 K, this recombination coefficient is
far smaller than what is needed to explain the neutral assisted
coefficient in the H;* recombination studies. However, at
temperatures below 50 K and n(He) = 6 X 10" cm™ a(T) of
eq 8 exceeds 1 X 1077 cm?®/s, which is clearly not negligible.
It is difficult to construct a general theory of third-body
assisted recombination of molecular ions because the decay of
molecular ions in high Rydberg states depends critically on the
specific molecule. However, one can estimate the relative
efficiencies of helium and electrons in leading to recombination
from the ratio of the rates in eqs 2 and 8. At T, = 300 K, one
ambient electron has about the same stabilizing effect as 107
helium atoms. If one now, as before, assumes that high Rydberg
atoms can also be stabilized by predissociation, it seems
reasonable to expect that the flux into such states is controlled
by helium atoms with an efficiency that is smaller by 10’
compared to that of electrons. For example, a density of
ambient electrons of n, = 1 X 10" cm™ would have an effect
similar to that of helium with density n(He) = 1 X 10" ecm™.
Such conditions are fairly typical in experiments. Again,
however, the magnitude of N-DRR is expected to be significant
only if a very large number of Rydbergs states can predissociate,
which seems unlikely. Also, the N-DRR rate coefficient would
increase as the temperature is reduced, rather than exhibiting a
drastic decline, such as that seen in the D;* data below 100 K
(Figure 3).
We conclude that that neither E-CDR nor N-CDR provides
a compelling or even plausible explanation for the experimental
findings. However, at very low temperatures collisional radiative
recombination, given by eqs 2 and 8, becomes competitive with
binary recombination. It may seem surprising that collisional
dissociative recombination is less important than collisional
radiative recombination. The reason is that dissociation is
effective only for states of low ], whereas collisional stabilization
also occurs for states with high | and much higher statistical
weights.

4. RESONANT CAPTURE AND L-MIXING MODEL

A more promising mechanism of the helium-assisted
recombination may be electron capture of a p-electron into
an autoionizing resonance with a rotationally excited core,
followed by a helium-induced change of the Rydberg electron’s
angular momentum (l-mixing), and final stabilization by
predissociation or perhaps some other stabilizing mechanism.
This is the model that has been invoked in several earlier
publications.'®*' Calculations of the lifetimes (or “time
delays”) of such resonances show that they can be indeed
quite large (100—1000 ps) but the subsequent collisions that
lead to irreversible recombination are more difficult to quantify.
Essentially, the effective rate coefficient is estimated as

et = facapkln(He)/Va [Cm3/s] (9)
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Figure 4. Reduced H;" rate coeflicient observed in storage-ring experiments as a function of collision energy, drawn from data supplied by
Petrignani.53 Vertical dashed lines indicate the energies at which the calculated lifetimes"® of (1, 1) to (2, 1) resonances have maxima. The energies
C, E, and G correspond to resonant capture into n = 39, 50, and 78, respectively.

where v, = 1/7, is the reciprocal of the autoionizing lifetime,
., denotes the capture coefficient, and k; is the l-mixing rate
from the initial p-state to higher angular momenta. The factor f
denotes the fraction of the H;* ions that are capable of
capturing electrons, e.g, are in an appropriate rotational state.
That number is estimated to be about 0.25. If one uses 7, =
1071, Aqp = 3 X 1077 ¢cm3/s, and k; = 3 X 107% cm®/s, one
obtains a three-body rate coefficient of 2.25 X 10725 ecm%/s, in
good agreement with the experimental value assuming that
Rydberg states from p = 40—80 contribute. Equation 9 is valid
only in the limit of vanishing helium density. At finite helium
densities, [-mixing also depletes the resonant state. Hence, eq 9
should be replaced by

kpn(He)

A =JQ., ——
eff f capkln(He) + y (10)

which agrees with formula 9 in the limit n(He) = 0. At a helium
density of 3 X 10" cm™, a(He) is now only about 50% of that
given by eq 9. At higher helium densities it “saturates” at fa,,
and the differential three-body rate (da.q/dn(He) approaches
zero. The saturation should be taking into account in
comparisons of experimental data to model calculations. We
note also that eq 10 only considers -mixing by helium atoms. If
one includes the much faster l-mixing by electrons, the
“saturation” would set in at lower helium densities under
many experimental conditions.

The assumption that the [-mixing rate coefficient due to
helium is given by k; = 3 X 107® cm®/s, independent of the
principal quantum number, is in conflict with the theoretical
conclusion of Hickman®? that for higher # it should decline as
n~*7. Also, the theories of l-mixing consider only mixing from I
> 2. The rates for mixing from ! = 0, 1 to higher I are actually
smaller because the quantum defects are larger. Unfortunately,
there are no direct measurements of I-mixing coefficients for
high p for molecular ions to reach a clear decision.

The assumption that the autoionizing high-I Rydberg states
formed by I-mixing predissociate much faster than they
autoionize is also not obvious, and there is no good argument
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that rules out the opposite assumption. In the following section
we will explore a modification of the resonant-capture model
that is, in part, based on experimental observations. In a more
rigorous treatment, multiple capture resonances should be
considered and their contributions should be added.

5. COMPLEX MODEL

At low electron densities binary rotational capture will always
be a faster route to Rydberg states than three-body assisted
capture. Hence, we will neglect contributions due to three-body
capture. The resonant lifetimes that were used in -earlier
treatments were calculated from the matrix that describes the
rotational capture of p-electrons and their release assuming that
the ionic core, except for changing its rotational state, remains
unaffected. Other channels, such as predissociation or vibra-
tional excitation were deemed to play no significant role. It
seems possible, however, that the rotational resonances lead to
more complicated complexes, in which the ionic core becomes
highly vibrationally excited and eventually decays into
dissociating channels. This conjecture motivated us to examine
the energy dependence of the H;" recombination that has been
observed in storage-ring experiments

The high-resolution storage-ring data on H;* recombination
Detrignani et al”** show several recombination peaks at
energies from 40 to 160 cm™ (0.005—0.02 V) that are not
predicted by theory. As shown in Figure 4, their positions
correlate with the calculated"® positions of the lifetime maxima
for the rotational resonances from the (1, 1) to the (2, 1)
(excitation energy of 173 cm™") rotational states of para-Hj". In
Figure S of Petrignani et al. the peaks are labeled C and E (we
labeled the next higher peak “G”). In this graph, the “raw”
(referring to narrow, non-Maxwellian energy distributions) rate
coeflicients have been reduced by multiplying with the square
root of the collision energy to remove the overall energy
dependence. It is still not entirely clear whether or not H;*
recombination measurements in storage rings are free from
possible effects due to electric stray fields.
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One could dismiss the correlation as coincidence, but
resonant capture by H;" in the (1, 1) state, the rotational
ground state of para-H;", is a natural first step in complex
formation. Helium, of course is absent in the storage ring, and
the electron density is much lower than in afterglow
experiments. Hence, it appears that some of the long-lived
rotational resonances actually lead to binary recombination.
The largest (very broad) peak in the storage ring data at S0
cm™! (labeled A) has no counterpart in the lifetime graph of (1,
1) to (2, 1) resonances and probabl has a different origin.
Storage ring data by Kreckel et al>* (see their Figure 8)
indicate that the central part of peak “A” remained the same
when para-enriched rather than normal hydrogen was fed to the
ISR ion source. Peak “A” may reflect a rotational resonance
from the para (2, 1) to the (3, 1) rotational state. If this
assignment is correct, this resonance could contribute to
afterglow recombination at T = 300 K, but it should not play a
role at very low temperatures, because the abundance of the (2,
1) rotational state would be small.

Returning to three-body effects, we now assume that the
Rydberg states formed by rotational capture of a p-electron
actually interact with the ion core and form an ensemble of
complexes with lifetimes that exceed those given by the lifetime
matrix. We further assume that the complexes can autoionize,
dissociate in the absence of third-body interactions, and that the
dissociation rate can be enhanced by third bodies. The resulting
recombination rate coeflicient in terms of several, however not
well-known, rate coefficients has the form

kyn(He) + kn,
CapkHe (He) + k.

+ Ddiss,()

eff(He)
+ Vdiss,O + 2

(11)
The effective recombination coeflicient is the product of a
capture rate coeflicient and the ratio of recombination channels
to all decay channels. It is similar to eq 10, but the rate
coeflicients have different meanings. Here, ki, and k. denote
the net rate coefficients for complex stabilization (i.e., leading to
predissociation rather than collisional ionization) by helium
atoms or electrons, respectively. L is the predissociation rate
in the absence of third bodies, and v, is the autoionization
frequency. We prefer to use decay frequencies rather than
lifetimes, because an ensemble of complexes does not
necessarily decay with a single exponential time constant.

The coefficients in eq 11 are not known and it is not likely
that they can be deduced from simple theoretical arguments.
However, it is easy to find values that approximately reproduce
the experimental data. Figure S shows a fit of eq 11 to data
obtained at T = 300 K for three different electron densities. The
autoionization rate has been chosen as v, = 8 X 10® 1/s such
that the model agrees with those of the Prague experiments
rather than with those of Leu et al.'®

The data by Smith and Spang** and by Gougousi et al.*' are
shown with upward arrows, from the values that they observed
at low n, (late afterglow) to those at high n, (early afterglow). If
one chooses k, =107ky,, the same “efficiency factor” used in
section 3, the model roughly reproduces the range of rate
coefficients observed in those experiments at different n,. A
precise fitting of those data is not possible and would be
pointless because the accuracy of those data at low n, is
considerably worse than at high electron densities. At high
n(He) the model gives a weaker dependence on n, in
agreement with the findings by both Leu et al.'” and the Prague
experiments. Although a linear extrapolation of the Prague data
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Figure S. Comparison of eq 11 to experimental data at T = 300 K. The
following values were used for the rate coefficients and decay rates:
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explanations. Data points from Gougousi et al ! Smith and Spanel,34
CRDS and Cryo-FALP I from Glosik et al.'® and Leu et al."'

to n(He) = 0 is not strictly compatible with the model, it results
in a binary value that is only slightly too high.

Our exploratory model provides a common framework that
makes the apparent discrepancies between experimental data
easier to accept. Obviously, the model is crude because it uses
the same rate coefficients for all members of the ensemble of
complexes. This is unavoidable, given the severe lack of
knowledge of the relevant parameters. It is also difficult to
estimate how the effective recombination coefficients would
vary with temperature. At low electron temperatures resonant
capture can only occur into Rydberg states with smaller
principal quantum numbers and the spacing between states will
increase. Thus, one might expect that three-body effect would
become smaller at low temperatures. The changing rotational
distribution of H;" is likely to have an effect also.

In the complex model, collisions with third bodies enhance
the recombination rate at the expense of the autoionization rate
v,. If v, is vanishingly small, however, then (see eq 11) the
recombination rate is limited by electron capture and third-
body effects disappear. In the simplified theory of Jungen and
Pratt® electrons are captured by vibrational excitation mediated
by the linear Jahn—Teller effect and autoionization is assumed
to be negligible. Because their theory reproduces the rate
coeflicients measured in storage rings quite well, the agreement
can be seen as a possible argument against the complex model
However, in a later and more detailed paper Jungen and Pratt>®
conclude that purely rotational capture into autoionizing states
should also be considered and that recombination in that case
would not be capture limited. It is difficult to go further without
knowing the relative efficiencies of the capture mechanisms.

6. CONCLUSIONS

The multiyear efforts to elucidate the ternary recombination of
H;* and D;" ions, in particular the novel extension to very low
temperatures, have resulted in a rather unique set of data. It is
particularly pleasing to see that the traditional three-body
reaction (ie., the Bates and Khare mechanism'®) becomes
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detectable at temperatures below 70 K. This observation
strongly supports the validity of the afterglow methods used
here.

It appears that many of the seeming discrepancies between
afterglow recombination data on H;* (D5*) can be traced to
third-body effects involving both neutral and charged particles.
Although these measurements of third-body assisted recombi-
nation have narrowed the range of plausible mechanisms,
developing a quantitative theoretical model is seriously
hampered by the lack of needed data, especially on rates of
predissociation, their dependence on angular momentum, and
coupling between electronic and core degrees of freedom. The
tentative model proposed here presents an attempt to develop a
common framework that seeks to reconcile experimental
observations.

The data obtained in helium-buffered plasmas are nearly
complete, but there is a lack of data in other rare gases. Neon
might be a good choice for further work because the
momentum transfer between electrons and neon is far smaller
than with helium. The only experiment in neon buffer® was
done at a single pressure and does not permit any inferences
regarding pressure dependences. Hence, we did not discuss this
work but note that it resulted in smaller recombination
coeflicients than those obtained with helium buffer gas.

There remains some doubt about the role that electrons play
as stabilizing body because the only two experiments®**" that
point to electron-stabilized recombination may have alternate
explanations. Additional experiments, especially measurements
at very low temperatures, may be worth the effort.

Finally, it would certainly be highly desirable to have more
theoretical information on the configuration interaction
between electronic and core excitations in H;" Rydberg states,
and to identify clearly the origin of the resonance peaks that are
seen in storage-ring experiments.
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ABSTRACT: The results of an experimental study of the H;" and
D;" ions recombination with electrons in afterglow plasmas in the
temperature range 50—230 K are presented. A flowing afterglow
apparatus equipped with a Langmuir probe was used to measure
the evolution of the electron number density in the decaying
plasma. The obtained values of the binary recombination rate
coefficient are . = (6.0 + 1.8) X 1075(300/T)*3*%” cm® 57!
for H;" ions in the temperature range 80—300 K and a,,p,” = (3.5
+ 1.1) x 1078(300/T)°7***® ¢m?® s7' for D," ions in the
temperature range 50—300 K. This is the first measurement of the
binary recombination rate coefficient of H;" and D;" ions in a

plasma experiment down to S0 K.

I. INTRODUCTION

The recombination of the simplest polyatomic ion H;* (and to
some extent of its deuterated isotopologues) with electrons has
been the subject of extensive study by both experimental and
theoretical physicists during the previous fifty years." This
process is fundamental for modeling of astrophysical diffuse
clouds® and other hydrogen containing plasmas. The long
history of H;* recombination studies has been summarized in a
number of reviews® ® and in the thorough book by Larsson and
Orel’ The once puzzling disagreements in magnitude of
recombination rate coefficients obtained in different types of
experiments have been largely resolved by taking into account
third-body stabilized recombination processes that can
substantially enhance the overall recombination in plasmas
over the pure binary recombination rate coefficients measured
in beam type experiments.'>"" Moreover, the large discrepancy
between experimentally obtained recombination rate coeffi-
cients and some early quantum mechanical calculations'? has
been successfully resolved by including the role of the Jahn—
Teller effect.”*'® Theoretical predictions now agree very well
with values obtained in ion-storage-rings experiments'’ > and
in afterglow experiments,*'>'"*"*>

In comparison, the neutral assisted ternary recombination of
H;" and D" ions with electrons as found in helium buffered
afterglow experiments is still not fully understood. The
recombining H;* and D;" ions form long living metastable
Rydberg states'"*" with lifetimes in the order of hundreds of
picoseconds. At pressures above 100 Pa, this is long enough for
several collisions with particles of the buffer gas prior to
recombination. Although some mechanisms for these inter-
actions have been proposed,®'! none of them fully explains the
experimental data. This topic is thoroughly discussed in another
article in this volume® together with new experimental data on
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the ternary helium assisted recombination of H;" or D;" ions
with electrons.

The theory of the dissociative recombination of H;" ions
with electrons also predicts a large difference between the
recombination of ortho- and para-H;* (more than 10 times at
10 K, 2.5 times at 80 K and no difference above 300 K)."> This
was partially confirmed by storage ring measurements
conducted using normal and para-enriched hydrogen (normal
hydrogen contains 25% of para-H, and 75% of ortho-H,—i.e.,
the population of the rotational states of H, in thermodynamic
equilibrium at 300 K)."®**726 Tom et al.>* found that para-H;*
recombines about twice as fast as ortho-H;* at low collisional
energies (10 K). The rotational temperature of H;* ions in this
experiment was probably higher than 300 K (see discussion in
refs 20 and 26). In recent stationary afterglow experiments>’ >
a cavity ring down spectrometer (CRDS) was used to probe the
decay of ions in specific rotational states and to determine the
state specific recombination coefficients. According to these
experiments at 77 K para-H;" ions recombine three to 10 times
faster (if the error bars are taken into account) than ortho-H;*
ions. In these experiments, the H;" ions were in thermody-
namic equilibrium (TDE) with the helium buffer gas; ie., the
measured kinetic and rotational temperatures of the H;" ions
were close to the wall temperature, Ty, = Tyo = Ty =

Another afterglow experiment with spectroscopically re-
solved number densities of the recombining H;* ions was
conducted by Amano in pure hydrogen in the early nineties.*’
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His value of recombination rate coefficient @ = 1.8 X 10~ cm?

s~ at 273 K and measured at pressure below 100 Pa is rather
high and it probably indicates a very effective H, assisted
ternary recombination.

The recombination of D;* ions with electrons was also
studied in storage ring experiments®’ and in plasmatic
experiments.”*"** Up to now there is only one study in a
D,;" dominated 3glasma with spectroscopically resolved
recombining ions.”” In that experiment the measured kinetic
and rotational temperatures of the recombining ions was also
close to the buffer gas temperature (for details see ref 33).

In addition to the ternary neutral assisted recombination, an
entirely different ternary process that can enhance the overall
recombination rate in low temperature afterglow plasma is
electron assisted ternary recombination (collisional radiative
recombination, E-CRR).>* At 80 K and an electron number
density of n, = 5 X 10" cm™ the predicted effective binary
recombination rate coefficient due to E-CRR is 5 X 1077 cm?®
s~'—much larger than the actual values measured in H;* or D;*
dominated afterglow plasmas under the same conditions.”*
The thorough analysis of experimental data made by Dohnal et
al*® has shown that the E-CRR contribution to the overall
recombination rate in their experiments is more than order of
magnitude lower than that predicted by the theory of E-CRR.**
We have recently studied the E-CRR of Ar' ions in the
temperature range 50—200 K,**® and we have obtained
reasonable agreement with the theory. It is rather puzzling that
we can measure value for the recombination rate coefficient
close to the calculated one for the atomic ion Ar* and not for
the molecular ion H,". Recently, Shuman et al.>” observed the
dependence of the mutual neutralization of Ar" ions with
various molecular anions on electron number density. Although
the process they proposed is different than E-CRR (and 10—
100 times faster), it is clear that the magnitude of the electron
induced enhancement of the recombination rate of more
complicated species (e.g, molecular ions) is still an open
question (especially given the lack of experimental data on the
subject). One of the motivations for the present experiments
was to study the role of E-CRR on the overall recombination of
H,"/D;" ions in an afterglow plasma.

In this article we will present the results of our study of the
recombination of H;" and D;* ions with electrons in the
temperature range 50—230 K, extending our previous measure-
ment down to S0 K. The present measurements were
performed with better temperature stability and over a broader
range of pressures than in our previous flowing afterglow
experiments' "> to gain better accuracy of obtained binary
and ternary recombination rate coefficients. To the best of our
knowledge this is the first study of recombination of these
molecular ions in an afterglow plasma below 80 K.

Il. EXPERIMENT

In this study we used a Cryo-FALP II apparatus—a
modification of the standard FALP (Flowing Afterglow with
Langmuir Probe) device. The details of the FALP technique
may be found in refs 9 and 38. The current experimental setup
is described in ref 36 so only a short description will be given
here.

The helium buffer gas is ionized in a microwave discharge in
the upstream glass section of the flow tube, enters the stainless
steel flow tube, and is pumped out by a Roots pump located at
the other end of the flow tube. Argon is added a few
centimeters downstream from the discharge to remove

metastable helium atoms and to form an Ar" dominated
plasma. Further downstream, H, or D, is added to form H;" or
D;* dominated plasmas. The sequence of ion—molecule
reactions leading to the formation of H;" (D;*) dominated
plasma is discussed, e.g, in refs 5 and 39. The decrease of the
electron number density along the flow tube is measured by
means of axially movable Langmuir probe.

In our previous SA-CRDS (stationary afterglow with cavity
ring down spectrometer) experiments’’ >>***® conducted
under conditions (pressure, temperature, and gas composition)
similar to those in the present experiment, the measured kinetic
and rotational temperatures of the H;" or D;" ions in the
afterglow were close to the buffer gas temperature. Therefore,
we have good reason to suppose that the internal temperature
of the recombining ions is close to the buffer gas temperature
also in the presented study which essentially extends previous
measurements down to 50 K. Nevertheless, as discussed below,
the actual para-H;" to ortho-H;" ratio could have been slightly
shifted in favor of ortho-H;* at temperatures below 80 K.

The electron temperature T, was not directly measured in
these (SA-CRDS and Cryo-FALP II) experiments. Recently, we
have studied the collisional radiative recombination of Ar" ions
with electrons, a process with a steep dependence on electron
temperature.*>*® The results were in overall agreement with the
theory of E-CRR* indicating that T, was not significantly
higher than the buffer gas temperature. Another indirect
measure of the value of T, is the rate of ambipolar diffusion.
Ambipolar diffusion time constants measurements for the Ar*
ions in helium gas, performed using the same experimental
setup as in present study,® confirmed that in the studied range
80—200 K the measured ambipolar diffusion is close to the
expected value, i. e. again that the electron temperature is not
higher than the buffer gas temperature (within experimental
error of 10%).

lll. DETERMINATION OF THE BINARY
RECOMBINATION RATE COEFFICIENTS

Here and in the following text we will refer to the recombining
ions as H;*, but the same considerations apply to D;* ions
unless stated otherwise.

It has been shown in previous afterglow experiments
that the recombination losses due to the ternary helium assisted
recombination of H;" or D;" ions can be comparable to that
due to the dissociative recombination at buffer gas pressures of
a few hundred pascals. Furthermore, at low temperatures and
high densities of H, and He, H;" cluster ions, which quickly
recombine with electrons with a recombination rate coeflicient
as ~ 107° cm® s7!, are formed in three body association
reactions.*"*?

The overall losses of charged particles in a H;" dominated
plasma with a small fraction of Hj" ions, following the
derivation in refs 35 and 42 can be described by the equation

4,10,11,21

dn, d[H3+]
dt dt
_ + + +
= —ay[Hs ], — agR[H;"]n, — Ky [He][H; ]n,
ne ne
- KE-CRR[H3+]ne2 - -
p TR 3)

where n, is the electron number density, [H;"] is the number
density of H;" ions, [He] is the number density of neutral
buffer gas atoms (helium in this experiment), ay;, is the binary

dx.doi.org/10.1021/jp3123192 | J. Phys. Chem. A 2013, 117, 9626—-9632



The Journal of Physical Chemistry A

recombination rate coefficient of H;* ions, @; is the Hg" binary
recombination rate coefficient, R = [Hy"]/[H;"] ~ Kc[H,] (Kc
is the equilibrium constant, the ratio R is equal to Kc[H,] if R
does not change in time), Ky, is the ternary recombination rate
coefficient of neutral assisted ternary recombination (N-CRR),
Kg.crg is the ternary recombination rate coeflicient of electron
assisted collisional radiative recombination (E-CRR), 7y, is the
time constant of ambipolar diffusion, and 7 is the time
constant of losses due to reactions with impurities and
consequent fast recombination of formed ions. Assuming that
H;" is the dominant ion in the decaying plasma, and that the
plasma is quasineutral, eq 3 can be then simplified:

dn,

2 e
— = —agn, - —
dr eff'’e 7, (4)
where
QAop = aextrap + aSKC[Hz] = Qefro + KHe[He] + aSI<C[H2]

©)

is the effective binary recombination rate coeflicient, and 1/7 =
1/tp + 1/7g. The Gy, is part of the effective recombination
rate coefficient independent of hydrogen number density. In
the limit of vanishing helium and hydrogen densities, a ¢ ([H,]
= 0, [He] = 0) = e = (@in + Ke.cratte)-

In the previous paragraph we have assumed that losses by N-
CRR and E-CRR can be linearly added. This assumption might
not be necessarily correct because of competition between both
ternary processes.*> At temperatures above 100 K and electron
number densities 1, ~ 10° cm™, the predicted losses due to E-
CRR* are negligible in comparison with the losses due to
dissociative recombination of Hj* (or D;*). At lower
temperatures the losses due to E-CRR could be comparable
with those from the dissociative recombination reaction.
Nevertheless, we decided not to evaluate the K crg from the
measured decay of the electron number density. If the E-CRR is
present, it would be included in the ag term of eq S, because
the H, and He dependent terms are evaluated separately (see
below).

The “integral data analysis” described in ref 44 enables us to
evaluate the effective recombination rate coefficient, .4 and
the time constant, 7;, from the measured evolution of the
electron number density.

To correct for the presence of Hy" ions, we measured the
dependence of the effective recombination rate coefficient, og,
on the H, number density at each temperature and pressure.
Examples of such dependences are plotted in Figure 1.

The recombination rate coeficients of H;" ions with
electrons at a given temperature and pressure Qey,,(T, [He])
= a.4(T,[He],[H,]—>0), are then obtained by linear extrap-
olation of the measured a4 to [H,] = 0, as shown in Figure 1.
The steepness of the slope fitted to these data increased with
helium density and decreasing temperature. The number
density of H, was always kept above 5 X 10! cm™ because
it has to be high enough to form H;" rapidly from the Ar*
precursor ions and to maintain a constant para- to ortho-H;"
ratio. Otherwise, the faster recombining species would be
depleted preferentially. We perform calculations of the chemical
kinetics to determine the best conditions for the experiment.
The discussions in refs 4 and 11 suggest that at conditions
similar to the present experiment, the number density of H,
should be greater than 10" cm™. In this study [H,] was in the
range § X 10" to 2 X 10" cm™, sufficient to maintain the para-
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Figure 1. Dependence of the measured effective recombination rate
coefficient of recombination of H;" ions with electrons on H, number
density at 90 K (upper panel) and 70 K (lower panel). Dashed lines
are linear fits to the data. The extrapolation of these fits to [H,] = 0
gives the value of Gy, (T,[He]) at the given temperature and
pressure.

extrap

H," to ortho-H;* ratio at the value a%ropriate for the para/
ortho composition of the H, gas used.*>*’

Examples of measured dependences of a. on the helium
number density for H;* and for D;" are plotted in Figure 2.
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Figure 2. Upper panel: dependence of the effective recombination rate
coefficient of recombination of H;" ions with electrons on the helium
buffer gas density measured at each of the following temperatures: 60,
70, and 90 K. Lower panel: as in the upper panel but for D;" jons at
the temperatures 60, 80, and 90 K. The dashed lines are linear fits to
the data. The displayed errors are statistical errors.

These data were obtained at number densities of H, in the
range 1 X 10'* to 7 X 10" cm™. In general, the binary and the
ternary recombination rate coefficients can be obtained from
the dependences plotted in Figure 2, as is discussed, e.g., in ref
28. At low temperatures (especially at S0 K) and at higher
helium densities the formation of H* (Ds*) would cause an
additional increase in the effective recombination rate
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coefficient. The binary a@.g and the ternary Ky, recombination
rate coefficients at a given temperature were thus obtained
using eq 5 from the dependence of Geyy,,(T,[He]) on the
helium number density. The errors displayed in Figures 1 and 2
are statistical errors of the fit to the time decay of electron
number density.

IV. RESULTS AND DISCUSSION

The measured dependence of the binary recombination rate
coefficient ay;, (e, see below) of the recombination of H;*
ions with electrons on temperature is plotted in Figure 3. The

2 T T T
: @ present

% DR theory TDE:

. ==--- dos Santos
CRR} CRR,% —-—- Jungen
50 100 200 300

T(K)

Figure 3. Temperature dependence of the binary recombination rate
coefficient for the recombination of H;" ions with electrons. Present
Cryo-FALP II data are indicated by full circles. Open rhomboids
indicate values measured by Varju et al.*” and Dohnal et al.*® using the
SA-CRDS apparatus with spectroscopic identification of the
recombining ions. Open circles are binary recombination rate
coeflicients measured in this laboratory using the FALP technique
(see discussion in refs 11 and 28). The dashed double dotted line
shows data measured at the storage ring CRYRING." The dashed,
and the dot dashed, lines marked TDE are theoretical calculations by
Fonseca dos Santos'® and Pratt and Jungen,* respectively. The dotted
lines marked CRR, and CRR, indicate calculated®* recombination rate
coefficient for E-CRR at electron number densities of 10° and § X 10'°
cm™, respectively. The thick full straight line is a fit to the FALP,
Cryo-FALP 11, and SA-CRDS data in the range 80—300 K: atyyp,” =

(6.0 + 1.8) x 107%(300/T)***%%® ¢m? 57", The full lines labeled para
and ortho are recombination rate coefficients calculated by Fonseca
dos Santos'" for para-H,;* and ortho-H;" ions. The full square is the
value of a,;, measured using the Cryo-FALP II apparatus with para-
enriched H, instead of normal H,.

present data are plotted as full circles. Values from previous
FALP,"' SA-CRDS,*”*® and CRYRING"® experiments are also
plotted in Figure 3 together with the thermal dissociative
recombination rate coeflicients calculated by Fonseca dos
Santos et al."* and by Pratt and Jungen.'®*® We computed the
thermal values from the energy dependent recombination rate
coefficients published by Pratt and Jungen.*® The estimated
errors of the measured recombination rate coefficients @, are
+30%.*” The main contributions of the systematic errors arise
from the electron number density measurement by Langmuir
probe and from uncertainties in the determination of pressure
and gas flows. The statistical error from the aforementioned
fitting steps (less than 10%) is negligible in comparison with
the systematic one.
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The dotted lines in Figure 3 labeled CRR; and CRR, are
effective binary recombination rate coefficients of E-CRR
(ag.crr) at electron number density of 10° cm™ (a typical value
for the present Cryo-FALP II experiment) and § X 10" cm™
(a typical value for the SA-CRDS experiment), calculated from
the dependence apcpg = 3.8 X 107 T ™% n, cm® s (see ref
34), respectively. Note that at T ~ 80 K, the difference between
the values of a;, obtained in the present study and in the
previous SA-CRDS experiment®” is less than 2 X 107% cm® 571,
This suggests that the effect of E-CRR on the recombination of
H," ions with electrons is at least 20 times lower than predicted
by theory of E-CRR** A substantial increase of the
recombination rate coefficient below 80 K (in accordance
with the T™*5 temperature dependence of apcpr) Was not
observed. This leads to the conclusion that under our
experimental conditions Oy = Q.

We have previously measured the rate coeficients of E-CRR
of Ar* ions using the same setup as in current experiment>*>¢
and we have found good agreement with theory of E-CRR.**
We do not have an explanation for the seeming absence of E-
CRR in the H;" dominated plasma investigated here.

The thick full straight line plotted in Figure 3 is the fit of the
FALP, Cryo-FALP II, and SA-CRDS data in the temperature
range 80—300 K giving the value ayy = (6.0 + 1.8) X
1078(300/T)*36*%% ¢m?® s™!. We included in the fit only the
data for which we have information about the internal state of
the recombining ions. The agreement of the present data with
our previous afterglow experiments, storage ring values and
with the theoretical calculations is very good. Below 80 K the
experimental values begin to deviate from the theoretical ones.
To form H;" ions, we used normal H, from a 300 K reservoir,
with a para- to ortho-H, ratio of 1:3. The para- to ortho-H,
equilibrium ratio at 50 K is approximately 3:1. We suspect that
this huge difference could shift the population of H;" ions
toward ortho-H;*. At 77 K where the para- to ortho-H,
equilibrium ratio is 1:1, the resulting percentage of para-H;*
states was 45 =+ 2% depending on conditions (see Figure 10 in
Hejduk et al.*®). There is a difference in magnitude of the
recombination rate coefficients of para- and ortho-H;" below
300 K. para-H;" recombines 2 times faster than ortho-H;" at
10 K as measured in storage ring experiment CRYRING?® or
3—10 times faster at 80 K as measured in our stationary
afterglow experiment.”” The theory'® suggests that para-H;*
recombines 2.5 times faster than ortho-H;" at 80 K (Figure 3).
This would lead to substantial decrease of measured a, if the
fraction of ortho-H;" ions was enhanced with respect to the
equilibrium population of states of the H;" ions.

To see the influence of the different para- to ortho-H;" ratios
on the overall recombination in plasma, we used hydrogen with
an enriched fraction of para-H, at otherwise identical
conditions as in presented experiments with normal H,. The
para-enriched hydrogen was produced using apparatus
described in ref 40. According to the measurements of the
reaction rate coefficient of the reaction of N* with H,* the
produced H, gas contained 99.5 + 0.5% molecules in para-H,
states. Using this para-H,-enriched gas to form the Hj"
dominated plasma, the obtained value of the binary
recombination rate coefficient was (1.2 + 0.3) X 1077 cm®
s! at 80 K in comparison with the value of (0.8 + 0.3) x 1077
em® s7! obtained using normal H,. The result is plotted in
Figure 3 as a full square. Unfortunately, we are not able to
measure in situ the para- to ortho-H;" ratio in the present Cryo-
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FALP II setup. The fraction of para-H;" ions obtained in SA-
CRDS experiment at 80 K when para-enriched H, was used
was 70—75%.*° We suppose that the para-H;" fraction in our
Cryo-FALP II experiment is similar.

The experiments with D;* dominated plasmas were similar to
those with H;* dominated plasmas. We measured the
dependence of the effective recombination rate coeflicient on
the D, number density at particular temperatures and pressures
and obtained the binary oy, and the ternary Ky, recombination
rate coefficients for the recombination of D;* ions with
electrons. The measured binary recombination rate coeflicients
of recombination of D;* ions with electrons are plotted in
Figure 4 together with values from previous SA-CRDS,*
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Figure 4. Temperature dependence of the measured binary
recombination rate coefficient for the recombination of D;* ions
with electrons. Full circles indicate the present data obtained in the
Cryo-FALP II experiment. Open rhomboids are the values obtained in
SA-CRDS experiment.** Open circles are data from previous FALP*!
experiments. The dashed double dot line indicates results from the
storage ring CRYRING.*' The theoretical calculations of Kokoouline*
and Pratt and Jungen46 are plotted as dashed lines and dot dashed
lines, respectively. The full straight line is a fit to the FALP, Cryo-
FALP 1, and SA-CRDS data in the range 50—300 K: atynp, = (3.5

1.1) X 1078(300/T)*73%% cm? 71,

FALP,”' and CRYRING®' experiments. The theoretical
dependences calculated by Kokoouline* and by Pratt and
Jungen* are also plotted in Figure 4. We calculated the
recombination rate coefficients labeled Jungen and Pratt in
Figure 4 by thermally averaging their energy dependent
recombination rates published in ref 46. The full straight line
plotted in Figure 4 is the fit to the FALP, Cryo-FALP II, and
SA-CRDS data in the range 50—300 K, giving a value for
recombination rate coefficient @y,p- = (3.5 £ 1.1) X

107%(300/T)%7*%%° cm3 s7!. The theory® predicts that the
difference between the recombination rate coeflicients of each
nuclear spin state modification of D;* (ortho, para, and meta) is
only small and not so pronounced as in the case of H;". For
example at S0 K ortho-D;" should recombine 1.5 times faster
than meta-D;*. Moreover, the relative population of nuclear
spin modifications in the D, gas used in the experiment is close
to the equilibrium value even at 60 K due to the closer spacing
of the rotational energy levels of D, in comparison with H,. At
300 K the para-D, to ortho-D, equilibrium ratio is 2, at 60 K the
para-D, to ortho-D, equilibrium ratio is 1.8. Therefore, we
suppose that the ortho/para/meta-D;* ratio is maintained in the
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whole temperature range used in this study. This is probably
why the values for the D;" recombination rate coefficient
obtained below 80 K continue to follow the T ~°7* dependence
(the full line plotted in Figure 4). As in the case of Hy", the
results obtained for D;" are in good agreement with theoretical
calculations and with other experiments. No substantial
difference between present values and values obtained in SA-
CRDS experiment® conducted at order of magnitude higher n,
was observed. As in the case of H;" dominated plasma we have
seen no substantial influence of E-CRR on the overall
recombination of D;* ions with electrons over the range of
experimental conditions.

Together with binary recombination rate coefficients o, we
also evaluated the ternary recombination rate coefficients Ky,
for the recombination of H;" and D;* ions with electrons in the
temperature range 50—230 K. These results are published
elsewhere together with a thorough discussion of possible
ternary recombination processes occurring in low temperature
plasmas. The temperature range 80—300 K was already covered
in our previous exper'unents;11‘21‘28'33 the present data were
measured over wider temperature and pressure ranges than in
the FALP'"*" experiments and with better accuracy and
temperature stability. The agreement with these previous
studies is good.

V. CONCLUSION

We have measured the binary and the ternary recombination
rate coeflicient for the recombination of H;" and D;* ions with
electrons in the temperature range 50—230 K. The results are
in good agreement with previous afterglow experiments (FALP
and SA-CRDS), storage ring data, and theoretical calculations.
The obtained binary recombination rate coeflicients follow the
dependence ;- = (6.0 + 1.8) X 107%(300/T)***%% cm? 57!
for H" in the temperature range 80—300 K and a;,p,- = (3.5 +
1.1) x 1078(300/T)%73*%% cm3 57! for D;* in the temperature
range 50—300 K. We have seen no enhancement of the
measured recombination rate coefficient of H;* and D;* ions
due to E-CRR even at the lowest temperature. This is in
agreement with our previous SA-CRDS experiments””>*
conducted at higher electron number densities than in present
study. The addition of para-enriched H, instead of normal H,
led to the increase of the binary recombination rate coeflicient
at 80 K from (0.8 + 0.3) X 1077 cm® s™! with normal H, to (1.2
+ 0.3) X 1077 cm® s7! with para-enriched H,. This is the first
measurement of the recombination rate coefficient of Hy" and
D;* ions in a plasma experiment down to 50 K.
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