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Abstrakt: Vliv rozdéleni jaderné-spinovych stavii ionttt Hf a molekul Hy (zva-
nych para a ortho) na rychlostni koeficienty disociativni rekombinace iontu
H; s elektrony a reakef Hy s HY a NT byl zkoumén v zavislosti na kine-
tické a vnitini teploté reaktanti. Experimenty byly provedeny v prostiedi
dohasinajictho plazmatu ¢i v souboru ionti zachycenych v pasti. Byly pou-
zity diagnostické metody Langmuirovy sondy, laserové absorpcéni spektrosko-
pie a hmotnostni spektroskopie. Distribuce jaderné spinovych stavi byla mé-
néna pouzitim specialné zkonstruovaného konvertoru spinovych stavi Hy. Byly
zméfeny rychlostnf koeficienty ternarni a binarni rekombinace Hj s elektrony
v plné termalizovaném plazmatu pro jednotlivé jaderné-spinové stavy. Reakce
N* + para/ortho-Hy byla zkouméana s ohledem na rozdéleni stavii jemné
struktury NT. Byla zméFena teplotni zavislost rychlostnich koeficientt radi-
ativniho a ternarniho kanalu reakce H™ + Hy pro jednotlivé jaderné spinové
stavy Hs.
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Abstract: We studied how distribution of nuclear-spin states of Hj ions or
H, molecules influence rate coefficients of H7 -electron recombination or reac-
tions of Hy with Nt or H*, with regard to kinetic and internal temperatures
of the reactants. Experiments were carried out in plasma environment or in
an ensemble of ions in an ion trap. Main diagnostic methods were the Lang-
muir probe diagnostics, laser absorption- and mass spectroscopy. The distri-
bution of nuclear spin states (para and ortho) was varied using a specially
constructed para-hydrogen generator. We performed pioneer measurements
of the rate coefficients for the nuclear-spin-state-selective binary and ternary
Hj -electron recombination in thermalised plasma. We performed studies of
N* -+ para/ortho-H, reaction with high accuracy and interpreted the results
as dependent on fine structure states of Nt ions. We measured a temperat-
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Preface: Importance of being H;

The space between the stars is filled with interstellar matter (ISM), which
is an ensemble of neutral particles, positive and negative ions and electrons
in the gas phase, together with a small solid component in the form of dust
grains. The ISM is highly inhomogeneous in density as well as temperature.
In the centre of denser parts (“molecular clouds”), the density of particles can
reach values of n ~ 10% cm™3, while the temperature T of the gas can be as
low as 10 K [Ferriére, 2001]. In these cold dark clouds new stars and planets
are being born through run-away collapse of local inhomogenities. For this
process the existence of molecules is key, since only cascades of transitions
between rovibrational energy levels in molecules provide sufficient cooling to
avoid a pressure build-up that can stall the collapse.

More than 160 different molecules have been detected in the interstellar
space so far (see table , among them important species like water, interstel-
lar sugars and alcohol. In recent years a lot of effort was invested to unravel
the molecular composition of the Universe. It is believed that we have to
understand the formation of biologically relevant interstellar molecules to un-
derstand the origin of life on our own planet. Therefore, new telescopes like
Herschel and ALMA — two of the most expensive astronomical facilities world-
wide — focus on molecular lines exclusively. In particular, a large fraction of
Herschel’s observation time was dedicated to the WISH program (Water In
Star forming regions with Herschel [van Dishoeck et al., 2011]) that aims at a
widespread search for water in space.

Besides its importance for terrestrial life, the HoO molecule is also a partic-
ularly efficient cooling agent in interstellar space because of its dense emission
spectrum and abundance: it is a compound of the first and the third most
abundant elements in the Universe |[Vasyunin et al., [2008|, hydrogen and oxy-
gen. Moreover, it is a unique diagnostic of the warmer gas and of the energetic
processes that take place close to forming stars (in pre-stellar cores) because
of its thermodynamic properties [Emprechtinger et al., |2010]. Its presence as
an ice may have helped the coagulation process of dust grains that ultimately
produced planets like ours |Caselli et al., |2012]. Water, which remained at the
outer area of our planetary system after the ignition of the Sun was brought
back to the Earth by water-containing asteroids and comets |Dauphas et al.,
2000]. And this water later enabled the emergence of life as we know it.

A substantial amount of water in the pre-stellar cores is believed to be
formed on the surface of dust grains [Whittet et al., [2011]. However HyO
synthesis before the creation of such cores and at UV-transparent parts of the
pre-stellar cores is driven by gas-phase chemical networks |Hollenbach et al.,
2009|, where ion-neutral reactions and electron-ion recombination processes
dominate because of the long range electric potential of the ions.

H,0 molecules are produced in the following chain of reactions [Dalgarno,
1994]:

cosmic ray ionisation

Hs + cosmic ray — Hj + e~ + cosmic ray, (0.1)
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Gas-phase interstellar and circumstellar molecules

H> PO N,O CHg CaH> H>Cq

CH SO SO3 SiHa H2C4 CeH2

CH* soOt SiCN H,COH*  HC,CHO CsH

NH FeO SiNC CH2;NH c-C3H,0

OH AINC H>C3 HC3NH* CH3CHCH
SH H; MgCN c-C3H» CsN CH3O0CHSs
C2 CH; MgNC CH,CN HC4N CH3CONH3
CN NH> NH,CN CH3C4H
co H,O CHs CH>CO CgH

cot H>S NH3 HCOOH CHs3CHO CgH~™

CF* CCH H3O0* CaH CH3NH> HC7N

CP HCN H>CO CaH™ CH3CCH

CS HNC HCCH HC3N C2H30H C2HsCHO
HF HCO* H,CN HC,2NC c-CH,0CH> CH3COCHs3
NO HOC* HCNH* HNCCC C2H3CN HOCH,CH,0H
PN HCO H>CS Cs HCsN CH3CsN
NS HNT Cs3H C4Si CeH

AIF HCP c-C3H CeH™ CH3CgH
AICI  HNO HCCN HCoN

NaCl HCS* HNCO CoHa C2He

KCI Cs HOCO* CH3OH HCOOCHS3 CeHs

SiC C,0 HNCS CH3sSH CH3COOH

SiN C,S CsN CH3CN HOCH,CHO HCiiN

Sio cCySi C30 CH3NC C2H3CHO

SiS CO; CsS CHCNH  CH3CsN

N2? OCs c-SiCs NH2CHO CH2CCHCN

Notes: “c” stands for cyclic species; “?"” stands for ambiguous detections;
isotopologues excluded.

Table 1: Gas phase interstellar and circumstellar molecules. Adopted from
Herbst and Millar| [2008].

followed by the well-known H; production by proton transfer
Hi +Hy, > Hf + H, AE =1.8¢eV (0.2)
and the chain of ion-neutral reactions beginning with

OH' +H,, AE =0.7¢V,

Hf +0 —
3 H,Ot +H, AE =176V,

(0.3)

where AFE is the kinetic energy release for production of ground-state products
|Hunter and Lias, [1998; [Willock, 2009] (for zero collision energy and reactants
in the ground states). The chain further continues with reactions

OH+ + H2 — HQO+ + H, (04)

I‘IQC)+ + H2 — I‘Igo+ + H, (05)

Eventually H;O™ ions are neutralised by the dissociative recombination with
free electrons
H30" + e~ — neutral products. (0.6)

From the reactions above we can see how crucial is the role Hy ions are
playing in ISM: they stand in the beginning of the chain leading to the water
formation. Other illustration of the importance of H3 is the figure [1| depicting
a spreading tree of a chemical network. It is important to understand how they
are formed and destroyed. The method of formation (0.2)) is the fastest known



Figure 1: Interstellar chemical network. H3 ions play a central role. Adopted
from |Tennyson, [2003a].

so far (in the hydrogen-rich ISM) — because of its exothermicity, astrochemical
databases like UDfA (UMIST database for astrochemistry, [UMIST| [2013]) take
its rate coeflicient as constant over wide range of temperatures 10-40000 K.
The formation via radiative association

H" +Hy, — HI + hv (0.7)

has principally a low rate coefficient, but the question how much was not
answered until 2011 |Zymak et al., 2011|. The ternary variation of this process

H" +H, + Hy — HI + H, (0.8)

was not studied with Hy molecules with rotational distribution corresponding
to astrophysical temperatures of ~ 10 K until we did in 2013 (see chapter
and Attachment [A.2)).

No less interesting is the problem of Hi destruction. One of the ways is
the dissociative recombination

Hy+H

3H. (0.9)

Hy +e — {
This is the dominant mechanism in UV transparent regions with a high degree
of ionisation, > 10% or > 1%. (Otherwise proton transfer reactions like H3 +
C — CH" + H, can play a more important role). The ambivalence in the
value of the ionisation degree here is given by the fact, that the rate coefficient
of reaction strongly depends on internal temperatures of the ion. The
question on which temperatures and how much was answered by other works
of mine and my coworkers (chapter [12] and Attachments [B] and [C).
During studies of aforementioned processes in laboratories, special care
must be taken to have reactants in known internal states. In case of Hi
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ions and Hy molecules, nuclear spin states are coupled with specific rotational
states. Since a spontaneous conversion of the nuclear spin states are forbidden,
there is always a fraction of molecules or ions that is not able to radiate the
excessive internal energy to settle themselves to the ground state. This kind
of energy offset implied by the configuration of the nuclear spins can cause
that some reactions appear to be dependent on the nuclear spin states: for
example the thermoneutral reaction

N* + Hy(j) — NH* + H (0.10)

has the rate coefficient, which is three orders of magnitude larger for the
rotational states j = 1 (with total nuclear spin S = 1) than for j = 0 (S =
0) at the kinetic temperature 11 K (chapter and Attachment [A1]). In
ISM, the reaction is followed by chain of hydrogen atom abstractions
terminated by the dissociative recombination of NH resulting in the formation
of ammonia.

Another example of the influence of the internal energy of Hy on a chemical
composition in ISM is a chain of deuteration reactions:

Hf + HD < H,D* +H, (0.11)
H2D+ +HD <« D2H+ + H, (012)
D,H* + HD ¢ Di +H,. (0.13)

The reverse flow of the reactions (0.13)—(0.11) is hindered by energetic bar-
riers of about 200 K, so if Hy molecules are in the ground (j = 0) state, the
process of deuteration is very rapid |Pagani et al. [2009]). The situation changes
dramatically if Hy in the 5 = 1 state with internal energy equivalent to 170 K
is introduced to this reaction system: the population of Hj is enhanced at the
expense of HyD*, as we have observed during the studies of reactions
and (see chapter [L1)).

One of the ways how Hj and Hs, ions can convert the nuclear spin states
(labelled as S) in the gas phase is

Hi (S) + Hy(S) < H (S') + Hy(S"). (0.14)

The rate coefficient of this process depends on the combination S—S and on
the temperature, in which this reaction was studied (section [12.2.2| and At-

tachment [B.1)).

Organisation of contents

The content of the thesis is organised as follows: The text is divided to three
parts. The first one (Part [I) summarises the theoretical knowledge needed to
understand the topic of the research.

The Part [[I] gathers the minimum of information about employed ex-
perimental techniques plus specific topics I was concerned. This part also
includes a thorough description of the para-hydrogen generator (chapter [5]) I
Co—designedm and constructed.

1Special acknowledgement to colleague Mojmir Jilek.



The Part [IT]) deals with results of our experiments. Readers who are in-
terested in detailed description may refer to the articles in the Attachments,
others can have a short tour prepared in sections [10H12.4. This part also in-
cludes a description of determination of abundance of para-Hs in a para-states-
enriched hydrogen gas produced by the para-hydrogen generator (chapter @

This thesis could not contain everything I have done during my studies.
Measurements of the recombination of D3 ions with electrons are only men-
tioned at several places. The main reason is that it was not possible to de-
termine the state-specific rate coefficients, which was the topic of my primary
interest in the last several years. The other untouched topics are modifica-
tion of the SA-CRDS apparatus for temperatures < 77 K or creation of own
software for modelling of chemical kinetics. Despite these cuts in a number of
topics, the text in your hand is rich in content. I wish you pleasant reading.

Goals of the thesis

This thesis deals with temperature-dependence studies of following reactions:

H*+Hy, — Hj + hv,
H* +2H, — Hi + H,,
Nt +H, — NH"+H,
Hi + e~ — neutral products,
Hy +e  +He — neutral products + He

in gas (or plasma) phase. We study dependence of rate coefficients of these
reactions on population of nuclear spin states of Hy or Hi, or on population
of fine structure states of N* ions.

The association of HT with Hy is studied by an ion-trapping technique at
temperatures 11-50 K. The reaction of N* with H, is scrutinised using the
ion-trap at temperatures 11-100 K.

The Hi-e~ recombination is examined in the afterglow plasma. Main dia-
gnostic methods are the Langmuir probe diagnostics and the Cavity Ring-
Down Spectroscopy (CRDS). The kinetic temperatures of the reactants are
set in the range 55-300 K. Special attention is payed to a rotational temper-
ature of H3 ions.

Prf
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Part 1

Theoretical background
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1. Quantum structure of Ho and
Hy

1.1 Para/normal-hydrogen

The wave function of Hy molecule associated with the total angular momentum
can be written as a product of wave functions associated with the nuclear spin
(¥s) and with the rotation molecular angular momentum (W ):

U =U,0g. (1.1)

This can be done because of weak spin-rotation interactions.

¥ must be antisymmetric to the permutation operation P because protons
are fermions and they obey the Fermi-Dirac statistics. Since the rotation wave
function W ; can be either symmetric or antisymmetric, ¥g is antisymmetric if
U ; is symmetric, and symmetric if ¥ is antisymmetric. The symmetric state
Ug (ortho) has a spin degeneracy of three and corresponding nuclear spin wave
functions are | 11), 1/v/2(] 14) + | 41)) and | |}). The antisymmetric state
(para) is the singlet state with the corresponding wave function —1/v/2(| 1]
)= | 41)).

As a consequence of these symmetry restrictions the following coupling of
the total nuclear spin (.S) and the total rotation angular momentum (.J) exists:

para-states S =0, J=0,2,4,...,
ortho-states S=1,J=1,3,5,...

Then the degeneracy of energetic levels is

2J+1  J=0,2,...,

(1.2)
327+1) J=1,3...

g(L) = (25 +1)(2J +1) = {

and the partition function for the spin isomer is, under the rigid rotor approx-
imation and TDE (thermodynamic equilibrium) at temperature T,

B E;\ J(J + 1)R?
Qpara,ortho - ;g(‘]) €xXp (_lﬁg_T) - ;g(‘]> exp <_W) ) (13)

where J is even for para-hydrogen, odd for ortho-hydrogen, I is the moment
of inertia.

Such separation into two ensembles distinguished by the nuclear spin state
is possible because the conversion para<>ortho nuclear spin states is forbidden.
At high temperatures when all rotational levels are equally populated Qpara :
Qortho = 1 : 3, if TDE is established. It means that at the room temperature,
population of ortho states °fs = 0.75 and population of para states P fo = 0.25
— such hydrogen gas is called normal-H, (marked as "Hy here). In this work,
any hydrogen gas with population of ortho states < 75% is called para-states-
enriched Hy (°Hy). Para-Hs (PHy) is Hy gas with P fo = 1. Dependence of P f;
and °f, on the temperature at TDE is plotted in figure [1.1]

13
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Figure 1.1: Dependence of thermal population of para- and ortho- states of
Hy (P fy and ° fy, respectively) on temperature
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Figure 1.2: Dependence of thermal distribution of the three lowest rotational
states of Hy on temperature. E; is the energy level corresponding to the state
J (the value above the ground level).

The energy difference between the two lowest rotational states (J =0, 1)
of the ground vibronic state, each corresponding to the different nuclear spin

state, is
Ej—1 — Ej—o

ks
A dependence of distribution of the three lowest rotational levels on tem-
perature for Hy with thermal distribution of nuclear spin states is in figure[1.2]

~ 170K . (1.4)

1.2 para/ortho-Hj

Like in the case of Hy, the total wave function of Hi ion ¥ can be considered as
the product of separate electronic (U,), rotation-vibration (¥, ), and nuclear

spin (Vg) wave functions
U= 0,0, Vg (1.5)

because of weak spin-rotation and spin-spin interactions within the ion.

14
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Table 1.1: Character tables of S5 = S3 ® E* [McCall, 2001|. The permutation
group S3 is formed by 6 symmetry operations: identity operation, three per-
mutations of two protons (12), two cyclic permutations of three protons. A is
the interpretation of the table as the matrix.

Hj has both permutation and inversion symmetries so its wave functions
must be described by the permutation-inversion group S; = S5 ® E*. The
character tables of these groups are written in table [McCall, 2001]. The
representation I' of the total wave function is the direct product of represent-
ations of the partial wave functions from equation (1.5): I' =T, ® I';, ® I's.
I must be A} or A} because of Pauli principle (protons are fermions).

It can be shown that if HJ is in the ground electronic state, ', = A} [see
references in McCall, 2001]. This implies that

I'v®TIl'sg C AIQ or AIQ/ (16)

There are 2% combinations of | 1) and | |) wave functions forming the
total nuclear spin wave function Wg. These wave functions form the basis of
the reducible representation 4A] @ 2E’ of the S§ group (use the operations
from table to derive). The A/ representation corresponds to the ortho spin
configuration (with all three spins aligned), and E’ corresponds to the para
configuration (with one spin antiparallel to the other two). Since I';, ® I's C
Ay or AY if Ts = A} (ortho), the rovibrational symmetry must be T',, €
{AL, AL}, If I's = E' (para), I',y € {E’, E"}. Like in case of Hy (in section
, here we have unique coupling of nuclear spin states with rovibrational
states.

Now we must find, which rovibrational states are represented by wave
functions with aforementioned symmetries.

1.2.1 “Motional” quantum numbers of H; ions

In the following text, I will not derive ¥, but just simply conclude the ap-
proach leading to the derivation and its results. More about the topic can be
found in the work by [McCall| [2001].

For any molecule, the only truly rigorous quantum numbers are the total
angular momentum (F') and the parity (£), which arise from isotropy and
inversion symmetry of space, not from the properties of the molecule. Be-
cause of same arguments as used in definition of total wave function (L.1]), the
total angular momentum F' can be decomposed to the nuclear spin angular
momentum S and the “motional” angular momentum J. S, J and + are the
only good quantum numbers for Hi at arbitrarily high energies.
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Figure 1.3: Schematic representation of the vibrational modes of Hj. The
symmetric “breathing” mode vy. The v5 mode is doubly degenerated and has

a bending mode 14, a symmetric stretch 15, mode. Adopted from Varju [2011,
p. 17].

Hy ions in its ground state has the form of an equilateral triangle with an
average bond length of 0.85 A [Carney and Porter| [1974]. Its symmetry can
be described by the point group Cs, [see Bishop, 1973 p. 282 for the point
group|. Such ion has several vibrational modes depicted in figure The
symmetric breathing mode is infrared inactive because it does not generate any
dipole moment. The degenerate mode v (labeled as vo1/4) possesses vibrational
angular momentum [. For vy quanta of vy, [ can have values —uvg, —v9 +
2,...v9 — 2,vy. If we define the quantum number k to express a projection of
J to the molecular axis, we obtain a quantum number G = |k — [| used often
for H ion. G = k for the vibrational ground state.

For our purpose, now we have enough quantum numbers, which allow us
to formulate U,, of the ground vibrational level as |J,G). Among them, the
wave functions with G = 3n correspond to rovibrational symmetry As, and
G = 3n £ 1 corresponds to E (n is a natural number). Hence, we have the
following correspondence between nuclear spin and the G quantum number:

ortho & G = 3n,

para < G =3n+ 1.

|J = 0,G = 0) corresponds to the rovibrational symmetry A;, which does not
satisfy the condition given by . Some energy levels of these states are
plotted in figure

The spontaneous nuclear spin transition is forbidden like in the case of H,
i.e. AS = 0. This corresponds with the another selection rule Ag = k—1 = 3n
(only transitions in one nuclear spin manifold are allowed). The other selection
rules can be found in Lindsay and McCall [2001]; McNab [2007]; Ramanlal
[2005]; Watson| [1984]

In this work the Hi quantum states and transitions are labeled according
to the scheme proposed by McCall [2001]. Energy levels are written in the
form

(J, G){u|vry + vardl! (1.7)

For the states that have the same G but different k£ and [ (i.e. they form an !
resonance pair), the symbols u and [ are used to distinguish if the level is the
upper or lower of this [ resonance pair, respectively. Transitions are written
in the form

MIPIQIRI(, G)jeptorvs + vary 0, (1.8)

ull

16



400 [ T T T T T T T ]
Ortho Para Para Ortho
' (3.3)
300} =
% @y
g 200 ' @ =
2
L (1,0 i
w 100+ (1.0 @y
0,0
0 Sd’.-) Il Il Il
0 1 2 3
G

Figure 1.4: The lowest rotational energy levels (J, G) of the ground vibrational
state of Hy . (0,0) state is forbidden. Copied from [Hejduk et al. [2012a].

where PQR is the common AJ = {—1]0|1} notation, respectively. The [n|t]
superscript indicates, whether Ag = —3 or 3, respectively. (J,G) belongs to
the lower state here. The w and [ superscript and subscript designate the
position of the upper and lower level in the [ resonance pair, respectively.

1.2.2 Nuclear spin conversion of Hj

The nuclear spin conversion of H; can proceed in collision with Hy via form-
ation of intermediate (HZ)* complex:

Hi (S) + Hy(S) — (HH)* — H(S") + Hy(S5"). (1.9)

The nuclear spin selection rules imposed by the symmetries of the reactants
and the products apply here. These were formulated by |Quack [1977], who
used permutation-inversion groups (same as in the section . This ap-
proach was later replaced with more straightforward angular momentum al-
gebra, the approach using the rotation group representation of the nuclear
spin angular momenta, described by Okal [2004]. A simple application of these
group algebras assumes full scrambling of the nuclear spins in the (H¥)* inter-
mediate complex. In such case, no energy restrictions are considered, therefore
we call this statistical interpretation “the high temperature model”. Both al-
gebras provide same nuclear spin statistical weights for the products written
in table [[.2

It was questioned by experiments [Cordonnier et al., 2000; Gerlich) 1993|
whether the proton scrambling is generally complete. We can define three
statistical reaction pathways to formulate how the incomplete scrambling may
work:

Af +H, — H, +H,, (1.10)
— H,H" +H,, (1.11)
— HHAJ +HH, (1.12)
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(Hy Hy) Weight (0,0) (o,p) (p.0) (p:p)
(0,0 12 37/5 1 14/5 4/5
(0,p) 4 1 1 2 0

(p,0) 12 14/5 2 28/5 8/5
(p.p) 4 4/5 0 8/5 8/5

Table 1.2: The nuclear spin statistical weights for the H + Hy reaction. The
table rows correspond to the nuclear spin configuration of reactant (H3 Ho)
pairs (written in terms para/p/ and ortho/o/), and the table columns corres-
pond to the product pairs.

where (1.10]), (L.11]), (1.12)) are the identity, proton hop and hydrogen exchange
pathways, respectively. There is no experimental measurement of the probab-
ilities of these pathways. |Crabtree et al. [2011alb] have performed absorption
spectroscopy measurements in Hs discharge, but they did not obtain useful
results because [Hy] was high (~ 10" ecm™3) and they had to consider one
more scrambling mechanism via (HZ + Hy)* complex. Their comparison with
results from microcanonical statistical calculations for low temperatures |Park
and Light| [2007] did not confirm correctness of these calculations.

The nuclear spin statistic weights were calculated also by |Eaker and Schatz
[1986]; Gerlich et al.|[2006]. [Hugo et al.|[2009] have approached to the theoret-
ical description in the similar way as | Park and Light|[2007]. They applied their
calculations to interpretation of their measurements of H /H,D* fractionation
in a terrestrial Hy/HD mixture at temperatures approximately 10-300 K , but
they did not study the processes and in-situ. Later the group
Grussie et al.[[2012] performed measurements of steady state distribution of Hy
ions’ nuclear spin states in thermal mixtures of PHy and °Hs at temperatures
46-93 K using radiofrequency linear multipole trap: the obtained distribu-
tion was thermal. They estimate that Hy undergoes 60 collisions prior to the
measurement of the distribution by the laser induced reaction

Hy (vi +vy > 1)+ Ar — ArtHY + H (1.13)

in their experiment.
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2. Formation of pH; and OH;

In the gas phase or in the plasma, Hj ions are effectively formed by the
exothermic reaction ((0.2))

POH,* 4+ P°H, — P°Hi + H . (2.1)

where superscript p (o) denote the para (ortho) nuclear spin state. Again,
using the symmetry group algebra, one can obtain nuclear spin statistic weight
written in table 2.1} Due to the exothermicity of the reaction, this description
is used even for low temperature in this work.
Using the statistics from table [2.1} one can define a so called nascent frac-
tion of PHZ
pf3:2pf2+1 (2.2)
3 3

resulting from reaction (2.1]). Note that P f3 = 0.5 if P fo = 0.25, which are the
values corresponding to TDE at the room temperature.
In this work one more exothermic reaction is used to produce Hj:

ArH' 4+ P°Hy — P°HY + Ar. (2.3)

The nuclear spin statistic weights can be calculated using angular momentum
algebra: the reaction can be rewritten as

Dy @ (D1 ® Dy) — D33 ® 2Dy, (2.4)
where subscripts indicate the nuclear spin. The spin relation for the reaction
ArH"' + °H, (2.5)
can be rewritten as
Dy @ D1 — 4(D3)2/4) @ 2(D1)2/2), (2.6)
where the formula for the direct product

Dh ® DIQ = DI1+12 S DI1+12*1 DD D|]1—I2\ (27>

(Hy*, Hy) Weight o p

(0,0) 9 6 3
(0,p) 3 1 2
(p,0) 3 1 2
(p,p) 101

Table 2.1: The nuclear spin statistical weights for the reaction Hy™ + Hy —
H; +H. The table rows correspond to the nuclear spin configuration of reactant
(Hy™",Hy) pairs (written in terms para,/p,/ and ortho/o/), and the table columns
correspond to the product H3 . |Cordonnier et al., |2000; Okal, [2004].
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(Hy) Weight o p
0 6 4 2
p 2 0 2

Table 2.2: The nuclear spin statistical weights for the reaction ArH' + Hy, —
Hi + Ar. The table rows correspond to the nuclear spin configuration of H,
(written in terms para/p/ and ortho/o/), and the table columns correspond
to the product Hj .

is used |Oka;, 2004]. The terms in the right hand side of (2.6)) are normalised
to the statistical weight of the nuclear spin state (25 + 1) [Widicus Weaver
et al., 2009]. Hence we will get the branching ratio °H3 :PH; of 4:2 for reaction

29).

The reaction ArHT + PH, yields only PH3 according to the relation
D1/2 ®D0 — 2(D1/2/2) . (28)

The results are concluded in table We can also formulate the depend-
ence of P f resulting from the reaction (2.3)) on P fo:

1

5 (2.9)

2
Pfs = 3 Pfo+

which is same as (2.2)). This expression can be interpreted also in the way
that “P f3’ fraction of ArH* ions forms PH3 and (1 —Pf3') fraction forms °HJ”
|Grussie et al 2012].

2.1 HT + H, association

According to (Gerlich and Horning) [1992], the overall association reaction
H* + H, &5 HE (2.10)

is usually described by an apparent second order rate coefficient £*. This
process is often considered to proceed in two independent stages: metastable
complex formation (with the rate coefficient k.)

H* + H, 2 (H)* (2.11)
and stabilisation, either via emission of a photon
(HH)* & Hf + hv (2.12)
or by stabilising collisions with neutral molecule, for example Hs,
(Hy)* + Hy LN Hi + H,. (2.13)
However, more often the complex redissociates

(Hf)" == H" + H,. (2.14)
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The collisional stabilisation rate with a third body H, is written as

L 1) (2.15)

TH2

where kg, is the rate coefficient for stabilising (H3)* by collision with Hy
related to the Langevin rate coefficient ky:

ki, = kvfu, (2.16)

where fy, is the stabilisation efficiency factor. Then the coefficient k* can be
approximated as

1/, +1/7
V/7agis + 1/, + 1/7

At low densities of Hy and if 74i5 < 71 the preceding formula is transformed to

k" =k

(2.17)

Tdis
Tr

k* = kc(Tdisng [HQ] + ) = chdisng [HQ] + kCTdis/Tr . (218)
—— ——

k3 Ky

The coefficient k, is the rate coefficient for the radiative channel (2.12)), ks is
the rate coefficient for the ternary channel (2.14).

Until 2013, no experimental study of the process was performed at
kinetic temperatures < 80 K with thermal distribution of nuclear spin states
(see table 1 in Attachment . From the theoretical point of view, only
separate calculations of k., 74;s and 7, were available for long time (Gerlich and
Horning| [1992] and just recently quantum mechanical numerical calculations
of H" 4+ Hy collision system were performed [Honvault et al., [2011albl 2012)].
The cross sections calculated for ortho-para transitions at millielectronvolt
translational energies show a resonance structure [see figure 1 in Honvault
et al., 2011a]. Depending on experimental conditions, (H3)* ions from (2.11)
may be produced in highly excited states with energies up to 3000 cm~! above
the dissociation limit |[Carrington et al. [1993] and with microsecond lifetimes
— such long-lived resonances can be expected to be responsible for the radiative
association ([2.12)).

As far as the ternary association channel is concerned, in most statistical
model calculations, the lifetime of a (Hj)* complex

Tais o< T/ (2.19)

where [ is the number of active rotational degrees of freedom in the separated
reactants and ¢ is used to account for the temperature dependence of the sta-
bilisation efficiency fu, |Gerlich and Horning, |1992|. However, at temperatures
~ 10 K, only few resonances are populated and not every can contribute to the
ternary association, therefore the adequateness of the statistical approach is
questionable (see more details in the Discussion of Attachment and section
11.1)).
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3. Destruction of H;

3.1 Reactions of H; with molecules

3.1.1 H; formation

HZ ions are formed at high [Hy] and [He] via

k
Hi +H, +H, k:FH; +H,, (3.1)
B
kg
+He =H7 +He. (3.2)
B

The mechanism of the process was studied at kinetic temperature Txki, =
10 K in detail by Paul et al| [1995] and at temperatures above 135 K by
Johnsen et al.| [1976] and Hiraoka and Kebarle [1975]. The knowledge about
process is little bit sparse but the reaction has been observed by our
group |[see Glosik et al., 2003; Plasil et al., [2002, and references therein|. The
rate coefficients ky for both processes are of the order ~ 107 cmfs~! at
300 K and in the case of , kp rises up to ~ 10728 cm® s7! as temperature
decreases down to 10 K [Paul et al. [1995]. The rate coefficients for collision
induced dissociation kg were shown to decrease with decreasing temperature
in aforementioned works (kg ~ 1076 cm®s™! at 10 K). Formation of HZ ions
becomes a dominant HJ -loss process for example if n./[Hp] < 107% and [He] ~
10' em =3 (typical He number density in afterglow experiments in chapter
at low temperatures.

A strong nuclear-spin dependence was observed for reaction at 10 K
[Paul et al), 1995]. At this temperature, the coefficient kp is four times
higher in PH, than in "Hy (and the reverse reaction does not almost proceed:
kg ~ 10710 cm3s™1). This effect is explained to be caused by availability of
the internal rotational energy from equation that destabilises produced
hydrogen clusters in the case of the °H, reactant. If this is true, it means that
proton scrambling is efficient in intermediate clusters

(Hi + Hy + Hy) « (Hf)"

and their re-dissociation obeys nuclear spin selection rules |Crabtree et al.|
2011b).

3.1.2 Hydrogen-deuterium exchange

H; cation in ISM acts as a vector dragging the deuterium from its reservoir
and spreading it further, directly or indirectly, to other species [Hugo et al.,
2009]:

Hi +HD <+ H,D" +H,+232K (3.3)
H,Dt + HD ¢« DoH' + H, + 187K (3.4)
DoH* + HD < Di +H,+ 234 K. (3.5)
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Figure 3.1: Steady-state HyD " /HJ isotopic fractionation in a Hy environment
with terrestrial hydrogen deuteride abundance HD/Hy, = 3.2 x 1074 The
solid lines are results of the theoretical calculations. The arrow indicates a
decreasing o/p ratio of Hy. The points are experimental results EXP of © f5:P f5
ratios 3, 7 x 1072, and 8 x 1073. Copied from [Hugo et al.| [2009]

As can be seen here, the backward reaction are endothermic with written en-
ergy barriers (when considering only the ground level for each species) [Pagani
et al, [2009]. The reactions above are promoted by differences between zero-
point vibrational energies of the species on both sides of the reactions. The
backward and forward rate coefficients vary with the nuclear spin states of
H,D*, Hy and H, (see table 8 of Hugo et al.[2009]).

The energy barrier of 232 K in the reaction (3.3) is close to . Therefore
ratio H,DT : Hy can act as a meter of PHy population (Pf;) as it is illustrated
in figure [3.1

3.2 Recombination with electrons

This work deals with studies of the recombination of Hj ions with electrons
in plasma. Generally, if Hy ions are dominant, i.e. [Hi] ~ n., and if there is
no ionisation process taking place (for example if a discharge generating the
plasma is switched off) the number density of electrons n, decreases in time
due to loss processes according to

dn,
dt

= —Qegn? — —, (3.6)

where a.g 1s the recombination rate coefficient and 7 is the characteristic time
of diffusion-like processes. The analytic solution of this is
1o

ne(t) = Qa0 (exp (£/7) — 1) + exp(t/7) (3.7)

where ng is an initial electron number density at ¢t = 0.
The value of effective recombination rate coeflicient c.g consists of contri-
butions from the binary recombination process and several different ternary
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Figure 3.2: Scheme of recombination of nuclear spin manifolds. See the text
for a commentary.

processes, which can be added together in the first approximation:

Qoff = Qipin + Z KX[X]a . (38)
X

The coefficient ay, corresponds to purely binary Hj-e~ recombination. K
corresponds to the ternary recombination process assisted or enhanced by
a particle X, which may be e™, He, Hy or other neutral. This prescription
does not indicate that all ternary processes are of the same nature. The linear
addition of binary and ternary recombination rate coefficients implied here
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
[Johnsen et al., [2013].

If the rate of parassortho conversion of H3 ions in collision with Hy (with
the rate coefficient k,, see section is larger than the rate of recombina-
tion (i.e. kpo[Ha] > aegne), the population of PHY ions does not vary in time
(P f3 = const.) and therefore we can separate g to nuclear-spin-state-specific
parts

Aeff = pf?)paeff + OfSanﬁ 5 (39>

where Paeg and °aeg can be described by formula (3.8]) for each of them sep-
arately (see the illustrated explanation in figure .
In following sections, I describe processes corresponding to the terms in

right hand side of (3.8]).

3.2.1 Binary recombination

Until the end of the previous millennium, a number of mutually inconsistent
experiments regarding dissociative recombination (DR)

Hy+H

o (3.10)

H;—_'_ef Qbin {
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Figure 3.3: Dependence of binary recombination rate coefficient on temperat-
ure predicted by theory |Floresca dos Santos et al., 2007]. The values marked
as “TDE Jungen” are thermal values computed from the energy dependent
recombination rate coefficients published by Pratt and Jungen| [2011]. Values
for "Hy from CRYRING measurements [McCall et al., 2004] are also included.

was carried out Adams et al.| [1984]; |Amano| [1990]; |Johnsen [2005]; |Larsson
and Orel| [2008|; Laubé et al. [1998]; |Leu et al.| [1973]; |Oka [2000]; [Plasil et al.
[2002]; [Smith and Spanél [1993] and no unifying theoretical explanation was
present. This has changed recently when cross sections obtained at a storage
ring Kreckel et al.| [2005]; [McCall et al.| [2003]; |[Petrignani et al.| [2009]; Tom
et al| [2009b] and theoretical values (calculated by going beyond the Born-
Oppenheimer approximation and accounting for Jahn-Teller coupling Floresca
dos Santos et al. [2007]; Kokoouline and Greene|[2003]; Kokoouline et al.|[2001];
Pagani et al. [2009]) started approaching each other.

The theory [Floresca dos Santos et al., 2007] predicts different values of
iy for different nuclear spin states of Hi at temperatures < 200 K (P, for
PHY, ®apin for °Hy | see figure . The qualitative reason is that, at small
collisional energies, there are more Rydberg resonances of the neutral para-Hs
that can be populated during the electron-ion collisions. It is because there
are more low energy rotational states of the ground vibrational states of PHj
for example (2,2) and (2,1) (corresponding to energy of ~ 151 and 249 K). For
°Hj , the lowest rotational states of the ground vibrational state have relatively
higher energies [for example, (3,0) corresponds to ~ 650 K|. More Rydberg
resonances in PH; enhances DR cross sections in PHi more than in °HJ at
low temperatures (< 200 K).

The aforementioned storage ring experiments, however, succeeded to con-
firm different recombination cross sections for para and ortho nuclear spin
states of the ion only qualitatively. Quantitative difference between the the-
ory and the experiments appeared later to be caused by the fact that rotational
temperatures were much higher Petrignani et al.| [2011] than those previously
stated. Any further study about the recombination of Hi has to show how well
the internal temperature (population of internal states) is determined first, as

it is done in this work (section [12.2.2] and Attachment [B.1)).
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Figure 3.4: Diagonal elements of a so called lifetime matrix |Glosik et al., 2009|
for three lowest incident channels — (1,1), (1,0) and (2,2) — for the e~ + Hy
collisions. The lifetime of a resonance is given by the value at the peak divided
by 4, if only one channel is open. Note the difference between the values for
PH; and for °H; . Reprinted from |Glosik et al., 2009).

3.2.2 Ternary He-assisted recombination

While the theories |Floresca dos Santos et al., 2007; Pratt and Jungen, [2011]
succeeded to interpret storage ring measurements to certain extent, there was
no interpretation of haphazard ensemble of rate coefficients from the plasmatic
experiments that would put data measured in plasma and storage rings into
connection.

Our group has recently shown that, besides the two body electron-ion re-
combination process, the ternary recombination process (He assisted, if helium
buffer gas is used)

Hy +H
Hi + e + He 21 2 + He (3.11)
H+H+H

plays a significant role in a laboratory afterglow plasma dominated by Hi and

could possibly explain discrepancies between many plasmatic measurements
Glosik et al.| [2008, [2009].

This process is theoretically treated as a two step process. Hj ion captures
the electron into the | = 1 partial wave and forms neutral unstable molecule Hj
in autoionising resonance. Almost always, this resonance decays back to Hj -
e~ pair. However, in certain circumstances, the lifetime of these resonances can
be long, as shown in figure [3.4] If it happens so, H} can change the electronic
or rotational state to a stable one in a collision with He atom. Then the
molecule dissociates. The ternary recombination rate coefficient is determined
by the rate coefficients of Hj formation, /-changing collisions and the lifetime
of H3. Its theoretical temperature dependence is in figure [3.5]
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Figure 3.5: Calculated thermally-averaged three body rate coefficient (K3?)
(the different notation is used to distinguish between theoretical and exper-
imental (Kj.) coefficients). Note the difference between the values for PHZ
and for °H; . Reprinted from |Glosik et al., 2009].

3.2.3 Collisional radiative recombination

In the collisional radiative recombination (CRR) the electron collides with the
target ion and the excess energy released by the recombining electron is carried
away by a third particle — electron:

=k_ |Hy+H
Hi +e +e Hemn=Ke-, JH2 +e, (3.12)
H+H+H

The amount of the energy can be estimated to AF & 0.13 eV in the case of
Hj , which corresponds to the ionisation potential of the lowest Rydberg state
de-excited predominantly by collisions rather than radiative transitions |[Byron
et al., |1962; Stevefelt et al.| [1975].

Results of numerical calculations of CRR by |Stevefelt et al. [1975] based
on a semi-classical theory can be expressed by the following formula for an
effective binary rate coefficient at kinetic temperature of electrons Tg:

acrr = 3.8 x 10797, *Png + 1.55 x T, %% 46 x 10727, 2803 cm?3s ™ (3.13)

and for a corresponding ternary rate coefficient at low temperature (neglecting
the second and third terms):

Kcrr ~ acrr(Ty)/ne = 3.8 x 10797, *% em® s71 . (3.14)

Experimental data on CRR were previously measured at temperatures above
300 K and only very recently the temperature range was extended down to
50 K for Ar" ions [see Kotrik et al., [2011ayb].

3.2.4 Influence of H formation: [Hs]-dependent term

If the conversion (3.1)), (8.2) between Hi and HZ proceeds with a faster rate

than the recombination of HI (recombination rate coefficient a5 ~ 10 %cm?s™*
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|Glosik et al., 2003; [Hiraokal [1987]), the ratio

_[HF]  kp[Ho]
R= iy = " = Kl (3.15)

is constant. K¢ is a constant given by an entropy and an enthalpy change in
the reaction and is generally different for and and depends on the
temperature and on the nuclear spin states of Hy , HY and H, |Atkins and de
Paula), 20006; (Glosik et al. [1998; |Hiraoka and Kebarle, 1975 |[Johnsen et al.,
1976; Paul et al., [1995|.

In such situation the effective rate coefficient is modified in the following
manner:

/ 1 _ 1 o
ot = (et + a5KC[H2])1+TC[HQ] = aen’ (1 — &) + a5, (3.16)
where . .
_[H7]  [HF]
ST 10
and .
[1;113] =1-¢. (3.18)

The first term in ([3.16)) corresponds to the recombination of Hy, the second
to the recombination of HY. For medium value of [Hy| ~ 1012-10' cm ™3, we
obtain

Kn, = asKc (3.19)

for the effective [Hy|-dependent ternary coefficient from ([3.8). Since this nota-
tion evokes “Hy-assisted” recombination similar to the He-assisted one (section

3.2.2)) we rather mark it as K, i.e.
K5 = KH2 .

Problems occur if one wants to obtain . in the situation when such
equilibrium is not established yet (like in figure [3.6)). If [He] ~ 10'® cm™3,
[Hy] ~ 10 em™3, kp ~ 10728 em® st at Tk = 80 K [Paul et all, [1995],
kg ~ 107 cm3s™! |Johnsen et all [1976] the characteristic time for HZ ion
formation by reaction (3.2) is

T = ! 0.01 ms (3.20)
kF[He] [HQ] ) ’ )
but if ne ~ 10° cm 3, for example,
" 1
7' = ~ 0.01 ms. (3.21)
a5Me

It means that [HJ] culminates around the time ¢ = 0.01 ms and then slowly
decreases like in figure [3.6] i.e. d[HZ]/dt ~ 0 cm™3s™! in comparison with

29



o 05 1o 15 20 s 5.0
time (ms)
Figure 3.6: Advocatus diaboli: Kinetic model of the afterglow. P = 2000 Pa,
[He] = 1.9 x 10" em™2 ["Hy] = 10" em ™3, Tk, = 77 K. The full black lines
indicate possible fits of the diffusion part of the formula (3.6]).

d[H7]/dt. In such situation, the chemical kinetics of the e™-Hj-HZ system is
described by a set of differential equations

d[i;,r] = —ae'(1 = &2 — kp(1 — &)ne[Hy][He] + kp&ne[He]  (3.22)
d[f] = —asn? + kp(1 — &)ne[H,)[He] — kpéne[He] . (3.23)

Since d[HF]/dt ~ 0cm™3s7!,

L= & 1 [He] — k- [He] (3.24)

Te Te

asé = kp

Hence
K5 o [He], (3.25)

which is different than (3.19). If only [H; ] is monitored in time, one measures
the diffusion time from equation (3.6) as

1 1 1 1
T ™ TR ™

where m is the real diffusion time and 7R is the contribution from reaction
. The effect is shown by straight full black lines in figure .

As shown above, HY formation can influence measured Hi-e~ recombina-
tion rate coefficients in a great excess. Therefore the experimental conditions,
namely [Hs], must be chosen with caution. The comparison of the character-

istic times from equations (3.20) and (3.21]) seems to be a good guide.

30



4. N* + para/normal-H;

In ISM, the reaction
N+<3Pja) + HQ(J) — NH+ + H (41)

stands in the beginning of a chain of hydrogen abstraction reactions leading
to formation of NH;. This ion then recombines with an electron and forms
ammonia |Le Bourlot} 1991].

Low temperature studies of the process by [Gerlich! [1989] [1993]; [Mar-
quette et al.[[1988] with Hy in J = 0 states (with °Hy) showed that the reaction,
known from earlier to be endoergic for Hy in J = 1 state (see references in
the cited works), is promoted by the rotational energy E; of °Hy [see equation
(1.4)]. It means that the rate coefficients for PHy and °Hy (Pk and °k) obey
the relation

(4.2)

—~AH+FE
POk =Pk, exp (—+ ) ,

T

where AH is the apparent endothermicity (in Kelvins) and E the energy
brought to the N*-Hy system (in Kelvins). In the mixture of PHy and °Hj
(with populations P fy and © f5, respectively), the effective rate coefficient

k= K fo - PRPfy = fo%k 4+ (1= fo)Pk = k —Pk)°fo +Pk.  (4.3)

Earlier fits of © f,°k and Pk to are indicated by dashed lines in the figure [4.1]
There have been doubts about the nature of AH and E in equation (4.2)).
Depending on the fact whether the fine-structure (FS) energy of N* (E;, =
6.1 meV and 16.2 meV for j, = 1, 2, respectively, relatively to 3Py) is available
to promote the reaction or not, £ = E;, or E = E; + E; |Marquette et al.,,

E@,[adass] o Tt
%ys e [mar88] n
10—10 E_ N %Q) f= _5
E %QQQ ]
- : ° 075
mg 10_11 ! \\\\ 050 o oy [ger93] . |
3 F (marB8] p-H, "oy %06 %
~ %O@ o
~ Nl
. AN © ooy 0.03
107 3
& <001
o
10—13 L 1 L 1 .\\ 1 ' 1 '
0 2 4 6 8 10
100K/ T

Figure 4.1: Arrhenius plot of rate coefficients & for reaction measured by
Adams and Smith| [1985] [ada85], Marquette et al. [1988] [mar88| and |Gerlich
[1993] [ger93|. Data of Marquette et al.| |1988| are fitted with function
(AH ~ 19 meV and E = E; + E;,). The constant f stands for °f,. Reprinted
from Zymak et al.|[2013].
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Figure 4.2: Dependence of distribution of F'S states ®P;, on temperature.

1988|. Hence the ambiguity concerning the endothermicity AH (or a reaction
barrier) results: the theoretical value varies in the range 11-33 meV |Gerlich,
2008; (Wilhelmsson et al., [1992).

The uncertainty about the endothermicity is connected with the question
what the distribution of ®P;, states in experiments of Gerlich| [1993]; Mar-
quette et al.|[1988] was. If one assumes, like Marquette et al.| [1988], that the
distribution of F'S states is effectively thermalised in collisions with neutral
molecules, the 3P, states are populated in the way as it is plotted in figure
4.2l This enables to interpret measured effective rate coefficients Pk, °k in
a following manner:

T>50K = °k~Pk= lim k="k (4.4)
°fa—0
and
T~ 10K = °k > Pk = k ~ °f,°k for NT(®*Py). (4.5)

Marquette et al.| [1988] assumed that Pky and °kq [from equation (4.2)] are
same for all F'S states and calculated the endothermicities for °H, and PH,
using the populations of FS states (¢;,) from figure . They obtained same
AH =~ 19 meV for "Hy and PH, if they took £ = E; + E,, (see table IV. in
their work and figure . It should be noted, however, that their conclusions
are based only on 5 experimental points.

The assumption of the spin-orbit relaxation is in contradiction with adia-
batic model by [Russel and Manolopoulos| [1999], which supposes that only 3
of 9 spin-orbit coupled potential energy surfaces (PES) lead to the product
channel. |Tosi et al|[1994] and |Gerlich [1993] compared their experimental
data with FS-state-specific reaction rate coefficients calculated statistically by
|Gerlichl, [1989] and concluded that if the FS relaxation takes place, it must be
“unrealistically” fast because otherwise they would observe double-exponential
decay of N* number in a 22-pole trap |Gerlichl, [1993]. They offer the hypothesis
that FS-energy is not available for the reaction and that the rate coefficient
is one and same for all F'S states. However, it is important to note, that the
slowness of spin-orbit quenching is not a general rule and its rate coefficient
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can be even larger than the reaction rate in specific cases — see experimental
work by Hamdan et al.|[1984] or theoretical calculations of Abrahamsson et al.
[2007]); Mielke et al.| [1996]. To conclude, one must suppose the non-adiabatic
behaviour to explain the relaxation of F'S states, but such interpretation con-
tradicts the starting point of the existing theoretical descriptions.
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Part 11

Experimental methods
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5. Para-hydrogen generator

°Hy is produced by catalytic conversion of "Hy on a surface of paramagnetic
material cooled down to temperatures 11-18 K. A specialised device — the para-
hydrogen generator was constructed for this purpose. The device consists of
following functional systems:

e vacuum system;

e cooling system;

e computer controlled heating system;
e ortho-to-para hydrogen catalyst and its container;
e clectronic backup security system.

In the text below each of them is thoroughly described.

5.1 Vacuum system

The vacuum system can be divided to two subsystems: isolation vacuum sub-
system and hydrogen pipelines. The overall view at the vacuum system is in
figure A cold head (CH in the picture) serves as a cooler for the catalyst
and also as a cryo-pump for the isolation vacuum.

The isolation vacuum subsystem keeps the pressure around CH sufficiently
low to minimise heat transfer from walls of an outer chamber (C1) to CH and
a catalyst container (CC). This pressure is always kept to Po; < 1072 mbar
by a turbo-molecular pump. Fore-vacuum is maintained by a rotary pump.

The hydrogen pipelines, drawn by blue lines in figure [5.1 lead Hy gas
through CC situated on CH to another experimental apparatus. The water
impurities in "Hy are adsorbed on tube walls in liquid nitrogen freezer before
entering C1 and CC. CC kept at temperatures < 20 K serves not only to con-
vert "Hy to “Hy but also to purify the gas from nitrogen and other impurities.
°H, is leaked to another experimental apparatus by the sapphire leak valve.
The redundant °H, that does not flow through the leak valve is pumped away
by the turbo-molecular pump through a by-pass (indicated in figure [5.1)).

5.2 Cooling and heating system
CC is cooled down to T = 10-18 K by a helium closed circle refrigerator

that consists of the cold head CH (Leybold RGD 210, figure and helium
compressor that is cooled by flowing water (figure .

5.2.1 Cooling system

CH has the bottom (1st) and the upper (2nd) stage. The cooling power of
the bottom one is W = 12 W at 80 K and it is able to get cooled down to
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Figure 5.1: Scheme of the para-hydrogen generator’s vacuum system

heater position

upper stage

eH/

Figure 5.2: Artist’s view at catalyst container and the cold head. A position
of a temperature sensor (a silicon diode) is indicated by light green spot.
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Figure 5.3: Overall view at para-hydrogen generator. 1: the rotary pump;
2: the compressor; 3: heating security; 4: backup security system; 5: the
isolation vacuum chamber C1; 6: water hoses.
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35 K. The upper stage has the cooling power W = 2 W at 20 K and the lowest
achievable temperature 10 K.

On the upper stage, CC is situated (see figure . Inside the isolation
vacuum chamber C1, "H, is fed to CC through thin (0.5 mm inner diameter)
stainless steel tubes. Such thickness reduces the heat flow from C1 to CC and
increases the velocity of "Hy so it does not get frozen in the tubes and does
not plug them up. In order to minimise the heat transfer further, tubes are
touching the copper collar (visible in figure at the bottom stage of CH
and being pre-cooled.

As already mentioned in the section [5.1] the gas in the space around CH
and CC is pumped to reduce the heat transfer from the outer chamber C1
by ambient gas molecules. At the temperature of the cold head 11 K and
Pcy ~ 1075 mbar, such heat transfer is already efficient enough to rise the
temperature of CC to 16 K. If the ambient gas pressure is low enough, the
transfer of heat by radiation from the walls dominates. To suppress these
losses, CC is shielded by a stainless steel cylinder that is cooled by the bottom
stage of CH.

Despite all these measures, the cooling process takes 5 hours. Therefore the
time-scheduled switch-on system (of the compressor and CH) was implemented

(see section :

5.2.2 Computer controlled heating system

During the experiments, it is needed to maintain the vapour pressure of “Hy
above the catalyst in CC stable to obtain constant flow of *Hs from CC. The
vapour pressure is set by the temperature of CC (T¢¢) which is varied by
a special cartridge heater (produced by Cryo-con, part n. 3039-001) that is
powered by a voltage source controlled by a computer. A software for the
voltage control is based on an algorithm of proportional integral-derivative
controller that takes temperatures measured by a silicon diode (attached to
Lakeshore 218 temperature monitor) and returns the signal for the voltage
source containing the needed voltage value. In this way, we can keep the con-
stant Tcc over several hours. A temperature fluctuation in a shorter timescale
is shown in figure 5.4} In the figure, a deviation of Tt over 60 minutes is
indicated (o7, = £0.02 K).

The heating system is backed-up by a dedicated security system (3 in figure
. The input is connected with a relay of the Lakeshore temperature monitor
that switches off when a temperature threshold is exceeded. If it happens so,
the relay of the security system interrupts the cold head’s heating circuit (the
position of the heating elements is indicated in figure .

5.3 Catalyst

As the catalyst we used either Fe;O3 (CAS number 1309-37-1) or HFeO, (CAS
number 20344-49-4). Fe;O3 was used in the form of 0.5 cm sized flakes, HFeO,
had the form of a powder. HFeO, is recommended by makers to undergo
so called “reactivation” the catalyst is heated to 470 K in a dry hydrogen
atmosphere. Since the catalyst must not be in contact with the air after this
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Figure 5.4: Demonstration of temperature-maintaining capability of computer
controlled heating system. The mean value and the deviation from it are
calculated for the period 60 min.
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Figure 5.5: Cross-section of catalyst container with VCR connections indic-
ated.

process, the reactivation was carried out in CC detached from CH by stainless-
steel screws while CH was switched on.

5.3.1 Catalyst container

CC is made of copper which has good thermal conductivity (= 0.35 Wem 1K1
at 20 K [Mendelssohn and Rosenberg, |1952]). The stainless steel tubes (men-
tioned in section have VCR tube endings (from Swagelok) with female
nuts installed. CC has two same female nuts silver-soldered into the body.
Both nuts are connected with VCR male unions. Between the union and the
tube ending, the particle filter gasket (with 5 pm mesh) is situated. Similarly,
between the VCR nut in CC body and the VCR union the copper gasket, VCR
tube ending and particle filter gasket is installed (in the direction from bottom
to top). Whole installation of the tubes to CC is depicted in figure [5.5]
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5.3.2 Filling procedure

The common mode of operation of the para-hydrogen generator for all exper-
iments in this work is following: hydrogen is liquefied in CC and the vapours
of °Hy are collected. There are several things one should concern when filling
CC with "H, gas:

e °H, molecules should undergo many collisions with a surface of the cata-
lyst to convert effectively to PHy: it means that "Hy should not get frozen
on the surface of the catalyst and make a layer obstructing collisions of
other molecules with the catalyst. Therefore the catalyst should have
Tee > 15 K (14.01 K is the melting point of Hy) for at least 30 min after
filling is finished.

e "H, should not get frozen in the pipes, so the pipes should have the
temperature higher than 20.28 K (the boiling point of Hs) in the majority
of its length. This is achieved by setting T = 18 K while filling.

e The amount of "Hy in CC should be big enough not to be forced later
to use the last (the lowest) layer of Hy frozen on the surface of the
catalyst since °Hs is preferentially adsorbed on the surface. In the other
words, using the last remaining adsorbed Hy could lower P fy of *Hy. We
normally adsorb 50 sce, which was proved to be enough for 8 hours of
flow f =~ 0.1 sccm in average.

e The catalyst should be situated only in CC. Therefore inlet and outlet
tubes are separated from CC by two pairs of particle filters (as described
in [5.3.1). It is however wise not to shoot atmospheres of "H, with flow
of hundreds of scem through CC so that the catalyst would pass through
the filters. The inlet tube of the para-hydrogen generator is equipped
with a flow meter and a needle valve (see figure in order to keep the
flow f < 20 sccm. It is recommended to rise the flow gradually.

5.3.3 Output procedure

In the experiments with the FALP and CRDS apparatuses (see section ,
a constant flow of ®*Hy (f) ranging from 0.01 sccm to 1 scem is required.
However usage of a flow controller is better to be avoided because of its heated
parts, which may convert PH, to °Hs. Air and water impurities in the outlet
tubes can also cause such back-conversion, so excessive usage of leak valves
and needle valves which results in storage of °Hs gas in the stainless steel tubes
at the room temperature is not favourable. The material of some leak valves
based on chromium- or aluminium-oxides can act as a catalyst having the room
temperature so here we have another reason not to use such flow-limiting
instruments. The outlet tube (connected to the experimental apparatus) is
shortened as much as possible and if the flow of °H, over a long distance is
required, the tube with an inner diameter 1.5 mm is used to maximise the gas
speed.

Due to the absence of the flow meter, the flow of “Hs to SA-CRDS of Cryo-
FALP II apparatuses must be calibrated. At Toc = 18 K, a specific value of
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Figure 5.6: Dependence of flow on T for different pressures at outlet

a pressure above a pump (usually turbomolecular), so called “reference point”,
is set opening the valve V1. Then the outlet to the pump is closed and the gas
is expanded to a chamber with a known volume (V') equipped with a gauge.
We record an increase of the pressure p in time and evaluate the flow f from
a derivative q

do_ (5.1)

dt V
This is done for several values of T and we get the calibration curve f vs
Toc like in figure[5.6] The flow depends on the pressure in the chamber at very
low pressures above the catalyst, i.e. at very low flows of °Hs, therefore the
derivative must be measured at several values of p. The relative uncertainty
of f at Tco < 12 K is more than 100% for p > 50 Pa. The results in the figure
are fitted with empirical formula

T
f=-0.09+0.075 x exp (— ) +3.7x107* x exp ( e ) . (5.2)

p
965 Pa 223K

Note that f is in sccm. The fit in the figure was performed for measurements
with Cryo FALP II and the similar one was carried out also before experiments
with the SA-CRDS apparatus. Once we have this prescription, it is enough to
set only the “reference point” before each experimental session.

5.4 Electronic backup security system

serves to monitor pressures in the isolation vacuum chamber and above the
rotary pump and to open the electromagnetic valve, switch the compressor
(2 in figure [5.3), its water supply (6) valve or the turbine accordingly (see
figure for the pumps and gauges). It can be also used to switch on the
whole apparatus (except the rotary pump) in a specified time to start the long
cooling procedure when no experiments are carried out.

The electromagnetic valve above the rotary pump, the turbine, the com-
pressor’s power supply and the valve of the water cooling system are switched

43



by relays connected to Fatek FBs-10MA programmable logical circuit (PLC).
This electronic part has built-in relays switched by a loaded program that
takes the pressures in C1 and above the rotary pump, the flow of water, the
error signal from the turbine as input parameters. Decision of the program
according to these signals can be overridden by sending a signal from a hard-
ware button. The ladder diagram of this program is in Attachment [D.I] The
switch-on timer values are modified by a special program from a computer
that is occasionally connected to the PLC through a network interface.
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6. 22-pole radio-frequency trap

22PT apparatus is a combination of a 22-pole radio-frequency trap and an
storage ion source (SIS). It is a sophisticated tool for studies of ion-molecule
reactions. The basics of storing ions in RF fields have been described thor-
oughly in Gerlich [1992, [1995] and Hejduk [2009, translation to Czech lan-
guage|. Therefore here I will give only a basic introduction to technical aspect
of the present apparatus.

6.1 Overview

The operational scheme of the 22PT apparatus is in figure [6.1} Tons are pro-
duced by electron bombardment in SIS. A mass of the ions is filtered by
a quadrupole mass filter. Then the ions are directed to the trap through
an electrostatic quadrupole bender (QB). The reaction area, the trap, is filled
with He buffer gas and the reactant gas, Hy in this work. Ions are confined
in the potential well created by alternate radio-frequency (RF) electric poten-
tial at a set of 22 rods with 1 mm diameter. Ring electrodes (RE) at static
potential prevent the ions from escaping in the axial direction. During the
filling period, the electrostatic barrier at the entrance RE is slightly negat-
ive relatively to the potential of the trap. After various storage times, the
trap exit (another RE) is opened and the ions move through the quadrupole
(QP) mass spectrometer and are converted into a fast negative pulse using an
MCP (Micro-Channel Plate) detector (Hamamatsu F4655-12) followed by a
discriminator. The standard measuring procedure is based on filling the trap
at a fixed frequency with a well-defined number of primary ions (typically a
few thousand) and analysing the content after different storage times.

The trap is surrounded by a copper box that is mounted onto the cold head
of a closed cycle helium refrigerator. Stationary temperatures between 10 K
and 100 K are set by simultaneously cooling and heating. The temperature is
measured by silicon diodes.

EHZ

N 7 -

Figure 6.1: Scheme of 22PT apparatus
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6.1.1 Vacuum system

Hydrogen gas can be introduced into the trap via two leak valves, allowing us
to produce any mixture from almost pure PHy to "Hy. A few collisions of the
neutral gas with the walls are sufficient to cool down the kinetic temperature
Tkin of the neutrals to the temperature of the cold head. The gas density inside
the trap is determined using a spinning rotor gauge or a calibrated ionisation
gauge [Asvany|, [2003|. Since the trap is continuously pumped by turbomolecu-
lar pumps, a temperature dependence of the number density of the neutral
molecules (nggpr) in the trap does not follow the inverse reciprocity given by
the ideal gas law exactly — the calculation is rather based on a principle of
preservation of particle flows: the particle flow to the trap j, and from the
trap (ji) are equal, i.e.

1 1

J1 = —Nagpr(VaepT) = Z”@) =Jsn=

: (6.1)

v
kT’
where the subscript 22PT indicates the number density n or particle velocity

v in the trap. T is the temperature of the chamber walls, typically the room
temperature. The pressure in the chamber measured by a gauge is labelled as

p. Since
8kgT
(1) == (62)

where m is the mass of the neutral,

P T
n = )
A Vi

(6.3)

A simplified view at the vacuum system is available in figure [6.2] The ap-
paratus consists of three main chambers connected with standard CF flanges
(CF 100 between the detection chamber and the trap chamber, CF 40 between
the storage ion source chamber and the trap chamber) that are pumped dif-
ferentially by turbo-molecular pumps pre-pumped by turbo-molecular drag
pumps (TDP). N, gas is injected to the space below TDP of the trap chamber
to increase a pumping speed of the hydrogen gas. All turbines are backed up
by an electronic system which takes the pressure measured in the trap chamber
(by ionisation gauge) as an input.

The background pressure of the main chamber is lower than 10~ Pa. With
the exception of HD, most gas impurities are frozen out below 77 K. The
operational (experimental) pressures are 1071073 Pa.

Further description of the apparatus can be found in |Zymak! [2013].

6.2 Calculation of rate coefficients

A simple model of elastic collisions of trapped ions with buffer gas molecules
leads us to conclusion that the kinetic temperature of the ions Tk;, converges
to the temperature of the buffer gas within &~ 10 collisions if the initial Tk;, ~
300 K (the temperature of the storage ion source) and the temperature of the
gas is 11 K (the lowest value, at which the experiments are carried out). If
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Figure 6.2: Simplified scheme of vacuum system of 22PT apparatus used in this
work. Pumping speeds of the pumps for Ny are written beside their symbols.
TDP: turbo-molecular drag pump.
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[Ha] ~ 10" cm™? and a rate coefficient for the collisions of the same order as
typical Langevin value is considered, H" or N* ions are kinetically thermalised
in &~ 10 ms. During the experiment, thermalisation of the ions is observable
as a gradual increase of counts of detected ions in the first milliseconds of the
trapping period, as is visible in figure 3 of Attachment This is caused by
the fact that the transmission of the ions through QP mass analyser at the exit
rises with decreasing initial energy of extracted particles. Sources of kinetic
heating of the ions in the trap like the influence of a RF field amplitude are
discussed in |Gerlich| [1992].

When the primary ions are thermalised, they react with the neutral target
gas molecules, Hy in the case of this work, and number of trapped ions N
decreases with trapping time ¢:

dN
— =—kNH 6.4
= —kN[H], (6.4
where k is the reaction rate coefficient. The solution of this gives the rate
coefficient

1 N(to) _ log{N(to)} —log{N(ten)}

b= (tam — to)[Ha] log N(ta) At[H,)] !

(6.5)

where ty is the time when the decay begins (after thermalisation) and tg,
corresponds to the end of the measured decay. We can see that the rate
coefficient can be evaluated from measurements of N at two distinct times.
This can be done repetitively to minimise the noise of N. The noise can be
also suppressed by measuring the decay with the period At long enough so
that N(tg,)/N(to) < /10

At any time t of the decay (the trapping time), the total number of charged
particles must be constant, it means that

N(to) = N(t) + N'(t), (6.6)

where N’ is a sum of all products of the ion-neutral reaction. Then equation

(6.5) can be modified to

1 N(t) + N'(¢)
N(t)

(6.7)

This measurement method is advantageous if the condition N (g,)/N(tg) <
1 /10 cannot be achieved within a sensible time because of too low k. Note that ¢
can be set to any moment when N’ is measurable with low error. A disadvant-
age is that the detection efficiency can be different for product ions, therefore
a calibration factor for N’ must be obtained before every experiment. An-
other problem is that if a chain of reactions follows the studied reaction, the
products from this chain must be also counted into N'.
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7. Cavity Ring-Down
Spectroscopy

7.1 Absorption spectroscopy basics

When monochromatic light of frequency v with intensity I passes through
a homogeneous absorbing medium, its intensity decreases according to the

Lambert-Beer law
dl(z,v)

dx
where «(v) is the absorption coefficient, x the distance the light travels through
the absorbing medium. The solution of this differential equation is simply

I(z,v) = Iyexp{—a(v)z}, (7.2)

=—a()I(z,v), (7.1)

where [ is the initial density.

A spectral line is characterised by its cross section of photo-absorption
o(v), which is related to the absorption coefficient o and number density of
absorbing particles N in the following manner:

a(v) = N(z)o(v), (7.3)

The cross section o is related to the line-shape function ¢g(v) and the integral
absorption coefficient (spectral line intensity) S:

o(v) = Sg(v). (7.4)

The normalisation condition

o0

/g(u)dy =1 (7.5)

0

applies to the line-shape function.
Absorbance A is defined here as

A= —log (110) | (7.6)

Considering (7.2), we can write
A(v) = a(v)L (7.7)

for homogeneous medium where L is the total travel distance.

7.1.1 Population of energy levels and determination of
number density

TDE population P of energy level E,, is given by the relation

P(E,) = 2" exp <—&> (7.8)




H: (in TDE) PH} °Hj}

offset (cm™!) 0  64.123 86.9591
ao —35.2007 1.6702 0.5579
a 73.1854 —4.3613 2.8498
as —68.1800 8.2473 —6.1672
as 37.2205 —7.6655 6.7433
ay4 —12.3723 3.6618 —3.9144
as 2.3413 —0.8479 1.1366
ag —0.1923 0.0764 —0.1275

Table 7.1: Coefficients of the partition function expression (7.10]) for Hj (in
TDE), PH; and °H; calculated by Hlavenka [2007].

where Q(T') is the partition function and g, is a degeneracy factor like in
equation ([1.2). The value of partition function

Q(T) = zmj Gm €XD (—ki—?) (7.9)

at temperature T is possible to calculate from its fit by a logarithmic formula

n

log1, Q(T) =Y ai(log;, T)', (7.10)

1=0

where a; are coefficients originating from numerical calculations. It is often
useful to notice that a few energy levels are populated at low temperatures,
therefore there is no need to sum over m running to infinity. Similarly,
only an expansion of to finite series, i.e. to finite n, is needed. Afore-
mentioned information for rotational levels of HJ ion can be found in Hlavenka
[2007]; Neale et al. [1996]; [Tennyson [2003b]. The a; parameters are written
in table [Z]

The derivation of formula for number density is written in Rothman et al.
[1998]; Varju| [2011]. Here I give only the final formulas valid for H3 ions in
rotational states J,, of the ground vibrational state. Under an assumption of
Maxwell-Boltzmann distribution, the integral absorption coefficient is calcu-
lated by formula

E,, E, —E,
() (B

The variables and constants used in this equation are explained in table

S:

If the absorbance A is measured, the number density NV of the ions in J,
state is

_ AV2mop(T)

N = —S(T)L , (7.12)

where op is a width of the spectral line (originating mainly from Doppler
broadening in this work, see below).
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Description Units

Q »n

1/(8mc) = 1.3266 x 1072 cm™'s cm™ s
gn  degeneracy factor for upper level of the transition —
gn = (25, + 1)(2J, + 1)

S, total nuclear spin for upper level -

J,  total angular momentum for upper level -
E,, Energy of the lower rotational state J

FE,,  Energy of the upper rotational state J
A, Einstein coefficient of spontaneous emission st
Vmn  transition frequency cm !

Table 7.2: Variables in equation ([7.11]).

7.1.2 Internal temperatures

So far, we considered T as a temperature describing the ensemble of particles
in TDE. In a reactive environment, all internal degrees of freedom are not
thermalised, generally. Therefore we can talk about electronic (Tgs), vibra-
tional (T;,) or rotational (Tget) temperatures of the particles, namely Hi
ions, depending on the fact which energy levels we consider. Under TDE, all
these temperatures are equal to the kinetic temperature, i.e.

T = Tkin = Trs = Tvib = TRot = - * - (7.13)

Kinetic temperature Ti;,

Tkin is evaluated from Doppler broadening of a monitored spectral line with
frequency vy. Its shape can be described by a Gaussian function of the fre-

quency v
1 (v — VO)2

= SR 14

g(v) Toror P { 207 : (7.14)

where vy = v,,,, and

kpTkin
Mc?

op = 1) (715)
M is the particle mass. (The commonly used full width at half maximum
(FWHM) can be obtained by multiplying op with the factor 2¢/21og2.) Hence

2 07,2
opMe

Vg kB

Tiin = (7.16)

The Doppler effect is not the only one source of broadening of spectral line,
of course, but under experimental conditions of this work, it is the dominant
broadening effect. For example, the collisional broadening of H; spectral lines
in He buffer gas at 10 mbar and 7' = 77 K is 36.1 MHz. This is much less than
broadening of 786 MHz caused by the Doppler effect at the same pressure and
temperature.

o1
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Nuclear spin temperature Tyg

In the case of Hy ion at very low temperatures, when only the two lowest
rotational levels [(J,G) = (1,1) and (1,0)] are populated, it is meaningful to
introduce a nuclear spin temperature:

°fp g < AE ) ( 32.9K)
—— = —exp| — =2exp | — 7.17
Pf3 gp P\ heThs P Ins (717)
(note gop = 25 + 1) and hence
329K
Tns = (7.18)

2pf5\
log<0f33)
In TDE, T = Txs.

Rotational temperature Tg.

If we cannot assume the validity of (7.13), 7" in (7.8) refers to Tret. Trot can

be calculated from ratio between populations of two rotational states .J,,, and

I
P(Ew) _ gn {_(Em - Emo}

= —eX
P (Em’) m/ P kTRot

The similar rule holds for the vibrational temperature. Since the vibra-
tional states are effectively thermalised by collisions with the buffer gas mo-
lecules and by reaction ((1.13)) (see a discussion in Attachment , I will skip
further discussion here.

(7.19)

7.2 SA-CRDS apparatus

The technology of Stationary Afterglow in Cavity Ring-Down Spectrometer
apparatus (SA-CRDS) is based on the well-known principles of continuous-
wave Cavity Ring-Down Spectroscopy (cw-CRDS) |[Romanini et al., 1997].
Implementation described here is rare because the data-acquisition is syn-
chronised with switch-on/off of a discharge. During the discharge-afterglow
cycle, the ring-down events occur accidentally, but eventually, after several
hundreds of thousands of the cycle repetitions, the time evolution of the mon-
itored states is recorded with microsecond resolution. A thorough description
of the SA-CRDS was given for example in the work of |Varju| [2011]. Here I
give only a basic description.

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 (see figure . When the resonator is set up, the power of the laser
radiation in the cavity rises and the incoming laser beam is interrupted by
an acousto-optic modulator (see figure as soon as the intensity measured
by PIN or avalanche diode behind one of the mirrors exceeds a threshold.
After the laser beam is intercepted, the trapped light intensity I decreases in
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microwave
discharge

He, Ar, para/ortho-H,

Figure 7.1: Scheme of SA-CRDS apparatus. The discharge in a gas mixture is
ignited 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,
in the cavity in random times. When it happens so, the laser light is switched
off and the light travels several km in the cavity being gradually absorbed
by the plasma. This gradual decrease of the optical signal recorded by the
detector is called ring-down. Shorter the ring-down event is, more absorbing
is the medium — higher is the concentration of monitored ions.

time ¢ because of the losses at the mirrors and the absorption by the medium
in the cavity |according to equation ([7.1))]:

t
I(t,v) = Ilpexp | —— ] . 7.20
= tvewe (-5 (720
This is called a “ring-down signal”. The characteristic time of the decrease of
the intensity 7 is a function of the light frequency and is inversely proportional
to the concentration of absorbing molecules in the medium:
1 1 ¢

— = —+-A(v), 7.21

T(v) 7o * d @) (721)
where d is a distance between mirrors and A is the absorbance from (7.7). The
constant 7y is the time constant of light decay in an empty cavity, so called
baseline. Hence, we can write

AW) :@{Ti—i}. (7.22)

c|l7(v) 7o

Practically, when we track the concentration of the ions, 7(v) is obtained
from ring-down signals during the discharge period and 7y from the ring-down
signals at late afterglow times when there are almost no ions in the cavity.
Frequency of ring-down events is ~ 100 Hz.

As the light source, a fibre-coupled distributed feedback (DFB) laser diode
was used. Central wavelength of the laser is 1381.55 nm in case of Hj-e~
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Figure 7.2: Top view of the placement of optical components. Copied 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). The HeNe guiding laser (1) and Fabry-Pérot
(m) resonator are also placed on the optical breadboard.
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He/Ar/"H,
* Pleitler

[

Roots pump

Rotary pump

Rotary pump

Figure 7.3: Vacuum system of SA-CRDS apparatus. P,: Pirani gauge, Py,:
capacitance gauge, Py: full range gauge. Reprinted from |Varju [2011].

recombination studies. The line-width of the laser is < 2 MHz at 1 second
timescales. Maximum output optical power is 20 mW. The beam from the
laser undergoes spatial filtering to form Gaussian profile matching to the op-
tical resonator. Set wavelength is measured absolutely using a Michelson in-
terferometer and relatively by Fabry-Pérot etalon.

Figure shows the vacuum system of the SA-CRDS apparatus schem-
atically. Gas handling system is common with Cryo-FALP II apparatus (see
figure . The He buffer gas is provided from a pressure vessel containing the
gas of 5.0 grade purity and cleaned further in zeolite molecular sieve cooled by
liquid nitrogen. Flows of He buffer gas, Ar and "H, reactant gases are meas-
ured by flow meters. This cannot be done in the case of “Hy since we want to
avoid para-to-ortho back conversion on heated parts of the flow meters. Also
we do not want to store °Hs in a tube at the room temperature and leak it
through a needle valve to the discharge cavity. Therefore the flow of °Hj is
controlled by a temperature of the para-hydrogen generator’s cold head and
calibrated by pressure above the pump TMU 261 in figure measured by
gauge Py (see chapter for a description of the calibration procedure).

The discharge tube is cooled by a liquid nitrogen or its vapours. The
vapours are produced by heating the liquid nitrogen in a dewar using a resist-
ant coil, and guided by an insulated copper tube into the space between the
microwave resonator and the discharge tube (made of fused silica).

7.2.1 Mode matching

The optical resonator of SA-CRDS apparatus consists of two spherical mir-
rors with radius R, = R, = 1 m and mutual distance d = 0.75 m. This
configuration satisfies a stability criterion [Yariv} 1997, p. 136|

0§(1—}%> (1—1%)§1. (7.23)
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The transversal modes of resonators composed of spherical mirrors are labelled
with [ and m and commonly referred to as TEM,,,. The resonant frequency
for TEM,,, and longitudinal mode index ¢ is [Yariv, [1997, p. 143]

c o {sy0-2) (i)}

. (7.24)

where n is a refractive index of the medium. The frequency v (or the wave
number) is set by the laser diode temperature controller to desired values (the
ones for the Hy-e~ recombination study described in this work are in table
[12.2). The value of d is varied by changing the position of one of the mirrors
situated on a piezoelectric element (see figure [7.1)).

The intensity of the laser light transmitted through the cavity in the reson-
ance can be described in the same manner as in case of Fabry-Pérot resonator

(1-R)*

5 d
(1 — R)?+4Rsin* ¢

I =1 (7.25)
where R is the reflectivity of the mirrors and A is the wavelength of the light.
This is valid only for a stationary case, where the resonator is in resonance
with the incident light for infinite time. The transmission is the highest for the
TEMgyo mode, which undergoes the lowest diffraction loss per reflection [see
figure 4-13 in Yariv, [1997]. For higher transverse mode indices [, m the energy
extends further in the resonator and some of it will not be intercepted by the
mirrors and will therefore be lost. This also results in a shorter ring-down
time 7 for higher modes.

Because of reasons mentioned above, mode-matching of incident beam to
TEMgg mode is favourable. The mode-matching is carried out by injecting
the light through a system lens-pin hole-lens (h, i, j in figure . The first
lens (h) serves to direct the light from the acousto-optic modulator AOM (g)
to the pin hole (i). The pin hole with diameter of aperture 50um is situated
nearly to the focal length distance from the first lens to cut off higher spatial
frequencies. Then the beam behind the pin hole has a Gaussian profile (which
corresponds qualitatively to TEMgy mode). The last lens (j) serves to modify
parameters of this Gaussian beam (a curvature of the phase front and a spot
size) to match the TEMgg, i.e. to match the beam quantitatively.

The whole procedure can be described using a matrix formalism. The
Gaussian beam can be described by the complex beam parameter ¢ that is
parameterised by the phase front curvature R and the spot size w in the

following way:

1 1 A

- = —1 7.26

q R(2) 27rou2(z) ’ (7.26)
where z is the spatial coordinate along the axis. The parameters R and w
depend on spatial coordinate as follows:

R(z) = » {1 + (Z—R)Q] , (7.27)

z
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Figure 7.4: Gaussian beam width w(z) as a function of the axial distance z. wy:
beam waist; b: depth of focus; zr: Rayleigh range; ©: total angular spread.
Taken from Wikipedia [2013].

w(z) = wor/ 1+ (%)2 : (7.28)

The parameter zg is called the Rayleigh range and depends on a beam waist
wo in (|7.28)):

2
W
2R = TO : (7.29)
If 2 > 2r the divergence of the beam
A
0~ — 7.30
—_ (7.30)

and the total angular spread is defined as
0=20. (7.31)

The relations between the parameters described above is illustrated in figure
(.4

The practical way of obtaining R(z) and w(z) is as following. At long
distance z > zr, behind AOM (in the direction to the optical cavity), a series
of spot-sizes w(z) is measured by a knife-edge method — note that the spot
size is the parameter of the Gaussian intensity profile written in the form

2
I o exp <—2—2) , (7.32)
w

i.e. it is the 1/e? half-width. The slope of this linear w(z) dependence is inter-
preted as 6. The beam waist wy is calculated according to . Eventually,
the Rayleigh range is calculated using formula (7.29). The position of the
point z = 0 in the real space is found by extrapolation of z(w) dependence to
the value w = 0. Typically, the point z = 0 is found several cm in front of
AOM.

The complex beam parameter of the beam at the space of entrance to the
mode-matching system is calculated using space transformations and
(7.28). One must use correct spatial coordinate system with the correct origin
measured in the way as it was described above. When passing through an

o7



1 Description M;

1 0
1 Lensh 1
f1
. . 1 4
2 Propagation over distance [y 01
. 1 0
3 Lensj 1
f2
. . 1 1
4 Propagation over distance [, 01
. 10
5 Entrance to the mirror 0 1
L . 1 dy
6 Propagation in the mirror 0 1
. : L0
7 Exiting the mirror (n—1)
L

Table 7.3: Ray matrices M; used to calculate positions of lens of mode-
matching. 5: planar dielectric interface; 7: spherical dielectric interface. n:
a refractive index of the glass the mirrors in the cavity are made from; d,,:
thickness of the mirror (4 mm); [;: distance between lenses; ly: distance from
the last lens to the optical cavity.

optical component, the complex beam parameter is transformed according to
the ABCD law

Agq+ B
e 7.33
1 Cq+ D (7:33)
when the ray matrices
A B
M; = {C’ D} (7.34)

are used. The beam undergoes transformations by optical components, whose
ray matrices are written in table [7.3] The beam at the moment of exiting
the first mirror of the resonator is a modification of the original beam by the
product of these ray matrices

M=]]M: (7.35)

The complex beam parameter calculated according to ([7.33)) is labelled as ¢’
from now.
The stability criteria of the optical resonator demands the complex beam

parameter with the absolute value given by the prescription [see Yariv, (1997,
p. 134]

1 1 d
res:___. —(2—-=]. .
q 7 ¢ dR( R) (7.36)
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It means that condition
¢ = Gres (7.37)

must be fulfilled. The freely variable parameters are [; and [y, the separation
of both lenses of the mode matching system and the distance from the last
mirror to the optical resonator, respectively. One can obtain them from the
solutions of two equations with two variable (I; and l5)

Im(q') = Im(gres) (7.38)

and
Re(q') = Re(gres) - (7.39)

Their solution can be calculated well using a computer algebra system like
Maxima (http://maxima.sourceforge.net).

7.3 Evaluation of recombination rate coefficients

The effective recombination rate coefficient is evaluated by fitting the formula
to the measured evolution of the number density of monitored ion specie
after the discharge is switched off. The number density of the ions in specific
states are calculated according to (7.12)). The overall number density of the
ions is calculated according to . At low temperatures only several states
are populated. If we can monitor them, the sum of their number densities is
taken as the overall number density.
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8. Flowing Afterglow with
Langmuir Probe — Cryo-FALP 11

Cryo-FALP II apparatus is a modification of a standard FALP (Flowing Af-
terglow with Langmuir Probe) device. The details of the FALP technique are
in Larsson and Orel [2008] and [Smith et al.|[1975]. The current experimental
setup is described in Kotrik et al.[[2011b] and very thoroughly in |Kotrik|[2013],
therefore I will give only a basic description here.

8.1 Overview

A scheme of principle of the apparatus is drawn in figure 8.1} A helium buffer
gas is ionised 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 centimetres
down stream from the discharge (section I. in the figure) to remove metastable
helium atoms and to form an Ar™ dominated plasma. Further down stream
(section II. in the figure), Hy (or D) is added to form H3 (or D) dominated
plasma. The sequence of ion—molecule reactions leading to the formation of
H; (D7) dominated plasma is discussed for example in [Novotny et al.| [2006];
Plasil et al. [2002]. The crucial reactions are written in table[8.1] The decrease
of the electron number density n. along the flow tube is measured by means
of axially movable Langmuir probe.

The region I. in figure is pre-cooled by a liquid nitrogen to ~ 100 K.
The region II. is cooled by a cold head of helium closed-cycle refrigerator
Sumitomo CH 110. The desired temperature is achieved by simultaneous
cooling of the cold head and heating of the elements connecting thermally
the cold head with the flow tube. The cold head is positioned in a vacuum
vessel and thermally isolated in this way. The temperature is monitored by
silicon diodes and transistors installed along the flow tube and on the cold
head at several places. Since the buffer gas has the velocity of several meters

para or normal

H,

microwave
He discharge  Ar

.
S
......
.

— e b — —— —c—

ﬁ Roots pump

U4

Pumping

cold head

Figure 8.1: Scheme of principle of Cryo-FALP II apparatus and its mode of
operation. I. and II. indicate two different reaction- and temperature regions.
The inner diameter of the flow tube d =5 cm.
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region reaction rate coeflicient reference

(cm3s™1)
L. HeM + Ar  —  Art  He te 7(—11) Tkezoe et al.[1987]
Hef + Ar — Art +2He 0.2(-9) Anicich| [2003]
1I. Art + Hy — ArHt + H 0.8(-9) Dotan and Lindinger| [1982]
(— HI + Ar) negligible and |Anicich) [2003]
HY + Ar — AtHt + H 2.3(-9) Glosik! [1994]
Hy + H, — Hi+H 2(-9) Cordonnier et al.| [2000]
ArHY + Hy, —  Hi+ Ar 1.5(-9) Villinger et al.|[1982]

Table 8.1: The most important reactions leading to H; formation in Cryo-
FALP II, the room temperature values. HeM stands for helium atom in a
metastable state (23S, [Plasil et al.| [2002]). The last two reactions are men-
tioned in chapter [2| because of their branching ratios to different nuclear spin
states of Hj ions. The rate coefficients of reactions for region II. have not-
fully-understood temperature dependence at low temperatures |Ervin and Ar-
mentrout} 1985; Hawley and Smith| [1992; Hu et al., [2013].

per second, its temperature Tg, does not correspond to the temperature of the
flow tube Tgr. Typical axial distance [, at which Ty, = Trr has the magnitude
of order of the diameter of the flow tube. Lower the temperature is and faster
the gas velocity is, longer is this ‘“relaxation length”. This must be considered
during evaluation of measured n, decay curves. For the computer simulation
of buffer gas cooling, see |[Kotrik [2013].

The gases flow through a purification cold trap — reservoir filled with liquid
nitrogen or pre-cooled ethanol (= 170 K), depending on the boiling point of
the gas used. The He gas, as a main source of impurities due to large flows
used, is purified also in two zeolite molecular traps cooled by liquid nitrogen.
Flows of He, Ar and "H, gases are measured by flow meters and controlled by
flow controllers or needle valves. The flow of °Hs is set by temperature of the
para-hydrogen generator’s cold head. Since there is no flow meter on the way
of °H, to avoid a back conversion on a surface of the meter’s heated parts,
the conductivity of the valve V1 from figure (para-hydrogen generator’s
vacuum scheme) must be calibrated before each measurement. This is done
by setting the pressure above turbine TMH 260 (measured by Pn3 Penning
gauge) and a specific flow at flow meter FM1 shown in figure

8.2 Data analysis

In Cryo-FALP II, n, along the flow tube is measured by the movable Langmuir
probe. Since the gas and the plasma are flowing, the position of the probe [
in the flow tube can be interpreted as the time position ¢ in the physicochem-
ical processes if we use an appropriate transformation ¢t = f(I). This function
is obtained by a calibration measurements when the power of the microwave
discharge is modulated and the time delay of n., modulation at various po-
sitions [ is measured [see Kotrik, 2013|. The Langmuir probe is calibrated
by measurements of a well-known reaction rate-coefficient, typically of OF -e~
recombination.

To obtain the effective recombination rate coefficient aeg, measured ne(t)
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can be fitted by function . The problem is that this method is partly based
on a subjective choice of the beginning of the decay time period ¢ = 0 in the
flowtube (note the time-space transformation): one often cannot distinguish
when the ion-formation (consisting of reactions from table is complete
and when only the recombination and the diffusion prevail. The ideal decay
curve described by function can be also perturbed by inhomogeneous
temperature in the beginning of the flowtube in reality. Another problem is
that function is non-linear in its parameters, so the usage of the simple
least-square fitting method is not favourable |Press, [2007].

To overcome the aforementioned disadvantages, a so called “advanced in-
tegral analysis method” [Korolov et al., 2008| was used to filter out the effect
of diffusion and ion formation from the recombination curve. This is based on
a formula obtained from integration of equation

t1

ne(t) th —to /

1 = —Q t)ne(t)dt 8.1

og | 2] + 1210 — e [etomato s.1)
to

where £ = [AT]/n. (AT is a studied dominant ion) and ¢, and ¢; are integration

limits. If we define .
1

T = /nedt (8.2)

to

and (t) oy
Nell1 1~ lo
=1 .
y=tog || 2t (83)
then if £ = 1 (the studied ion is dominant),
Y(x) = —egx . (8.4)

When we analyse measured data, the integration limit ¢, is chosen so that the
resulting y(x) has the form of the relation [l The constant aeg is obtained
as a slope of y(z). In this way we avoid the region in the flow tube, in which
the chemical kinetics can not be simply described by the recombination and
the diffusion.

A similar method can be used to obtain the rate coefficient for the colli-
sional radiative recombination Kcgg, if we substitute aeq to Kcrr and £(t)

to ((t)ne (¢ = [AT]/ne).

IThis holds only when proper 7 is used. The diffusion time 7 is regarded as a variable
parameter obtained by minimising the x? of the linear fit.
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9. Determining population of Hs
molecule’s nuclear spin states

9.1 Nuclear magnetic resonance

PH, has been used to enhance a sensitivity of nuclear magnetic resonance
(NMR) experiments for more than 30 years [Canet et al., 2006]. In so called
PASADENA or ALTA-DENA experiments, PHy molecule is inserted in a mo-
lecule at two non-equivalent positions by an appropriate chemical reaction.
The resultant product exhibits 10*-10° times greater “hyperpolarised signals”
in proton NMR spectra [see Canet et al., 2006, and references therein|. In case
of evaluation of P fy in “Hy gas, one can simply take advantage of the fact that
PH, is not visible in NMR spectrum because of its zero magnetic moment, and
compare the °Hy signals from °Hy and "Hy, which has known P fy = 0.25.

9.1.1 Methodology

NMR spectrum was obtained using Bruker DRX 500 NMR Spectrometer op-
erating at magnetic field 11.7 T (*H resonance frequency 500 MHZ)EI The
samples were prepared in a following manner. 50 x 10° Pacm?® of ®H, was
liquefied in para-hydrogen generator containing untreated Fe,O3 catalyst at
Toc = 11 K. After 30 minutes, the catalyst was heated to T = 18 K to
obtain °H, gas with vapour pressure ~ 10° Pa. Since this gas was going to be
the one with a maximum value of P fo we distinguish it by labelling it as & Ho
in this work. The outlet of the ¢ Hy (from CC) was opened to an evacuated
NMR cuvette immersed into the liquid nitrogen in order to obtain a higher
room-temperature pressure of the sample. The "Hy was simply put to the "Hy
cuvette from a bottle and the gas pressure was set by a reduction valve to
~ 2 x 10° Pa. As soon as the samples were prepared, the NMR measurements
at temperature 77 K were performed.

The exact amount of the gas in the cuvettes was not measured until the
NMR experiments were finished to avoid ortho-para back-conversion on un-
known surfaces of a gauge. Eventually, the amount of Hy gas in the cuvettes
was measured as a pressure in a chamber with known volume, to which the
gas was expanded.

9.1.2 Results and discussion

The results from measurements of NMR spectra of { Hy and "Hs samples are
shown in figure[9.1] The value of P f, for ¢ H, was evaluated from the integrated
signal intensities and it was found to be (0.87 4+ 0.01) (the uncertainty results
from an error of the fit).

Since this value was lower than expected, 41 'H spectra of °H, were ac-
quired during the period of 20 hours at 298 K. The integrated signal intensities

1Special acknowledgement to RNDr. Jan Lang, Ph.D. from the Department of Low
Temperature Physics.
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Figure 9.1: NMR spectrum of PHy and °Hs in cuvette

were subject to exponential fit. The back conversion rate was calculated to be
7 = (97 £ 4) hours, which means 0.9% in the first hour. This agrees with the
observation by |Tom et al.| [2009a] (0.8% hour™* for NMR tube). Such a high
back-conversion rate is most probably caused by presence of O, impurities,
which may have been caused by a bad seal of the cuvette and by difficulty of
evacuation of such glass container (see section and work by Tom et al.
[2009a]).

The high initial value of °fy could have several reasons: the impurity in
the NMR cuvette; a high temperature of the outlet tube, which may have
contained a catalysing dust; Fe,O3 catalyst was not treated by heat in hy-
drogen atmosphere (see section ; the ortho-to-para conversion period of
30 minutes could have been not enough. However, the most probable is the
variant that { Hy was leaking from the NMR cuvette and the pressure inside
measured after the NMR experiment was lower than during the NMR meas-
urement. This had the effect that the °H, signal was assigned to lower [Hy]
than it was in reality.

Because of big amount of possible systematic errors, NMR measurement
of P fy is perceived as a rough estimation. Since the precise knowledge of P f5
is of no importance for H3 -recombination studies the final statement that

fy = 0874

(for ¢ Hy) was satisfactory.

9.2 NT 4+ H, reaction

We measured dependence of the reaction rate coefficient & from (4.3)) on kinetic
temperature of Hy and He buffer gases at various ratios [¢ Hy|:["Hs]. Heat-
activated HFeO, (see section [5.3]) was used as the catalyst and typically 50 scc
of "Hs was adsorbed on it at Tcc = 11 K for more than 1 hour.

The results of the measurements of k are plotted in figure (9.3, The dashed
lines indicate the fits of °k and Pk by the Arrhenius-type formula

k= /{JA exp(—TA/T) (91)
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Figure 9.3: Arrhenius plot of the reaction rate coefficient k for various values
of °fy. Dashed lines: fits of ®Hy and °Hy data by formula (9.1). °Hs: ka =
1.9 x 1079 em3s™, Th = 18 K. PHy: kp = 14 x 107 em?s7!, Ty = 230 K.

in the temperature ranges mentioned in relations (4.4) and (4.5)). The lowest
obtainable ° f, was found to be 0.5%. Figure depicts a calibration line for
evaluating °f, from the value of k measured at the temperature of the trap
11 K.

9.2.1 Investigation of influence of vacuum system’s set-
tings on P f,

This chapter is an extension and explanation of the article by Hejduk et al.
[2012b).

The lowest accessible © f5 is affected by the duration of { Hy gas’ stay in the
pipe leading from the para-hydrogen generator to the trap, probably because of
the para-to-ortho back-conversion on unknown catalytic surface, for example
walls of the pipe. Most probably, the following holds for final P f; of the gas
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Figure 9.4: Dependence of °f; on k at temperature of the trap 11 K — ¢« © fo-
meter”. Obtained at Tcc = 11 K. The value of °f; was varied by adding “H,
to "Hy. The line (if drawn in linear scales) is a degree 1 polynomial, which has
the value °f, = 0 at k = 0 cm?®s™!. [Hy] = 5.5 x 10" em™ — 5.0 x 102 cm ™3,
He not present.

injected to the trap:
Pfa="faexp(—v7), (9.2)

where P fy is the initial value of P fy of the { Hy gas above the catalyst, v is
a para-to-ortho back-conversion rate (in s7!) and 7 is the time °H, gas has
spent in the pipe. This time 7 can be shortened by side-pumping of “Hy gas
that has not flown into the trap through a by pass depicted in figure In
an approximation,

_ PMI PMI
- q  PS

where P, is the pressure inside the connection pipe, M and [ are a cross section
and a length of the pipe, respectively, and ¢ is the flow through the turbine,
which is equal to the product of the pressure above the turbine P and its
pumping speed S.

Since majority of the °Hy gas is pumped by turbine

T

(9.3)

PS
(PC_PX)01:PS:>PX:PC_F7 (94)
1
where FP¢ is the pressure above the catalyst and (' is the conductance of valve
V1 (see figure . P can be expressed by a simplified Antoine equation

B
Po = Aexp (—E) (9.5)

with free parameters A and B.
If we put all the relations together, we obtain

B
log? fo = log? fo — {Aexp (——)

PS) Mlyv
9.6
" } (9.6)

o, [ PSS
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Variable Meaning Units
P fo0 initial P fo -
A

vapour pressure dependence parameter Pa
B vapour pressure dependence parameter K
Tco catalyst temperature K
P pressure above the turbomolecular pump Pa
S pumping speed of the turbomolecular pump cm? s~}
Cy conductance of the valve V1 cm?® s
M cross section of the pipe cm?
l length of the pipe cm
rate of para-to-ortho back-conversion st

Table 9.1: Variables in equation . The dependence of the vapour pressure
on the catalyst temperature is a simplified Antoine equation.

for the final P f, (used variables are summarised in table [9.1). The expression
can be simplified further to

Z
logPfo = X +Yexp (—?) (9.7)

to contain only three unknown parameters X, Y and Z.

If we keep P and ('} constant and vary Toc, we can obtain the rate of back-
conversion v. Results of the measurement carried out for this purpose are in
figure[9.5] The experimental data are fitted using the simplified equation (9.7)).
The resulting parameters are the following: X = (2+9)1073, Y = —(8 £ 30),
Z =(93+6) K. From Y we can estimate v < 5 x 107?s™! if we take the value
for A from van Itterbeek et al|[1964] (as an estimation because of different
temperature range in the work), however with huge (one order of magnitude)
erTor.

As a complementary measurement, a dependence of Pfy on P with the
catalyst at a temperature Tcc = 11 K was measured. This is equivalent to
measuring the dependence of Pfy on side-pumping speed. P was set by the
needle valve V2. Equation can be modified to the form

Y

pfo_ -
logPfo =X — 5 (9.8)
By fitting this to experimental data for two different (', we obtain X =
—(6.5+0.5)107 and Y = (3.8 £ 0.7) 107° Pa for the first case, X = —(6.0 &
0.5)107 and Y = (9 4+ 4) 1077 Pa for the second case. If we put and
to one equation and take the vapour pressure above solid hydrogen at
the temperature 11 K from Bates| [2002], we can estimate v > 5 x 1074s71.
Moreover, we can derive backwards, that the valve V1 was open more in the
first case than in the second case, which is in perfect agreement with our
intuition: if we open the valve V1 more, we need to close the valve V2 more
to keep the same P and therefore P; rises and the back-conversion speeds up.
The measurements described above have shown that the back-conversion
rate v € (107%, 1072) s~!. The uncertainty is caused by the unknown pressure
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Figure 9.5: The dependence of Pf, on the catalyst temperature at fixed P.
The formula from equation is fitted to experimental data (dashed line).
X =(249)1073,Y = —(84+30), Z = (93+6) K. P = 5x107% Pa, temperature
of the trap 11 K.
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Figure 9.6: The dependence of P f; on the pressure above the turbomolecular
pump. (0.8)) is fitted to the results (dashed line). Dots: X = —(6.54+0.5) 1073,
Y = (3.8+0.7) 107 Pa, squares: X = —(6.040.5) 1073, Y = (94+4) 1077 Pa,
and hence C for dots data is lower than for squares data.
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behind the valve V1 (above the catalyst) Pc. Since the spontaneous para-to-
ortho back conversion is forbidden, the calculated rate is relatively fast. This
can be caused by the presence of a catalytic material on the way of °H, gas to
the trap. One of the candidates for such material is the material of the leak
valve, for example, whose seal is made of Sapphire or Ruby which are both

oxides of Al or Cr.

9.2.2 Conclusion

We are able to calculate the abundance of °H, in “H, produced by the para-
hydrogen generator from measured rate coefficient of the reaction (4.1]) (see
figure [9.4)). The lowest obtainable fraction of the ortho-states is

°fy = (0.5+0.2)%.

This limit was tried to be lowered further by examining the influence of by-
pass pumping of the abundant Hy gas (Hs gas which does not flow to the trap
immediately). Even though the influence of the fraction on the pressure in
the outlet tube was observed, it is not possible to reach higher abundance of
the para-states by any setting of the para-generator’s vacuum system. The
para-to-ortho back-conversion rate was estimated to lie in the interval v &
(107*, 1072) s71. The role of the pipe’s and valves’ material composition in the
para-to-ortho back-conversion is disputable. In any case, the level of ortho-Hy
impurity in our para-states-enriched H, in the trap is the lowest in-situ value
ever documented in detail at similar ion-trapping experiments |Gerlich and

Kaefer], 1989; |Gerlich et al., 2002; [Hugo et al., [2009].
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10. N* + Hy, - NH" + H

This chapter is an explanation and a summary of Attachment[A.]].

The title reaction was studied using 22PT apparatus. See Attachment
for the results of these studies and section [0] for a description of the meas-
urement procedure. The experiments were performed with N* primary ions
produced via dissociative ionisation of Ny in SIS using energetic electrons (60
¢V). Under such conditions, population of 3Py /3P; /3Py states is 1:3:5 (see
figure . The target molecules Hy were present in the form of gas filling up
the chamber with the trap.

A typical set of raw data, recorded at a 22-pole temperature of 52 K and
with buffer and reactant gas in the trap ([He] = 5.2 x 10! em™3, ["Hy] =
1.6 x 10 cm ™), is shown in figure 3 of Attachment [A.1] In the first 10 ms,
the sum of all detected ions ¥ is increasing due to phase-space compression
of the injected ion cloud via collisions with the cold buffer gas. This leads to
an increase of the detection efficiency (mainly acceptance and transmission of
the quadrupole).

Figure[10.1 shows a linear decay of the number density of N* over 4 orders
of magnitude. The decay is obviously single-exponential with one rate coef-
ficient written in the figure. No deviation from this behaviour was observed
in the temperature range 11-100 K and concentration ranges [Hy] ~ 10—
10" cm™ and [He] ~ 10210 ¢cm™3. The rate coefficient of the reaction
k was evaluated predominantly using the formula (6.5]). The figure 3 of At-
tachment [A.T], illustrates that ¢y, had to be set to later than 10 ms because of
the thermalisation (see section [6.2). The thermalisation concerns the kinetic
temperature but also the FS states. The relaxation of the latter contradicts
theoretical descriptions of the reaction, as it was mentioned in section [dl The
period At = (tg, — to) was always set long enough to let the counts of N
decrease at least 6 times, i.e.

log 6

At > .
k[Hy]

(10.1)

The figure [9.3] shows the dependence of the rate coefficients on the buffer
gas temperature for several values of °f;. A deviation of the Arrhenius-type
dependence from a single-exponential at higher gas temperatures (> 33 K) for

°fy = 0.75 is obvious at first glance (see also figure 4 of Attachment [A.1]).

10.1 F'S state-specific reaction rate coefficients,
method of gradual fitting

Non-single-exponential characteristic of the Arrhenius-type dependence in fig-
ure [9.3| cannot be reproduced by the model when all three F'S states have same

reaction rate coefficients with the single-exponential temperature dependence
like (4.2)) and the distribution of FS states is independent on the temperature

)
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Figure 10.1: Decay of number of N* ions in over long period (150 ms).

(1:3:5 for j, =0, 1, 2, for example). Therefore we suggest that

k="°fy(Eokio+ &kig + Eakig) +(1 —° f2) (Cokoo + ko) + 52]{?0,247 (10.2)

N S N

kl,m Pk

where ¢, is a thermal population of FS state *P;,, k; ;. (T) is a state specific
rate coefficient for Hy in the rotational state with angular momentum quantum
number j and N* ion in the P, stateE] To keep things simple, we offer
following prescription of &; ;,:

kjj. = kaexp (=Ta/T), (10.3)

where the Arrhenius parameters ka (the “frequency factor”) and Ty (the ac-
tivation energy) are different for each combination of j, j,.
Results of measurements of a dependence of k on °f, are plotted in figure
5 of Attachment for 5 different temperatures (11, 33, 47, 57, 100 K). We
can see from the figure that, as far as °f, dependence of k is concerned, the
relation (|10.2) is valid.
We can extract the first term of the formula (k1) by following
operation on measured data from figure [9.3
by, = PSR (10.4)
°f2
The coefficient Pk was obtained from the data for °fs = 0.005 (see figure .
The result is plotted in figure [10.2l Now the coefficient k1 can be obtained
by fitting the data in 3Py-dominant region (see table .
Similarly, k11 can be obtained by operation

kl,x - ko,ofo

f ==

(10.5)

and the result is plotted in figure [10.3]

IHere I refer to the angular momentum quantum number as j unlike in chapter [1|to keep
track with Attachment
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Figure 10.3: Dependence of k3 form (10.5) on temperature. ko and Pk are
also drawn. See also table @
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ka (1070 cm3s™!) Ty (K)

PL 9.0 215
k10 1.9 18
ki 12 40

Table 10.1: Parameters of (10.3]) evaluated by the method of gradual fitting
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Figure 10.4: Dependence of § (relative error) on temperature. Note that values
for °fy = 0.5% and 3.3% are mainly affected by single-exponential fit of Pk.

The coefficient k; 5 was not evaluated because of high error originating
from the procedure described above. The coefficient Pk has also &;, dependent
parts, but since the described method leads to high errors of kg and ko1, Pk
was set to be equal for all F'S states. The characteristics of the Arrhenius-type
dependences for °fy; < 3.3% are affected by impurities in helium buffer gas
— in case of typical concentration 5 x 102 cm™3, impurities contribute to k
evaluated by the formula with Ak ~ 5 x 1072 em?®s™! at 7" > 50 K and
with Ak ~ 3x 107 cm?s™! at T < 50 K according to our measurements. The
coefficients kx and Ty evaluated here are summarised in table [10.1}

The error of our model can be expressed as

k — kg )?
5= Bl (10.6)
ki
where k is the measured rate coefficient and
kg, = © fa(kio8o + k1,161) + (1 = °f2)Pk. (10.7)

The error ¢ is plotted in figure We can see that the relative error is
~ 10 % for data for °fy; > 3.3%. This is much better than § originating
from comparison of our data with a single-exponential relation proposed by
Marquette et al.|[1988| that rises up to 100% at low temperatures. The effort
to minimise ¢ even for data for °fy; < 3.3% lead to fitting results written in

table 1 in Attachment [A 1]

2Special acknowledgement to prof. Dieter Gerlich.
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10.2 Relaxation of F'S states, model of chemical
kinetics

Here 1 speculate on the relaxation of FS states that may take place in our
experiment. I constructed a model of chemical kinetics including the associ-
ation reactions and the conversion between FS states. The main purpose was
to test sensitivity of our physical model from section to introduction of
finite relaxation rate coefficients. In following piece of text, I try to answer
questions

1. how fast the relaxation must be to observe a single exponential decay
like in figure if coefficients from table are supposed to be real;

2. How fast the relaxation must be to observe the Arrhenius-type depend-
ence from figure to keep the results from table valid.

If we consider that Nt ions are produced with high temperature distri-
bution 1:3:5 for states 3Py,3P;,3Py, it appears at first glance that the rate
coefficient of relaxation

N*(*P;.) + Hy(j) 22 N*(3P,.) + Ha(5') (10.8)

must be several orders of magnitude larger than the reaction rate coefficient.
Here I do not consider a case when spin-orbit energy promotes the rotational
energy of Hy because such process has a low probability from energetic point
of view. Let us consider that k;; has the Arrhenius-type dependence .
Then we can construct a model of chemical kinetics with the reaction rate
coefficients with parameters from table and with the rate coefficient of
relaxation

Fretax = m < {° fa(k1 080 + k11&1) + (1 = °f2)Pk}, (10.9)

where m is a parameter connected with the probability that the relaxation
process takes place before the reaction. The rate coefficient k,q.x follows the
same type of temperature dependence as k. This is inspired by works by
Mielke et al.| [1996] and |Abrahamsson et al. [2007] on Cl + Hy reaction, in
which theoretical relaxation rate coefficients have a same type of temperature
dependence as reaction rate coefficients. Moreover, the relaxation rate coeffi-
cient is several orders of magnitude higher than the reaction rate coefficient
in these works (kpeax ~ 10712 cm3s™ vs. k& ~ 10715 cm®s7!). T am aware of
differences between ion-neutral and neutral-neutral collisions, but these were
only the works about the spin-orbit relaxation (within one degenerate elec-
tronic state) for a reactive couple known to me. Siska |[2001] deals with the
spin-orbit relaxation in He + Ne™ collisions, but these two particles do not
form a stable product by a radiative association or other ternary process at
our experimental temperatures, as far as I know.

The backward rate coefficient (corresponding to excitation) can be calcu-
lated according to a principle of micro-reversibility

(71)krelax = wkrelaxa (1010)
ja, TDE
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where &, tpg is the TDE value of ¢;, for a considered temperature (see figure
[.2). Only FS state change Aj, = %1 is considered. Changes Aj, = £2 are
considered as improbable.

We did not evaluate k; 2 in section because of high error, but now we
need some estimation of its value for our model. Figure 3 in Gerlich [1989)
suggests that k; o = Pk because mainly *Pj state is populated at high temper-
atures. Adiabatic model by Russel and Manolopoulos [1999] assumes that the
ions in 3P, state do not react at all but here I reject this opinion not to be
biased by the theory.

10.2.1 Model of decay, answer to question

Figure shows a simulated evolution of number of N* (P, ) ions and pop-
ulation of FS states (§;,) in time. The initial FS state distribution was set
to

& = & mor(400 K). (10.11)
In all following simulations. Here the multiplication factor is m = 0.05 and
temperature 7' = 50 K — the temperature, at which the Arrhenius-type de-
pendence for "H, deviates from the single-exponential. In the top panel, a de-
viation of curve for all N* ions from single-exponential is obvious. The bottom

10.2 panel shows the evolution of §;, in time in comparison with &;, tpg. The arrow
(if present) points at the “relaxation time”
relax = 3 X Trelax = 3/(krelaX[H2]) . (1012)

The distribution of FS states does undergo major changes after this time,
typically.

Figure depicts the evolution of number of N* ions if m = 0.5. We
can see the linear slope in the top panel (within experimental errors) but the
bottom panel shows that TDE distribution of FS states is not established.
Apparently, the single exponential slope is achievable even without thermal-
isation of FS states. The resulting effective rate coefficient of the reaction
is apparently low because of non-reacting NT(*Py) ions (compare with the
experimental decay line Neyp).

To make the image complete, figure shows the results of the same
model with m = 1.5. TDE distribution of FS states is almost established.
Higher the value of m is, sooner is the steady state distribution established
and more it resembles the TDE distribution.

If we abandon constraints of our physical model given by the parameters
in table the single-exponential decay can be fitted to measured data
in various combination of the reaction and relaxation rate coefficients like in

figure 7 in Attachment [A.1]F]

10.2.2 Simulation of measurements of Arrhenius-type tem-
perature dependence, answer to question

The following figures and are de facto results of computer simulation

of our measurements of Arrhenius-type dependence with "Hy (°fo = 0.75).

3Special acknowledgements to prof. Dieter Gerlich.
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Figure 10.5: Model of spin-orbit relaxation with relaxation factor m = 0.05.
Nexp: measured N1 decay curve. The arrow pointing at the relaxation time
trelax 1S NOt present because it lies out of the z-scale range of the graph.
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Figure 10.6: Model of spin-orbit relaxation with m = 0.5. The top panel:
evolution of number of N ions in 3Pj 1o states and of overall number of
trapped N7 ions. These decay curves are compared with the experimental one
(yellow dashed line). The bottom panel: evolution of population of the FS
states, compared with TDE values (dashed lines). See the discussion in the
text.

81

10.2



10.2

-- N'(CPy))-- NT(CP)-- N'(CP)— NT N..p
o[ ‘ ‘ ‘ : .
107 ¢ [Hy]= 2.6 x10*!" cm* T=50.0K
10_1 E*C\:\\ m=1.5 ]
_ \\\:\:::\\ °f=0.75
5 2 \‘:\\:‘\\
= 10 RS INC S
103 Tl IS
-4 . . \\\‘\\\\\\\
10 00 0.05 0.10 0.15

time (s)

time (s)

Figure 10.7: Model of spin-orbit relaxation with m = 1.5. The top panel: the
decay curve for all N* ions is single-exponential and difficult to distinguish
from the experimental one (yellow dashed line). The bottom panel: the mod-
elled distribution of the F'S states reached the state indistinguishable from the
TDE distribution. See the discussion in the text.

A set of decays was calculated in a temperature range 100-10 K and the rate
coefficient k was calculated from N*-curve (see figures - using the
relation . The value of tg was set to 10 ms and ¢, was set either to 200 ms
or the value from ([10.1]), whichever was longer.

Figure shows such simulation when m = 0.5, i.e. kpeax < k. In such
case, TDE distribution is not established at all. At low temperatures N*(3Py)
ions do not react and remain in the trap. The effective value of k is lowered
over the whole temperature range more than 1.5 times.

Figure depicts the dependence of k£ on temperature if m = 1.5. The
deviation from the real experimental value § ~ 67%. The population of 3P,
state is close to TDE value in the whole temperature range. Deviation of the
population of other states at low temperatures is given by the choice of t, and
tan from equation : the steady state for ;, is not established in the period
between these times.

If m is raised to even higher values, § decreases further and the character-
istics of the measured temperature dependence, including the stair between
T = 20-30 K is reproduced.

10.2.3 Conclusion

It was shown in section [10.2.1|that the single-exponential decay is reproducible
even if the spin-orbit relaxation and the FS-state-dependent rate coefficients
are considered.
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Figure 10.8: Temperature dependence of k resulting from model with m = 0.5.
The top panel: dashed line: kiqay, green line: fit of experimental data, blue
line: modelled curve. The bottom panel: Temperature dependence of modelled 10.2
(full lines) and thermal (dashed lines) populations of the FS states. The
modelled population does not reach the TDE population at any temperature.
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Figure 10.9: Temperature dependence of k resulting from model with m = 1.5.
The top panel: dashed line: k.qay, green line: fit of experimental data, blue
line: modelled curve. The bottom panel: the distribution of modelled FS
states (full lines) reaches a satisfactory agreement with the thermal distribu-

tion (dashed lines).
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10.2

The results from section have shown that our physical model suffers
from inaccuracy only if k... < 1.5 X k, where £ is the reaction rate coefficient.
Attachment is based on the discussion here. The Arrhenius-type de-
pendence for PHy was fitted with FS dependent terms and the possibility of
achieving single-exponential decay curve by any combination of k; j, and Kyejax

was illustrated.
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11. Association of H' with H,

This chapter is an explanation and a summary of Attachment[A.Z.

We studied reactions

HY +?°Hy, — Hi + hv, (11.1)
H++p’OH2+p’OH2 — H;+H2 (112>

using the 22PT apparatus. We measured dependence of their rate coefficients
on the PH, population (Pf;) and on the temperature. Results were published
in [Gerlich et al| [2013] (Attachment [A.2). Here I give a short comment on
published results.

The rate coefficients were calculated by formulas or (6.7), i.e. from
the decay of H" ions’ number or from the number of product ions in a specified
time. The typical decay curve of number of stored H ions is illustrated in
figure 1 of Attachment [A.2] The evolution of numbers of all detectable ions
in the trap cooled to 11 K from experiments with "Hy or & Hy are plotted in
figures and [11.2] respectively.

The thermalisation of HT ions was checked in the same way as in the case
of NT ions (see section [10). The decay of the ion counts can be measured only
under the condition that the rate of the reaction of H™ with H, is faster than
with other molecules present in the trap. The influence of impurities of the
background gas was checked by measurement of H* ions’ number decay when
H, is not present. The presence of impurities in Hy gas was checked by mass
scan of charged particles in the trap and by measurements of the evolution of
their numbers (figures and [11.2)). In the case of measurement with °H,
(figure [11.2), deuterated ionic species are present ([Hi] ~ 10 x [HoD*] in the
whole time scale). This could be interpreted as a result of the reaction of H*
with HD. However, since the abundance of HD in °Hs gas is probably same as
in "Hy (or even lower because HD freezes in the para-hydrogen generator) and
we cannot see such effect in figure , higher abundance of HyDT and Dj is
caused by a chain of hydrogen-deuterium exchange reactions (3.3), (3.4)), (3.5).
The value of P f, evaluated from [HyDT]:[H| ratio’s temperature dependence
in figure for the measurement in figure equals to 0.01, approximately,
which is in correspondence with the value obtained from the study of N +
Hs reaction.

The figure 1 of Attachment shows a significant dependence of the H
decay rate (“apparent binary association rate coefficient £*”) on the nuclear
spin state of Hy at 11 K. The radiative and ternary association terms k, and
ks [equation ] are separated from k* by measuring dependence of k* on
[Hy]. Such measured dependence is plotted in figure 2 (for temperatures 11,
22 and 33 K) and in figure 5 (for temperature of the trap 11 K), both in
Attachment [A.2]

In figure 3, Attachment we plot temperature dependence of £, and
ks measured in "Hy and in § Hy. It is apparent that k3 for "Hy is lower than
for ¢ Hy in the whole temperature range and that the dependence is positive
(Ok3/0Tyept > 0). On the other hand, it is obvious that Ok,/0Typr < 0.
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Figure 11.1: Time evolution of number of H™ and product ions from the
reaction HT + "Hy in 22PT. [Hg] =4 x 10" cm’3, Toopr = 11 K.

11.0

0.1 ]

m H
I.lllll.ll.lllll.ll. Hr
100 L ] 3
< H;, DH
e H,D"
— 10 | .....ooool' 2
UC) ...... v D3
9 o0 ® yvvaV" v
s 1L A\ AN y
5 vy
o Vv
IS
>
c

001 1 1 1 1 1 1 1
25 50 75 100 125 150 175
time (ms)

Figure 11.2: Time evolution of number of H" and product ions from the
reaction H+ + anQ in 22PT (Ofg < OO].) [HQ] =6.9x 1013CH1_3, TQQPT =11K.
Note the ratio between the numbers of Hf and H,DT ions.
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°H, o, M PH, °H,
k3(107® cmfs~1) 4.4 (0.4) 1.4 (0.1) 4.4 (0.4) 0.4 (0.0)
k(107" cm®s™') 1.0 (-0.01) 2.3 (-0.07) 1.0 (-0.009) 2.7 (-0.09)

Table 11.1: Measured binary and ternary reaction rate coefficients and cal-
culated nuclear-spin-state-specific values. The notation a (b) means (a + b x
Toopr/K). It is assumed in the calculation of ortho/para specific values that
Pf, =0.99. Note (1): Data taken from |Plasil et al.|[2012].

Parameters of formulas for fitted curves are summarised in table 1.1l The
values for °H,; and PHy serve for orientation: °H, does not almost react via
ternary association in comparison with PH,, the radiative channel is important
mainly for °Hy. These values were calculated under the assumption that the
contribution from PHy and from °H, are linearly added, i.e.

k(P f2) = (1= °fo)Pk™ +° f°k" (11.3)

which was systematically tested by measuring dependence of k3 on °fy — see
figure 4 of Attachment (k. was not studied this way because of high ex-
perimental error of such measurements). The formula seems to be valid in the
first approximation.

11.1 Discussion and Conclusion

For a detailed discussion, see a relevant part in Attachment and references
therein.

In the review on earlier experiments by |Gerlich and Horning [1992] men-
tioned in section 2.1, one can find that the temperature dependence of the
dissociation life time 74;5 (section was calculated to obey the temperature
dependence 7gis oc 771, and at 80 K the calculated value was ~ 107! s. This
finding may agree with two data points of k, obtained in "Hs, but poorly with
the values measured in °Hs, if no special temperature dependence is expected
for the (HJ)* intermediate complex formation rate coefficient k. (see equation
(2.18)).

In former experiments [see |Gerlich and Horning), 1992, it has been also
found that the rate of radiative emission from excited Hj complex (2.12) 7
lies in a millisecond range, i.e.

7~ 107%s. (11.4)
From the formula (2.18) in section [2.1] we can see that

=

chdis - krTr (115)

Hence we get the rate coefficient for a collision-induced re-dissociation of the
(Hy)* intermediate complex

ks 1
kp, = k—“ —. (11.6)
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If we substitute formulas described in table for k3 and k, in equation
, we get that ky, has a positive temperature dependence both for °H,
and pHg.F_-] This agrees with a common opinion that the intermediate complex
is more stable at lower temperatures, i.e. the complexes re-dissociate with
a lower rate. The explanation of differences between PHy and °H, is beyond
the possibilities of the simple physical model described in section [2.1]

If we assume that the dependence 745 oc 771 is valid, the processes of the
(H3)* intermediate complex formation [the process (2.11)] and re-dissociation
[the processes and (2.13)] are strongly dependent on nuclear spin states
and have non-trivial temperature dependence as it would appear from pre-
scriptions for k, and k3 in equation . However, neither the temperature
dependence of 74 is properly known for a low temperature region and dif-
ferent nuclear spin states as it was calculated only for total reaction energies
> 0.1 eV [Schlier and Vix, 1985|. Further studies on lifetimes of highly excited
Hj ions (and probably also HY ions) are needed to explain our experimental
data.

1Until the critical temperatures ~ 30 K and 100 K (for °Hy and PHs respectively) when
ku,(T) diverges. These critical temperatures are given by our simplified fits (linear approx-
imations) of the experimental data (calculated from the parameters in table SO no
importance should be assigned to them.
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12. Recombination of H; with
electrons

The recombination processes (3.10)), (3.11)) and (3.12) were studied using two
apparatuses: SA-CRDS (described in chapter [7)) and Cryo-FALP II (chapter

. The results of these studies are written in works Dohnal et al.| [2012albjc];
Glosik et al.| [2010]; |Johnsen et al.| [2013]; Rubovié¢ et al. [2013]; |[Varju et al.
[2011]. Except Glosik et al.|[2010], all articles are in attachment. The work by
Hejduk et al.|[2012a] (in Attachment deals with internal temperatures of
Hj ions in the experiments using SA-CRDS apparatus: the knowledge about
the possible excitation of Hj ions was crucial for a correct interpretation of
measured recombination rate coefficients.

12.1 Experimental conditions

Approaches of both apparatuses (SA-CRDS and Cryo-FALP II) to solution of
Hj -e~ state-selective recombination problem are compared in table .

The SA-CRDS apparatus is described in chapter [/} The microwave power
used to ignite the discharge was 4-12 W. Fe;O3 catalyst was used in para-
hydrogen generator. At the time of the experiments, only the value of Pf;
obtained from NMR measurement was available, therefore the uncertainty of
P f, was high. Despite this, enhanced population of PHj was achieved, which
was the main purpose of using & Hj.

Cryo-FALP II is briefly described in chapter [§] Activated HFeOy was used
as a catalyst in para-hydrogen generator. The maximum P f; was known from
studies of N* + H, reaction, and the value was assumed to be valid also in
the flow tube.

Following chapters comment results from measurements at both apparat-
uses described in attached articles.

Parameter SA-CRDS Cryo-FALP 11
Gas temperature 77-300 K 55-300 K
Diagnostics Spectroscopy Langmuir probe

‘What is measured

Populations of three low-lying
rotational states of H;, Tkin
and Tret of HY

Electron number density n,

Generation of Hj
ions

discharge in in He/Ar/Hy
mixture, ArH +Hy, Hf +H,

discharge in He, subsequent
ionisation of Ar, ArHT + H,

[He] ~ 1017 em—3 ~ 101 — 1077 cm—3
[Ar] ~10M - 10 cm=3 ~ 10" cm=3

[Ho] ~ 10" - 10" ecm 3 ~ 102 - 103 ¢cm—3
1/(eftne) ~ 0.1 ms ~ 10 ms
measurement times- | ~ 1 ms ~ 10 ms

cale

maximum P f, 0.877057 0.995 + 0.005

catalyst

F6203

activated HFeOo

Table 12.1: Comparison of SA-CRDS and Cryo-FALP II experiments
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transition wave-number (cm™!) nuclear spin state

3uva(2,1) + 009(1,1) 7237.285 para
3va(2,0) < 009(1,0) 7241.245 ortho
3vi(4,3) + 009(3,3) 7234.957 ortho

Table 12.2: Transitions used in studies of Hj-e~ recombination

12.2 Measurements by SA-CRDS

Attachments [B.1], [B.2], [B.3] and [B.4] deal solely with measurements using SA-
CRDS apparatus. Attachments [C.1] also contain results from these art-
icles. Attachment deals with D7 -e™ recombination studies performed using
the same technology as in the case of Hi ions.

During the studies of Hj -e"recombination we monitored three of the lowest
rotational states of the ground vibrational state of Hi: (J,G) = (1,1), (1,0)
and (3,3) corresponding to para and two ortho states (respectively, see figure
. Specific transitions and their wavelengths are written in table .

12.2.1 The first in-situ determination of nuclear spin state
specific recombination of Hj

This section is an explanation and a summary of Attachment[B./]

The Attachment [B.4] deals with the measurements of recombination rate
coefficients for PH; and °HJ at temperature of the buffer gas Ty, = 77 K.
The kinetic temperature of the ions was found to be equal to Ty, (evalu-
ation method in section . It was the first time in the history of nuclear
spin-state-specific recombination studies the population of para-state was de-
termined in-situ, using the transitions corresponding to (1,1) and (1,0) states
(corresponding to para and ortho nuclear spin states, respectively; the trans-
ition for 3,3 state was not measured at that time yet). The nuclear spin
dependent recombination rate coefficients a.g had to be extracted from two
measurements with two different population of PH; (Pf3), i.e. by solution of

naeff = paeffpfiil + anff(l - pf3/) (121)
et = Plet® f3 + e (1 — P f3) , (12.2)

/
Qleff

Oleff

with respect to Paeg and °aeg. The accented variables were obtained in "Hs,
and ag and P f3 were measured in § Hy. State specific coefficients Paeg and ®aeg
were separated to state-specific binary and [He]-dependent parts — see equation
(3-§). For the results of these manipulations, see figure 2 of Attachment [B.4]
This method of evaluation assumes that the conversion between para-ortho
nuclear spin states has higher rate than the recombination. This was
proven by recording the evolution of P f3 in time: P f; does not change in the
discharge and neither in the afterglow, as it is shown in figure 1 of Attachment
. As a final result, binary recombination rate coefficient o, for pH;f was
found to be almost 10 times higher than for °HJ (figure 3, Attachment .
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12.2.2 Study of rotational temperatures in discharge and
para/ortho-Hj conversion

This section is an explanation and a summary of Attachment[B.1]

The rotational temperature Tro; was supposed to be equal to Ty, in Attach-
ment . Later, the preceding storage ring studies of H3-e~ recombination
were questioned because of high Tr |Petrignani et al., [2011]. To prove that
our measurements are carried out in the ensemble of H3 ions where the distri-
bution of rotational states is thermalised, the transition corresponding to the
state (3,3) was found and monitored in the discharge and in the early after-
glow. This allowed us to study the rotational temperature TR, corresponding
to ortho nuclear spin manifold (TRet-ortho)- Note that fast para-ortho conver-
sion allows us to perceive PH; and °HjJ ions as separate entities (see sections
122,52

The Attachment deals with the topic mentioned above, i.e. with the
internal temperature of Hi ions in the discharge, mainly. Since there is no
input of power in the afterglow, if the internal degrees of freedom are therm-
alised in the discharge, the same must be true in the afterglow. We observed
evolution of Tk;, in time and showed that the kinetic temperature of the ions
is equal to the helium buffer gas temperature Ty, that is supposed to have
the same temperature as the one of the discharge tube measured by a ther-
mocouple, Ty, = Tkin (figure 4ED Figure 6 compares TRrot-ortho With Tk, and
indicates that Trot-ortho = Tkin- In "Hs P f3 was found to correspond to the
value in TDE for given experimental temperatures 77-200 K (figure 8). This
also means that the distribution of the rotational states of Hj is thermal in
case of discharge in "Hs.

The nuclear spin temperature is equal to Tret at 77 K in “H, when
the population of (3,3) state is negligible. This can be seen in figure 7 and also
in figure 10 of the attachment or figure here: compare the experimental
data obtained at Tk, = 80 K for P fy = 0.25 with the full line corresponding to
TDE values of P fy and P f3. The dependences of P f5 on P f5 in figure 10 of the
attachment or in figure in this section (left panel) are linear as assumed by
the high temperature model 2] However, lower the temperature is, slighter is
the slope. The dependence does not follow formulas or (the nascent
line in the figure). Since no [Ar] dependence was observed at Tk, = 80 K,
we conclude that the slope (derivative) is given by temperature dependence of
reaction (1.9). We have shown that

T = THe = TKin = TRot—ortho (123>

and that
Pfs =" f3("fo, T), (12.4)

in the discharge plasma. We supposed that these hold for the afterglow as
well because of absence of external electromagnetic field that would accelerate
or excite the particles — these statements were further verified in the work by
Dohnal et al|[2012b] (Attachment B.2] figures 4 and 6).

'Tn this section, I refer to figures included in Attachment ﬂ (if not stated otherwise),
therefore their origin from this attachment is not mentioned further.
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Figure 12.1: Dependence of P f; on Pf; and on temperature. Left panel: De-
pendence of P f3 on P f5. See section for x-axis error bars. Dashed line with
‘+’ signs in the left panel: Pf; and Pfy for TDE at indicated temperatures.
Right panel: Dependence of P f3 on temperature for "Hy and “H,. The experi-
mental data are fitted by linear polynomials. The P f3 curve for TDE is drawn
in the right panel as well. The fitted curves are extrapolated to lower tem-
peratures. The star symbols indicate the values for 60 K. All plotted points
originate from measurements in the discharge (see the text in section [12.2.2)).

12.2.3 Temperature dependence of ay;, and Ky., colli-
sional radiative recombination

This section is an explanation and a summary of Attachments and [B.3

We performed measurements of a.g in temperature range 80 — 200 K and
evaluated nuclear spin state specific ay;, and Ky at these temperatures. The
results are drawn in figures 12 and 13 in Attachment [B.2] The experimental
values for TDE (i.e. for "Hs, as it was discussed above) were shown to lie on
theoretical curves predicted by [Floresca dos Santos et al.| [2007] for au, and
by Kokoouline for Ky, |Glosik et al., 2010]. Measured state-specific ay, are
following the trend predicted by the theory, but the descent of °ay, for °Hi
towards low temperature is steeper than predicted. The state-specific values
of Kye seem not to follow the theoretical curve, but the accordance within the
order is important to note.

We did not observe the collisional radiative recombination (section
at all in the whole temperature range. In the attachment of the paper by
Dohnal et al|[2012b] (Attachment [B.2)), the numerical fit of the solution of

dn n
¢ = K TI)nd — aeg — — 12.
dt CRR( )ne Aeft ™ ( 5)

to ([°H3] + [PH3]) decay curve for Txi, = 77 K was performed but the best
agreement with experimental results was achieved when Kcgrr was negligible
(figure 14 of the attachment). Since, according to a theory, the electrons are
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Figure 12.2: Dependence of as¢ on time for several [He| at [Hy| = 10em™ and
T = 77 K calculated from a model of chemical kinetics using experimental .,
as =2 x 1070 cm3s™! and the rate coefficient for reaction 10722 cm® s71.
The grey circles indicate values from 250 s that were fitted by a linear function

and plotted in figure in a modified form.

heated in the CRR process from 7, = 77 K only to 100 K, which makes CRR
still observable, the electron heating is not on blame. CRR was observed
neither in D plasma (Attachment [B.5). Why CRR is not observable in case
of studied molecular ions is still an open question.

12.2.4 Influence of Hg formation on measured o.g

Here I deal with the influence of on measured a.g. If we look at equation
(3.16), (1 — &)awer’ is the rate coefficient that is possible to evaluate from
a decay curve for Hj ions. The systematic error of not taking process
into account is equal to as& computed by a model of chemical kinetics and
plotted in figure for several [He| at [Hp] = 10 cm 3.

As discussed in Attachments and oo is evaluated from data in
the time range (200,600) us (after the discharge is switched off). The lower
limit is set to exclude Hy ion formation period. The upper limit is given by
the decrease of the signal below a noise level. Since the fitting algorithm puts
bigger weight to data that are less scattered, the “mean moment” of evaluation
Qe can be typically set to the time 250 ps. If I do so, I can draw a figure
depicting the uncertainty area of measured dependence of a.g on [He]. The
area is lying within the scatter of experimental data. Since as¢ forms a part
of diffusion term in equation (3.26]), a5 is interpreted as a systematic scatter
of data, not the offset.
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8 12 16

Figure 12.3: Modification of "a.g by as. The purple lines Err(HZ) outline the
uncertainty area of experimental data imposed by H; formation.
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Figure 12.4: Dependence of aeg on Pfy and P f3 derived from P f5 using figure
12.1] (right panel). The star values correspond to star-labelled P fy in figure
12.1] The error of the value for P fo = 0.87 is high because of high uncertainty

of pfg.

12.3 Measurements by Cryo-FALP II

We performed series of measurements of g at various [He|, [Hs], temperatures
of the flow tube and P f5. The typical sets of data are illustrated in figures[12.4]
[2.5] and [12.6] The measurements with "Hy are summarised in Attachments
[d

Figure [12.4] illustrates a measured dependence of aeg on Pfy. The linear
dependence is preserved approximately. The values are assigned to
corresponding PH3 populations P f3 (right axis) using the dependence of P f3
on P fy from figure [12.1 measured in SA-CRDS.

Dependences of aeg on [¢, Hy] for four different values of [He] are plotted in
figure m We can see a linear dependence . The lines intersect y-axis
at the points indicated as texrap in figure [12.6) (for & Hy):

Qeff = Qlextrap + K5[H2] . (126>

Figures [12.5] and [12.6] are cross sections of each other. The intersection of
Qlextrap With y-axis in figure m (open red triangles) is the value of

Obin = P f3Papin + (1 — P f3) bin -
The slope of Qiextrap 18 equal to
Kye =P fsP Kpe + (1 — P f3)° Kpe -

In the following text, leading superscripts “e¢” and “n” relate a.g and Ky, to
used type of Hy gas: either { Hy or "Hy, respectively. The values of Paeg, Pampip,
P e and their ortho-counterparts are calculated from “aig, "o Or € Ko, " Kie
in the same manner as it was done in spectroscopic studies [section ,

equation s ((12.1) and ((12.2))]. See Attachments B.3] for details on the

method of evaluation of the state-specific recombination rate coefficients.
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Figure 12.5: Dependence of aeg on [¢ Hs| at temperature of the flow tube
Ter = 60 K for four different buffer gas (He) pressures. The extrapolated
values at [Hy] = 0 are called qiexirap and plotted in figure m

A e O °H, o 'H
12.3 4t R /_/_/._
| '\'Lc,((\ _-
%*\0 - $ [renHz]
~ 3 oA g .
P . _ -
| e i,&——
r\O P ——8_—3— @—D—
- 2 - m -~ o
S PR e Y
5 m
IS 1} —”ET B' i

0O 1 2 3 4 5 6 7 8 9
[He] (10" cm™)

Figure 12.6: Dependence of a.g on [He| at temperature of the flow tube Trr =
60 K for various values of [Hy|. Full red circles: measured in ¢ Hy; open
black rectangles: measured in "Hy. The values for “Hy show much stronger
dependence on [Hs| than for "Hs. Open red triangles and circles indicate
recombination rate coefficients for the limit values for [¢Hy] = Ocm™ and
8 x 102 ecm™3, respectively (calculated from the fits of experimental data in
figure [12.5). They are fitted by linear polynomials — the dashed line and
the dash-dot line. The arrow shows a direction of growing [¢ Hs|. Open red
triangles correspond to extrap from equation (12.6)).
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Figure 12.7: Measured temperature dependence of "ayiy, ©apin, Papin. “Normal-
H;” refers to data measured in experiments with "H,. FALP data measured
with "Hy (¢,Hy) are indicated by filled circles (filled squares). Values for PHZ
and °Hj are calculated using P f3 from figure (right panel). Combined
SA-CRDS/FALP data at 100 K and 305 K are indicated by a filled circle in
a square. The lines indicate the theoretical coefficients for PH} , °H3 and for
H; ions in TDE.

Results of the data-analysis described above are plotted in figures [12.7 and
12.8] The values for P f3 in were obtained from figure [12.1} The nuclear-spin-
state dependent rate coefficients were calculated by the same method as in

section 12.2.11

12.3.1 Binary recombination

Figure summarises values of "ay;, and oy, measured by Cryo-FALP 11
and SA-CRDS in "H, or °H,, respectively, and Pay;, and oy, calculated from
measured data. The values of oy, apin and Pagy, for temperatures 200 K and
80 K obtained by both apparatuses are equal within errors. We successfully
confirmed measurements at SA-CRDS by experiments using Cryo-FALP II.
In this work, we added values of Pani,, Qpin, "apin and “ap, at 60 K. The
relative uncertainty of Pay;, and °apy, is high because of uncertainty of P fs,
which we cannot measure directly in Cryo-FALP 1P| These values agree well
with theoretical prediction by Floresca dos Santos et al. [2007]. The values of
"o are decreasing below the theoretical curve for TDE at low temperatures.

2Nevertheless, the values in the graph are the first nuclear-spin-state-specific recombin-
ation rate coefficients for H3 ions with thermal distribution of rotational states at temper-
atures 60-300 K.
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This is probably because Hj ensemble in "H, has enhanced population of
ortho-states if compared with the TDE value of P f5 in figure [12.1] Interesting
is the fact, that observed °ay;, decreases below the reliably calculable level at
60 K.

12.3.2 Ternary recombination

Figure summarises values of P Ky, ° Ky, and " Ky, (the raw values from
measurements in "Hy) measured by Cryo-FALP II and SA-CRDS. The val-
ues of "Kye, °Kye and PKy, for temperatures 80-200 K obtained by both
apparatuses are equal within errors with exception of the values at ~ 170 K.
Temperature dependences of P K., ° Ky, and " Ky, differ from theoretical pre-
dictions |Glosik et al., 2010] but the values are of the same order. Figure 2
of Attachment compares the data measured in "Hy with the He-assisted
ternary recombination rate coefficient of Ar™. No similarity is found. How-
ever, in case of Dj-e~ recombination (which was studied in Cryo-FALP II as
well, figure 3 in the same attachment) the values of Ky, follow the theoretical
curve for Ar™ [Bates and Khare, [1965|. By the way, this equality is strange,
because the value of Ky, should be scaled with the reduced mass of colliding
partners (Ar-He vs. D3-He). Such inclination to the theoretical curve (drawn
by a full line in figure is not visible in the case of the para-state-specific
coefficient P Ky, and in the case of ° Ky, the similarity cannot be deduced just
from three measured values reliably.

The values for 60 K have big error because they are evaluated using P f3
from figure [12.4]

12.3.3 Measurements below 60 K

Attempts to replicate results for 60 K and for “H, described above also for
the temperature of the flow tube 50 K were unsuccessful. The fits (described
in section of aeg to measured decays varied with the initial time position
to during the decay. If CRR was taking place, a.g would decrease with time
because of decreasing n.,. However, in this case, a.g was increasing with the
time as it is shown in figure [12.9, This may correspond to slow formation of
H; ions and rapid creation of Hy ions in ®H,. The difference between cases
with °*Hy and with "Hs is also visible in dependences of K5 on the buffer gas
pressure [12.10] and [12.11; while they are same for °*Hs; and "H, at = 77 K,
their slope differ significantly at lower temperatures.

There are several possible explanations of the slow formation of Hy in °Hs.
One is that the chemical kinetics leading to Hj ions is different for “H, and
"Hy significantly at low temperatures. The dominant formation process in
Cryo-FALP II is reaction (2.3). ArH™ is created in reaction Art + Hy — there
are still uncertainties about behaviour of this reaction at low temperatures.
Some groups of experimentalists made conclusions in past that this reaction’s
pathway is hindered by a potential barrier of the height ~ 50 K |Ervin and
Armentrout, 1985; Hawley and Smith| |1992|. A reliable experimental confirm-
ation of this hypothesis does not however exist so far. The second hypothesis
explaining our measurements is that the recombination dynamics is much more
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Figure 12.8: Measured temperature dependence of " Kye, °Kye, P Kyge. FALP
data measured with "Hy are indicated by filled circles. The lines indicate the
theoretical coefficients for PHi, °Hj and for HJ ions in TDE. The full line is
a theoretical curve for Ar" [Bates and Khare, 1965].

different in °Hy than in "Hy and the competition between [Hs|-enhanced and
He-assisted recombination exists. This is reflected to our measurements in the
form of different K5 for °Hy and for "H like in figure [12.T1]

Lowering of [Hy] to suppress HY formation may not help, because the para-
ortho conversion rate will decrease below the recombination rate, which would
result in faster recombination of PH; in the beginning and re-establishment
of a para:ortho steady state in later decay times. Such effect would make the
reliable fit of a.g to the n, decay curve impossible.

12.4 Conclusion

Our achievements in measurements of Hj-e~ state specific binary and tern-
ary recombination rate coefficients are summarised in figures and [12.8
We obtained them in the temperature range 60-300 K using two different
apparatuses and two different diagnostic methods. Measurements from both
experimental setups are in accordance with each other.

We have shown that the difference between the binary recombination rate
coefficients for PHS and °HJ increases significantly with the decreasing kin-
etic temperature. This is in accordance with the theory of |Floresca dos Santos
et al.| [2007]. °Hj recombines with one order of magnitude lower rate coefficient
than PH; at temperatures < 77 K. Our results are obtained in a thermalised
afterglow plasma where the rotational temperature of the PH and °Hj en-
sembles are equal to the kinetic temperature of the ions. Even though there
are several uncertainties concerning the electron temperature, the mechanism
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Figure 12.9: Dependence of aeg on initial fitting time ¢, from equation (8.1))
if ¢ Hy is used. Measurements were carried out at Trr = 55 K. Values of [He|
and [¢ Hy| are written in a legend.
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polynomial (dashed line).
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Figure 12.11: Dependence of K5 on buffer gas pressure at temperature of
the flow tube Trr ~ 60 K. The values for "Hy and { Hy are fitted by linear
polynomials (dashed line in the case of ¢ Hy, full line in the case of "Hs).

of electron heating in CRR cannot explain observed decay curves (see section
12.2.3)).

The ternary Hf{—e_ recombination rate coefficient Ky, shows a strong de-
pendence on the nuclear spin states. Data obtained in Cryo-FALP II suffer
from big error because the population of para and ortho states of the ions is
not determined in-situ.

The convergence of the temperature dependence of the ternary recombina-
tion rate coefficient to the theoretical curve of Bates and Khare [1965] observed
with D3 ions was not apparent in the case of Hy ions. Further decrease of ex-
perimental temperature could explain more but such practical step demands
better understanding of the chemical kinetics and the dynamics of key Hj -
producing reactions in cryogenic plasma.
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Epilogue

I studied temperature dependence of following reactions:
reaction of N with Hy

2

N+ sz +
+ S opy — NH* +H, (12.7)

radiative and ternary association of protons with Hy

+ PHy +
H™ + — H3 + hv, (12.8a)
oH2
PH, PH,
H" + + — Hy + Ha, 12.8b
and recombination of Hi ions with electrons
PIT+
OHi } + ¢~ — neutrals products, (12.9a)
3
PHT
OHi } + e~ + He — neutral products + He, (12.9b)
3

We obtained nuclear-spin-state-specific reaction rate coefficients
of these processes. In the case of reaction we also discussed
the influence of distribution of N* ions’ FS energy states.

The effect of nuclear spin conversion reaction

POHF 4 POH, — POHS + POH, (12.10)

was observed in the discharge plasma by means of the Cavity
Ring-Down Spectroscopy. We have also shown spectroscopically
that the studies of Hj-e~ recombination were performed with
ensembles of PHY and °HJ ions with thermal distribution of
their rotational states.

Reactions (12.8al), (12.8b)) and (12.7) were studied in the ion

trap (chapter E[) and the recombination was studied using Cryo-
FALP II and SA-CRDS apparatuses (chapters m and . In all
experiments, "Hy gas and specially prepared “H, gas were used
either as a reactant or as a source gas for formation of Hj ions
with specific population of its nuclear spin states.

Attachments, publications in journals, are organised accord-
ing to the experimental apparatuses.
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ABSTRACT

Using alow-temperature 22-pole ion trap apparatus, detailed measurements for the title reaction have been performed
between 10 K and 100 K in order to get some state specific information about this fundamental hydrogen abstraction
process. The relative population of the two lowest H, rotational states, j = 0 and 1, has been varied systematically.
NH* formation is nearly thermo-neutral; however, to date, the energetics are not known with the accuracy required
for low-temperature astrochemistry. Additional complications arise from the fact that, so far, there is no reliable
theoretical or experimental information on how the reactivity of the N* ion depends on its fine-structure (FS) state
3P}, Since in the present trapping experiment, thermalization of the initially hot FS population competes with
hydrogen abstraction, the evaluation of the decay of N* ions over long storage times and at various He and H, gas
densities provides information on these processes. First assuming strict adiabatic behavior, a set of state specific
rate coefficients is derived from the measured thermal rate coefficients. In addition, by recording the disappearance
of the N* ions over several orders of magnitude, information on nonadiabatic transitions is extracted including

doi:10.1088/0004-637X/768/1/86

FS-changing collisions.

Key words: astrochemistry — ISM: abundances — molecular processes

Online-only material: color figures

1. INTRODUCTION

As discussed recently by Dislaire et al. (2012) atomic nitrogen
and nitrogen-containing molecules are important tracers for
understanding astrophysical objects. Due to the abundance of
hydrogen, the nitrogen hydrides, NH, NH,, and NH3, and their
ions are of central importance in astrochemistry. For example,
subsequent hydrogen abstraction reactions, starting with N*,
finally lead to the formation of interstellar ammonia (Le Bourlot
1991). In order to obtain quantitative abundances in various
environments, e.g., in dark clouds, the reaction

N*CP;,) +Ha(j) —» NH" +H 6))

and its dependence on the rotational (j = 0, 1, ...) and the
FS (j, = 0, 1, and 2) states plays a special role. In the 1980s
and early 1990s, there were several experimental activities in
which this reaction was studied at room temperature and below.
Various techniques such as SIFDT (selected ion flow and drift
tube; Adams & Smith 1985), CRESU (Cinétique de réactions
en écoulement supersonique uniforme; Marquette et al. 1988),
low-temperature penning ion trap (Barlow et al. 1986), and
guided ion beams with scattering cells (Sunderlin & Armentrout
1994) provided detailed results. First applications of low-
temperature radio frequency (RF) ion traps to the title reaction
were mentioned in Gerlich (1989) and extended results have
been given in Gerlich (1993). Probably the most sophisticated
experiments have been based on crossing or merging a guided
N* ion beam with a supersonic hydrogen beam (Tosi et al.
1994); however, the ambitious goal of determining state specific
cross sections has not been reached so far. There have also
been various theoretical studies (see Gerlich 1989; Nyman &
Wilhelmsson 1992; Wilhelmsson & Nyman 1992; Russell &
Manolopoulos 1999, and references therein), and interesting

3 Author to whom any correspondence should be addressed.

aspects have been discussed; however, concerning reactions at
low temperature, they raise more questions than they answer.

A basic problem is that one does not yet know whether the
formation of NH* + H is really endothermic or whether some-
where a barrier hinders the reaction. As reviewed by Gerlich
(2008a), the analysis of measured temperature dependencies of
reaction (1) with a statistical theory leads to an endothermic-
ity of 17 meV if one presupposes that FS and rotational states
are in thermal equilibrium and that, in promoting the reaction,
their energies are as equally efficient as translational energy. If
FS energy is not available at all, the assumed endothermicity
has to be lowered to 11 meV to match the experimental results.
High-level ab initio computations are not yet sufficiently accu-
rate to predict this value with the required accuracy, i.e., within
a few meV. This is rather unexpected since one has to calcu-
late only the binding energy of NH*. Discussions of different
high-level ab initio computations, calculated potentials, bond
dissociation energies, and heat of formation for NH and NH*
can be found in Tarroni et al. (1997), Jursic (1998), and Amero
& Vazquez (2005). Also related to this subject are the quantum
chemical calculations of the adiabatic ionization energy of the
NH; radical (Willitsch et al. 2006), the accuracy of which has
been estimated to be about 100 cm™!.

In order to understand reaction dynamics, one needs more
than just the asymptotic energies. In the present case, several po-
tential energy surfaces are involved. The situation is illustrated
in Figure 1 with a simplified electronic correlation diagram
(Mahan & Ruska 1976; Russell & Manolopoulos 1999).
Inspection reveals that, at kinetic energies below 1 eV, only the
NH*(XIT) product can be formed, if the two reactants N* and
H, are in their ground state. For Cs symmetry the reaction can
proceed adiabatically via the more than 6 eV deep double-well
structure, as indicated by the dashed lines avoiding the crossings.
An analytical fit of this lowest adiabatic >A” potential energy
surface has been published by Wilhelmsson et al. (1992). This
surface has been used for low-energy quasi-classical trajectory
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Figure 1. Schematic view of the electronic state correlation diagram for the NH,* system (not to scale; for details see Mahan & Ruska 1976; Gonzilez et al.
1986; Russell & Manolopoulos 1999). The horizontal dashed line indicates that reaction (1) is nearly thermoneutral. Typical experimental and theoretical values
for the endothermicity (or barrier) range from 11 meV (Gerlich 2008a) to 33 meV (Wilhelmsson et al. 1992). The formation of a strongly bound NH,* complex is
possible via avoided intersections (C; symmetry; dashed lines). Important for low-temperature collisions is the coupling between the nine near-degenerate spin—orbit
potential-energy surfaces during the approach of the reactants. This can lead both to FS changes and reaction. The situation is illustrated in the lower left corner on
a magnified scale in adiabatic approximation but also indicating schematically nonadiabatic transitions. The potential curves have been estimated in analogy to the

N*-He collision complex (Soldan & Hutson 2002).
(A color version of this figure is available in the online journal.)

calculations (Nyman & Wilhelmsson 1992; Wilhelmsson &
Nyman 1992) as well as for time-dependent wave packet studies
(Russell & Manolopoulos 1999). Problematic for the compar-
ison of calculated reaction probabilities with low-temperature
experimental data is that, on this surface, the reaction endother-
micity is certainly too large with 33 meV.

Another shortcoming of the calculations mentioned above
is that the role of FS splitting is included using only rather
crude approximations. As can be seen from the electronic
correlation diagram in Figure 1, only one of the three triplet
surfaces that correlates with the entrance channel, allows direct
access to the deep well, while the other two are repulsive.
In statistical theories, this is accounted for by using suitable
electronic degeneracy factors concerning the N* + H, system
this is discussed in Gerlich (1989). A closer look at the initial
splitting region (small circle in Figure 1) reveals that the open-
shell structure of N+(3PJ-U) results in at least nine spin—orbit
coupled potential-energy surfaces. As plotted schematically in
Figure 1 (large circle), they converge at large distances toward
the three states *Py, 3P, and 3P,. The question remains of how
one can reach the product channel on these nine surfaces. Is
there access to the deep well without any activation barrier? The
assumption that only the three lowest spin—orbit surfaces lead
to products, while reaction on the other six is not possible at
low energies is very restrictive. This model, which is based on
strict adiabatic behavior, was applied by Wilhelmsson & Nyman
(1992) and Nyman & Wilhelmsson (1992). It has also been used
by Russell & Manolopoulos (1999). Therefore, we also start the
evaluation of our data on this basis. However, strict adiabatic
behavior not only forbids reactions of ions in the 3P, state but
also inhibits FS-changing collisions. As a consequence, N* ions
in the highest fine structure would be completely insensitive
to collisions with H,. Since in our experiment, however, all
N* jons are hydrogenated sooner or later, a more sophisticated
kinetic model is required to account for the competition between
reaction and thermalization of all three FS states.

Disregarding the details of any multi-surface model, a sim-
pler question is how the different forms of energy, stored in
the excited states of the reactants, can help to promote the re-
action in the endothermic direction. Comparison of the ther-
mal motion of the reactants (here up to 100 K, correspond-
ing to 3/2 kg T = 12.9 meV) with the electronic energy of
N* 3P, 6.1 meV, 3P, 16.2 meV) and rotational energy of Hy
(14.4 meV for j = 1) reveals that all these values are comparable
to the endothermicity or barrier (11 or 17 meV, see above).

The equivalence of rotational and translational energy was
first shown in the pioneering work from Marquette et al. (1988).
In their low-temperature flow experiment, reaction (1) was
studied using para hydrogen (p-H;) as well as normal hydrogen
(n-H,). Note that p-H; has a total nuclear spin / = 0 and only,
even rotational states are allowed while ortho hydrogen has
I =1 and odd rotational states. Normal hydrogen is the 300 K
statistical mixture consisting of 1/4 p-H, and 3/4 o-H,, In what
follows, other mixtures are characterized with the abbreviation
£, indicating the fraction of o-H,. The results from Marquette
et al. (1988) were corroborated in a low-temperature trapping
experiment (Gerlich 1993) and were extended using mixtures
with f= 0.13, 0.03, and <0.01. More systematic studies of the
fdependence are reported in this work.

In all experimental papers prior to 1994 it was postulated
that the energy of the excited FS states is equivalent to trans-
lational and rotational energy. In addition it has been assumed
that, in flow (Marquette et al. 1988) or trapping experiments
(Gerlich 1993), thermal populations of the 3Pja states are reached
rather quickly. There has never been any proof of this. In a
guided ion beam experiment (Sunderlin & Armentrout 1994),
FS energy was simply accounted for using the thermal mean
value (9.5 meV at 300 K). As already mentioned, an analy-
sis of all these experimental results, based on a detailed sta-
tistical model (Gerlich 1989), came to the conclusion that
17 meV is needed to promote the reaction. First doubts con-
cerning the efficiency of the FS energy were formulated in
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Figure 2. Schematic view of the 22 pole ion trap instrument used for studying reaction (1). The copper box surrounding the trap can be cooled down to 10 K. N* ions
are produced from N, gas in a storage ion source (not shown), using electrons with a kinetic energy of 60 eV. After mass selection, they are transferred to the trap via
an electrostatic quadrupole bender. In the radial direction the ions are confined by the RF field (/27 = 19 MHz, Vy = 20 V). The potential inside the trap can be
corrected locally with five ring electrodes. The entrance and exit electrode are used to open and close the trap with electrostatic barriers of some tens of meV. To the

right, ions move through the quadrupole mass spectrometer toward the detector.
(A color version of this figure is available in the online journal.)

Tosi et al. (1994), especially in the context of Figure 4 of that
publication.

This contribution reports new experimental results measured
with a variable temperature RF ion trap. After a brief descrip-
tion of the instrument and typical measuring and calibration
procedures, different sets of data are presented including the
dependence of rate coefficients on the temperature and on the
ortho fraction f and the time dependence of converting primary
ions into products. The data are evaluated using first the adia-
batic model resulting in state specific rate coefficients k; j,(T)
for j =0, 1 and j, = 0-2. In Section 4, additional information
on the reactivity of j, = 2 and the FS relaxation rate coefficient
is presented. Some remarks concerning planned and possible
extension of this work will conclude this paper.

2. EXPERIMENTAL

The instrument used in this study is the Chemnitz AB 22
pole trapping apparatus (Gerlich et al. 2011) which has been
operated since 2009 at Charles University in Prague. It has been
used recently in combination with an effusive beam of H atoms
(Plasil et al. 2011; Gerlich et al. 2012). In the present study,
the neutral target gas is leaked directly into the trap. The basics
of storing ions in RF fields have been described thoroughly in
Gerlich (1992, 1995). A summary of typical applications in low-
temperature ion chemistry has been given in Gerlich (2008a,
2008b).

The central part of the instrument is shown schematically in
Figure 2. The trap (22 rods with 1 mm diameter) is surrounded
by a copper box which is mounted onto the cold head of a closed-
cycle helium refrigerator. Stationary temperatures between 10 K
and 100 K are set by simultaneously cooling and heating. Alter-
natively, temperature-dependent measurements are performed
during the cooling down or warming up phases of the cold
head. Hydrogen gas can be introduced into the trap via two leak
valves, allowing us to produce any mixture from almost pure
p-Hz (f < 0.01) to n-H, (f = 0.75). A few collisions of the
neutral gas with the walls are sufficient to get it into thermal
equilibrium with the trap temperature, with the exception of the
ortho/para ratio. The gas density inside the trap is determined
using a spinning rotor gauge or a calibrated ionization gauge.
The background pressure of the main chamber is lower than

10~7 Pa. With the exception of HD, most gas impurities are
frozen out below 100 K; nonetheless, the small concentrations
left can lead to errors as discussed below.

The primary N* ions are produced via dissociative ionization
of N, in a storage ion source using energetic electrons (60 eV).
Under such conditions it is safe to assume that the three fine-
structure states 2Py, >P;, and 3P, are populated according to
their statistical weights, i.e., with 1, 3, and 5, respectively.
Attempts to thermalize this population prior to reaction have
been described in Gerlich (1993) and Tosi et al. (1994); however,
no changes in the reactivity have been observed. After passing a
mass filter and an electrostatic quadrupole bender, the primary
ions are transferred into the trap. During the filling period,
the electrostatic barrier at the entrance electrode is slightly
negative relative to the potential of the trap. After various
storage times, the trap exit is opened and the ions move
through the quadrupole mass spectrometer and are converted
into a fast negative pulse using an MCP detector followed by
a discriminator. The standard measuring procedure is based on
filling the trap at a fixed frequency with a well-defined number
of primary ions (typically a few thousand) and analyzing the
content after different storage times.

A typical set of raw data, recorded at a 22 pole temperature
of 52 K and with buffer and reactant gas in the trap ([He] =
52 x 10" ecm™3, [n-Hy] = 1.6 x 10'' cm™), is shown in
Figure 3. The injected N* ions react with hydrogen and form
NH*. In subsequent collisions, these products react to form
NH,* and finally NH3*. As discussed by Gerlich (1993), NH,*
is also formed at length, however, very slowly, most probably
via tunneling. In the first 10 ms, the sum of all detected ions
(%) is increasing. This is due to phase-space compression of the
injected ion cloud via collisions with the cold buffer gas leading
to an increase of the detection efficiency (mainly acceptance and
transmission of the quadrupole). Usually such time dependences
are fitted with the solutions of a suitable rate equation system.
In the present study, most information is derived simply from
the decay of the primary ions. Quick information on the decay
time constant is obtained by recording the number of N* ions
at two or three suitable storage times. In order to get deeper
insight into the kinetics, the disappearance of N* is followed
in small time steps over several orders of magnitude (see
below).
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Figure 3. Sequential hydrogenation of trapped N* ions leading to NH;* (i =
1-3) as a function of the storage time ¢. The measurements were performed at
52 K with helium buffer gas [He] = 5.2 x 10'! cm~3 and at a hydrogen number
density of [n-Hy] = 1.6 x 10'! cm™3. The sum of all ions (Z) increases at the
beginning (phase-space compression) and decays than very slowly. The 3.6%
loss is most probably due to reactions with impurities. Evaluation of the decay
of N* leads to a mean rate coefficient of 2.67 x 10! cm3 5!

(A color version of this figure is available in the online journal.)

3. RESULTS AND FIRST EVALUATION

The upper part of Figure 4 shows a collection of rate
coefficients, measured for the title reaction between 100 K and
10 K for different o-H, fractions f, ranging from 0.75 to 0.005.
As explained in Section 2, most data have been taken during
the cooling down phase of the cold head. In addition, some tests
at selected temperatures have been made. Several sets of data,
taken on different days, have confirmed the reproducibility.

One approach to evaluating such a manifold of experimental
results is to use simple Arrhenius-type functions,

k = knexp(—Ta/T), 2)

where Tp = Ea/k is the activation temperature, E, is the
activation energy, and k is the Boltzmann constant. In order to
limit the number of free parameters, the restrictions imposed
by the adiabatic model mentioned in Section 1 have been
implemented. This means only the lowest three FS states can
lead to products while the other six are so repulsive that there is
no low-energy reaction path. In addition, it is postulated that the
population of the FS states relaxes efficiently to the temperature
of the trap. This assumption has also been made in the evaluation
of all previous experimental data (Marquette et al. 1988; Gerlich
1993), although there has never been a direct proof. Under these
boundary conditions, the measured rate coefficient k can be fitted
using the ansatz

k= f(&okio+& ki) + (1 — koo +8&iko1)  (3)

In this equation, f is the selected ortho fraction, and the
coefficients &, account for the thermal population of the two
lowest FS states j,,. For the state specific rate coefficients, k; jo(T)
(withj =0, 1 and j, = 0 and 1), individual Arrhenius functions
have been chosen. Contributions from j = 2 (3% in pure p-H,
at 100 K) have been neglected. Inspection of the upper part
of Figure 4 reveals that the lines follow the data points rather
precisely, i.e., the restricted model fits all experimental data
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Figure 4. Arrhenius plot of experimental rate coefficients k for reaction (1),
measured at different ortho-fractions f (upper panel). The data can be reproduced
quite well with a thermally weighted superposition of state specific rate
coefficients. The used function is given in Equation (3), the parameters in
Table 1. The thin dashed lines are the analytical results for f = 0 (pure p-H;) and
f=1(pure 0-H»). In the lower panel, our data are compared to previous results.
The triangles are CRESU results (Marquette et al. 1988), while the dots are ion
trap results reported in (Gerlich 1993). The data at room temperature and above
have been measured with an SIFDT instrument (Adams & Smith 1985). The
dashed lines which go through the triangles indicate the functions used recently
by Dislaire et al. (2012).

(A color version of this figure is available in the online journal.)

Table 1
State Spemhc Rate Coefficients for the Title Reaction, k; j, (units
1071 cm? s~! and K), Derived from the k(T)

JsJa ka Ta
ko.0 12 230
k1,0 1.9 18
ko,1 14 230
ki1 12 40

Notes. Results measured for various ortho fractions f (see
Figures 4-6) and using Equation (2). ko> and k; > are set to zero
(adiabatic approximation) and it is assumed that the ions are ther-
malized. For more information see the text.

quite well. The parameters obtained are presented in Table 1.
More aspects of this analysis will be discussed below.

In the lower part of Figure 4, our data are compared to a
variety of previously published measurements. For clarity and
orientation, only our new analytical fits for f= 0.75 and 0.05 are
included as solid lines. In addition, Table 2 presents numerical
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Table 2

Previous Measured and Calculated Rate Coefficients for

the Title Reaction (units 107'° cm® s~! and K)
ka Ta n Remarks Reference
8.35 168.5 0 p-Hy
416 419 0 n-H, Marquette et al. (1988)
15.3 177.5 0 p-Ha .
406 425 0 nH, Q74sk)  Oerich (1989)
14.0 230 0 p-Ha .
1.1 26 0 nH, (1040 K)  Oerlich (1993)
4.2 44.5 —-0.17 o-Hy Dislaire et al. (2012)
9.0 220 0 p-H2
1.5 180 —2.1 o-H2 This work
1.75 15 0

Note. For comparison, the results from this work (last three lines) have also
been parameterized using Equations (2) and (5).

values from other experiments and from a statistical theory. It
can be seen that the previous ion trap results (Gerlich 1993)
are slightly lower for n-H, (f = 0.75); however, they overlap
within the combined uncertainties of absolute rate coefficients
(typically 20%). The agreement of the steep decay of k between
100 K and 40 K for almost pure p-H», following the dotted
line for j = 0 in the upper panel is gratifying. At temperatures
below 25 K, the plots for the various mixtures run more or less
parallel, indicating that & is mainly determined by the first half
of Equation (3), i.e., the contributions from hydrogen inj = 1.

As explained in the context of Figure 2, the f values have been
set absolutely by mixing n-H, and p-H;. This method leads to
very reliable values for f > 0.2. An analysis of possible errors
indicates, that mixtures with less o-H, (f < 0.2) have an relative
uncertainty of up to 10%. The ortho fractions given for “pure p-
H,” (f < 0.01) have been determined by fitting the experimental
data using f as a free parameter. Note, however, that it is not yet
clear whether the loss of N* in the low-temperature region is
really just due to the reaction with the small o-H, admixtures or
whether other processes, e.g., tunneling through a barrier, gas
impurities such as HD or RF heating, are the reason for this.

In addition to the systematic variation of the temperature, the

dependence of the rate coefficients has also been recorded by

increasing the ortho fraction in small steps from near zero to
0.75. The results, obtained at five different temperatures, are
plotted in Figure 5. Comparison with the dashed lines reveals
that all data follow a linear increase in good approximation.
This is in accordance with Equation (3) predicting such an
f dependence; however, it is only valid within the simple
model used. Possible deviations could be expected due to
more complex kinetics occurring in the trap, especially due to
differences in FS relaxation for collisions of N* with Hy(j = 0)
or Hy(j = 1). In this context, it is an interesting question whether
the exothermic transfer of rotational energy into FS energy,

N'(CP) +Ha(j = 1) > N'CPiu) +Ha(j = 0), (4

can affect the FS population at very low temperatures. Most
probably, this process is forbidden by nuclear spin restriction,
i.e., the required ortho—para conversion is very unlikely.

4. DISCUSSIONS

As long as there are no directly measured state specific cross
sections, assumptions have to be made about the role of the

ZYMAK ET AL.
T T T
/’ b2
3r ~7100K A
P d
// °
o 57K_ -
b 2 - @ 8
D oer - _ < 4TK A
c - _ Y -
S P -e ® -
'ET -~ ,/" A,A
o ?// .’A/‘A’
1 -
x ;’A’
* -
g%ﬁa’ 1K
> . m & —@ —0— —06
OF'!EI:I-BCI-EDB-EIGB- i
0 0.2 04 f 0.6 0.8

Figure 5. Rate coefficients for reaction (1) measured as a function of the ortho
fraction for the indicated temperatures. As predicted from Equation (3) the
data show a linear increase with increasing f. Nonetheless systematic deviations
cannot be ruled out, especially at very low temperatures. It should be mentioned
that the 11 K results extend over two orders of magnitude.

(A color version of this figure is available in the online journal.)

different energy forms in driving the reaction. In the evaluation
above, the reactivity of ions in the highest excited FS state has
been set to zero, based on the adiabatic model, leading to very
good fits of the data. This agreement, however, cannot be taken
as a proof of the validity of this model, since other analytical
functions, also used in the analysis of chemical systems, are of
fitting capable them.

Deviations from the simple Arrhenius form (Equation (3))
are well known. They can be traced back to deviations of
the threshold onset of an endothermic cross section from the
functional form ~(E, — E,)"/? /E, (E, is the translational energy;
E, is the threshold energy). In astrochemical data systems
(see, for example, Equation (1) in Wakelam et al. 2012) it is
common to account for this using a pre-exponential temperature-
dependent factor with a free parameter n,

k = ka(T /300K)" exp(—Tx/T). 5)

This function, which is called the Arrhenius—Kooij formula, has
been used recently by Dislaire et al. (2012) for reevaluating the
N* + H, data of Marquette et al. (1988). Ignoring the role of
FS energy, they obtained a new set of parameters for o-H, (see
Table 2, Figures 4 and 6). For p-H, they used the unaltered
results reported by Marquette et al. (1988).

In Figure 6, the results of two different fitting procedures
can be compared with each other. In the upper part, the f =
0.75 results from Figure 4 are reproduced together with the fit
based on Equation (3). The four thin lines show the individual
contributions k; j, weighted with the thermal population of the
FS states (£j,) and the ortho fraction f. Inspection of these
contributions reveals that in this model the curvature of the
measured data is mainly caused by the change of the thermal
population of the FS states. Between 50 K and 100 K the
state specific rate coefficient & 1, i.e., reaction of N*(P,) with
H,(j = 1), prevails while the contribution from FS ground-state
ions dominates at low temperatures. It is obvious that the results
obtained for f = (.75 are not very sensitive to ko ¢ and ko ;. For
these state specific rate coefficients more information has been
derived from measurements with p-H; as can be seen in Figure 4.
In the lower panel, the three indicated functions (thin lines, based
on Equations (2) and (5)) have been used. With the parameters
given in the lower part of Table 2, very good agreement
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Figure 6. Two different fits of k(T) measured with n-H;. In the upper panel
Equation (3) is used with the parameters given in Table 1. The four thin lines
show the individual contributions k; j,, weighted with the thermal population
of the FS states (§,) and the ortho fraction f. In the lower panel, the functions
given in Equations (2) and (5) have been used directly. Three functions had to be
used to get also a good fit. They are plotted as three thin lines together with the
parameters used. In addition, this plot also shows the results from phase-space
theory (short dashed line (Gerlich 1989) and the function used by Dislaire et al.
(2012).

(A color version of this figure is available in the online journal.)

with the data points has also been reached. In this case, the
curvature of the data is reproduced by the pre-exponential term.
With the exception of the activation temperatures T, a scientific
interpretation of these results is not obvious. Perhaps this can
be taken as a hint that the 3P, state really plays a significant role
at temperatures above 40 K.

The two examples shown in Figure 6 and discussed above
illustrate that the analysis of the manifold of measured data is
somehow arbitrary and that more experimental information is
needed. Another problem, already mentioned in Section 1, is that
our evaluation of the data is internally inconsistent since the 3P,
state is excluded postulating adiabatic behavior on one side but
it assumes efficient FS relaxation on the other side. In order to
shed some more light on this conflict, additional experimental
information is used, namely, the temporal changes of the ion
composition in the trap as illustrated and discussed in Figure 3
and shown in Figure 7.

Since, due to the ionization process, the initially injected
primary N* ions are in the 3P, state with a probability of
5/9 (3/9 in 3Py, 1/9 in 3Py) thermalization of the trapped
ion ensemble and hydrogen abstraction reactions occur in
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Table 3
Experimental Parameters Used in the Measurements Shown in Figure 7
a b c d
T (K) 110 98 11 11
[Ha] (cm™3) 1.8E12 2.6E11 2.0E12 2.8E13
f 0.75 0.0055 0.75 0.0093
[He] (cm™3) 24E12 23E12 1.2E12 2.4E12
(k) 3.20E-10 1.00E—-10 2.20E—-11 2.20E—-13

competition with each other. In order to model the kinet-
ics, one needs the relevant rate coefficients. A first attempt,
based on state specific reaction rate coefficients calculated
with phase-space theory (Gerlich 1989) and assuming re-
laxation rate coefficients krj,—j,—1 = 10™ cm® s=! with
n = 11, 10, and also 9, was reported in Tosi et al. (1994).
While all measured decay curves were mono-exponential (af-
ter thermalizing the kinetic energy; see also Figure 4 of
Gerlich 1993) the simulation always predicted an initial fast
decay of primary ions followed by a slower one (see Figure 4
of Tosi et al. 1994). This curved behavior is obviously due to
the high reactivity of the excited N* ions as predicted by the
phase-space theory. In Tosi et al. (1994), a trivial solution has
been proposed: fine structure energy is just not available, i.e.,
all ions react with the same rate coefficient. Looking at the po-
tential energy surface and Figure 1, there is no obvious reason
for such an extreme behavior.

For testing various assumptions, additional measurements
have been performed under different experimental conditions.
The number density of H, has been varied over more than two
orders of magnitude. In addition, He buffer gas has been added
with a number density of some 10'?> cm™ so far without any
significant changes. A selection of new results is plotted in
Figure 7. The upper part shows the decay of the relative number
of N* ions at about 100 K, the lower part of figure shows decay
at 11 K. In the measurements on the left, n-H, was been used; on
the right p-H, was used. All relevant experimental parameters
are collected in Table 3. As can be seen from the thin lines,
all four data sets can be fitted almost perfectly with a simple
exponential decay function,

Ny (1) = Nge /7. (6)

From the measured decay times 7 and the hydrogen number
densities [H;], mean rate coefficients have been calculated

(k) = (z [HaD™". )

The resulting parameters (k), which are an average over the
time dependent FS population, are included in Table 3. In
order to understand these observations in more detail, several
additional facts need to be mentioned. (1) The decay rate of all
N* ions is at all times the same. The slight deviations during the
thermalization of the translational energy after ion injection
can be ignored at the timescales used in Figure 7. (2) The
monotonous decay can be followed until storage times where
only 10~* of the injected ions are left over. (3) Simulations with
rate coefficients from phase-space theory always lead to a faster
decay at the beginning (concave curvature). (4) Setting the rate
coefficient for the 3P, state to zero (strict adiabatic model) but
allowing for relaxation always leads to a convex curvature.
Guided by these facts we have developed a kinetic model that
includes reaction of all three states of N* and also FS-changing
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Figure 7. Decay of N* ions measured at the indicated temperatures and for n-Hy (left, f = 0.75) and for p-H, with minor o-H, impurities (right, f < 0.01). Note the
different scales. All relevant experimental parameters are collected in Table 3. The experimental data (circles) can be fitted well with a first-order exponential decay
resulting in the mean rate coefficients (k) (also given in Table 3). In reality, the kinetics are more complicated due to the competition of FS-changing collisions and
reactions with H,. The three thin lines, marked with 3P,-a (ja = 0, 1, 2) show a special solution of the changes of the relative number of N* ions in specific FS states.
In all cases, the high-temperature ratio 5:3:1 has been assumed for the initial population. The state specific rate coefficients for reaction and relaxation are given in

Tables 1 and 4. Note that this result is not unique.
(A color version of this figure is available in the online journal.)

collisions. In order to restrict the number of free parameters of

the simulation, we started with the state specific rate coefficients
derived form our experiment, i.e., with the values given in
Table 1. Then the rate coefficients kg, and k; », which have
been set to zero in the adiabatic model, have been increased
slowly. Motivated by the interaction shown schematically in
Figure 1 only FS transitions from 2 to 1 and 1 to 0 have been
accounted for with the relaxation rate coefficients kr,_,; and
kri_o. The reverse rate coefficients, kr_,, and kro_, 1, have been
included in the calculation, making use of micro-reversibility.
Direct transitions between 2 and 0 are assumed to be inefficient.

It has been rather easy to find parameters describing each in-
dividual data set. It also became evident that there are many spe-
cific solutions although there is a strong correlation between the
competing processes imposed by the mono-exponential decay
of the experimental data. The relaxation and reaction rate coeffi-
cients strongly depend on each other. To our surprise we finally
found a very simple solution, taking the four unchanged rate co-
efficients given in Table 1 and also using simple Arrhenius-type
rate coefficients for the highest FS state and for relaxation.

The resulting parameters fitting all our data sets are given
in Table 4. The solutions for the temporal changes of the

Table 4

State Specific Rate Coefficients for Reaction, k; j4, and Rela);alioln, krjasja's

Derived from the Fits Shown in Figure 7 (units 10710 ¢cm3 s ! and K)
kA TA
ko,2 0.51 53.4
k12 1.44 18.4
wias 0.58 370
kriso

Note. Rate coefficients needed in addition to those in Table 1 for fitting the
exponential decay shown in Figures 7(a)-(d).

number of N* ions in specific >P;, states and their sum are
plotted in Figure 7. In all cases, the sum (solid line) follows
nicely the mono-exponential decay of the measured data. A
detailed inspection of (a) and (b) reveals that FS thermalization
is achieved only after 30 ms since the relaxation rate coefficient
is rather slow (4 x 107!'' cm?® s7'). In order to get the
mono-exponential decay during this time the concave function
describing the decay of ions in the 3P, state is compensated by
the two convex functions. At 11 K relaxation is even slower
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(2 x 10712 ¢cm® s7!) and with n-H, (panel (c)) reaction is
faster than relaxation. In order to get the mono-exponential time
dependence, the three rate coefficients are similar. Impressive
is the result (d), where the N* can only react with the traces
of H, (j = 1). Since in this case the H, number density is
more than 10 times higher than in (c), thermalization of the
FS population is achieved in 200 ms. For further conclusions,
more measurements and a detailed mathematical analysis of the
coupled differential equations are needed.

In summary, the results of our model allow several conclu-
sions. (1) FS-changing collisions are rather slow, especially at
low temperatures indicating nearly adiabatic behavior. (2) In
contradiction to the strict adiabatic model, the highest FS state
contributes to the formation of NH* products, but much slower
than predicted from statistical calculations. (3) Our experimental
observations are qualitatively in accordance with the nonadia-
batic couplings indicated in the oversimplified Figure 1. For
a more quantitative understanding, one needs a detailed adi-
abatic or nonadiabatic formulation of the multi-surface prob-
lem. The first approach may be similar to the N*—He system
(Soldan & Hutson 2002); however, in addition to the spin—orbit
coupling, one must include the correct long-range attraction
(charge-induced dipole and charge—quadrupole) and the cou-
plings induced by the anisotropy, and one has to account for
the effects caused by the rotation of H,. At very low energies
hyperfine-interaction may also finally play a role. All this leads
to a complex switch yard of crossings and needs help from
theory to be sorted out!

5. CONCLUSIONS AND OUTLOOK

Based on an extensive set of new experimental rate coef-
ficients k(T f) as well as on a careful analysis of the decay
curves of trapped N* ions, for the first time state specific rate
coefficients for the interaction of N +(3Pja) with H,(j) have been
extracted. There are still uncertainties concerning the role of the
FS energy. Nonetheless it is rather clear that excitation of N* to
the 3P, state reduces its reactivity, but not completely to zero
as predicted from strict adiabatic assumptions (Wilhelmsson &
Nyman 1992; Russell & Manolopoulos 1999).

As long as astrochemical models ignore the FS states of
the N* ions, it is recommended that the rate coefficients for
j = 0 and 1, presented in the lower part of Figure 6 and in
Table 2, be used. However, it must be noted that the two N*
lines (P, — 3P)) at 121.9 um and P; — 3Pp) at 205.2 um
play an important role in certain astrophysical environments,
e.g., in photo-dissociation regions, where matter is heated via
penetrating far-ultraviolet photons and cooled via forbidden
atomic fine-structure transitions. A detailed discussion of such
cooling lines observed in the Orion Bar can be found in a recent
publication by Bernard-Salas et al. (2012). It is obvious that
one needs detailed rate coefficients for inelastic and reactive
collisions with electrons, atoms, and molecules in order to model
such observations.

The presented experimental results give some first informa-
tion on the state specific rate coefficients k; j,(T) for all combi-
nations of j, = 0-2 and j = 0-1. In order to check the results
presented additional experiments must be performed. For ex-
ample, using He number densities of several 10> cm~ and
relaxation times of seconds or longer before hydrogen is leaked
into the trap may finally lead to relaxation of the FS population
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prior to the reaction. An ultimate experiment would be the in
situ state selected ionization of N-atoms via autoionizing res-
onances. Another striking idea is to maintain a stationary FS
population of the trapped N* ions using an intense microwave
wave field at the wavelengths mentioned above.

As established in Gerlich et al. (2011) the apparatus used in
this work can also be operated with a neutral target beam. To
fully understand the NH,™ collision system we plan to study the
reverse reaction

NH'+H — N* +H, 8)

as a function of the temperature of the ion and the atomic beam
source, similar to CH* + H (Plasil et al. 2011). This beam-
trap arrangement can also be used with a high-temperature
accommodator for producing rotationally and vibrationally
excited H. Finally, it must be mentioned that the various
deuterated variants of reactions (1) and (8) including the
endothermic D-H exchange in ND* + H will provide deep
insight into the role of zeropoint energies, barriers, and tunneling
at low energies.

Since 2010, the AB 22PT instrument has been operated at
the Faculty of Mathematics and Physics of Charles University
in Prague. We thank the Technical University of Chemnitz
and the DFG for lending us this instrument. This work is a
part of research grant OC10046 financed by the Ministry of
Education of the Czech Republic and was partly supported
by GACR (P209/12/0233, 205/09/1183), by GAUK 388811,
GAUK 406011, and by COST Action CM0805 (The Chemical
Cosmos).
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ABSTRACT: Stabilization of H;" collision complexes has been
studied at nominal temperatures between 11 and 33 K using a 22-
pole radio frequency (rf) ion trap. Apparent binary rate coefficients,
k* =k, + ks[H,], have been measured for para- and normal-hydrogen
at number densities between some 10" and 10" cm™. The state
specific rate coefficients extracted for radiative stabilization, k,(T;j),
are all below 2 X 107" cm® s™". There is a slight tendency to decrease
with increasing temperature. In contrast to simple expectations,
k(11 K;j) is for j = 0 a factor of 2 smaller than for j = 1. The ternary
rate coefficients for p-H, show a rather steep T-dependence;
however, they are increasing with temperature. The state specific
ternary rate coeflicients, k;(T;j), measured for j = 0 and derived for

j = 1 from measurements with n-H,, differ by an order of magnitude.

22-pole ion trap

(XX
Y o
) °

H'+H,> H;+ hy

E l dissociation

pontaneous
emission

ternary
stabilization

Most of these surprising observations are in disagreement

with predictions from standard association models, which are based on statistical assumptions and the separation of complex
formation and competition between stabilization and decay. Most probably, the unexpected collision dynamics are due to the fact
that, at the low translational energies of the present experiment, only a small number of partial waves participate. This should
make exact quantum mechanical calculations of k, feasible. More complex is three-body stabilization, because it occurs on the H*

potential energy surface.

B INTRODUCTION

In understanding the electronic structure of atoms and the
formation of molecules, the hydrogen atom, the diatomic
molecules H," and H,, as well as the simplest polyatomic
molecule H;" play a fundamental role. Like H,, the triatomic
ion has only two electrons. But instead of one internuclear
coordinate, already three are needed to describe the location or
the motion of the three protons. Due to the importance of this
special ion in fundamental science and in all kinds of hydrogen
plasmas, including astrophysics, the last decades have seen
many experimental and theoretical activities dealing with both
bound and scattering states. In other word, H;" is a benchmark
system not only for understanding molecular structure but also
for scattering dynamics.

Recently, Oka' has passed in review his personal engagement
and involvement in searching for the IR spectrum of H;" in the
laboratory and in detecting this ion in space, finally in more and
more astrophysical objects. It is a successful story, emphasizing
the close interrelation between spectroscopy and astronomy.
For identifying a molecule in space one must know its
rotational—vibrational levels and the frequencies of photons
that can be emitted or absorbed. Meanwhile, after more than 30
years, many transitions of H;* and deuterated analogues have
been measured and there is still space for filling more tables.”?
Present activities investigate the energy range where the three
protons can leave their triangular structure and start to explore
the configuration space toward linearity.* All these precisely
measured lines are a challenge for rigorously testing ab initio
theories. To determine the eigenstates and to predict

v ACS Pub“cations © XXXX American Chemical Society

transitions with spectroscopic accuracy, the quality of the
ground state potential energy surface has been improved in
many iterations. The most recent reports and references to
previous publications can be found in refs 5 and 6. Despite all
this, H;" is far from being fully accessed experimentally or
rigorously described by theory, especially if the total energy
reaches the vicinity of the H* + H, continuum.

In the above-mentioned retrospective, Oka' also stated that
the chemistry of H;" is “extremely simple and allows one to
interpret the observed abundances”. Unfortunately, this is not
true if one looks into the details of hydrogen chemistry leading
to the formation or destruction of this central ion. Also inelastic
collisions, just changing the vibrational—rotational state or
inducing an ortho—para transition, are an unsolved exper-
imental challenge, especially at low temperatures. Because H;"
is the most abundant polyatomic ion in the universe, it must be
involved in many reactions with other atoms, molecules, anions,
or electrons. Therefore, it certainly is a powerful sensor for
probing specific astrophysical environments; however, more
details on its role in chemistry are needed. One example is the
still ongoing discussion on its recombination with electrons.
The status of the H;" + e research was recently summarized
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with the statement “But this was not the end of the story, not
even the beginning of the end; it marked only the end of the
beginning.”” Another basic but not yet solved question is the
ortho—para conversion of H;" in low temperature collisions
with H,.%

In this contribution, we concentrate on the H" + H, collision
system, ie, at H;" ions having a total energy above the
dissociation limit. To be of importance for dense interstellar
clouds, the energy is restricted to a few millielectronvolts,
relative to the asymptote. At higher collision energies, proton
scrambling plays an important role in converting translational
energy into internal excitation of the molecule followed by
conversion into radiation. Most probably this energy transfer is
more efficient in cooling primordial gas than the H;" molecule
with its infrared active modes.” Another important aspect of
this rather simple collision system is the conversion of ortho-H,
into para-H, or vice versa, catalyzed by the proton. Only
recently has this process, which has been described in detail
with statistical theories,'”!! been treated with an exact quantum
mechanical method.""® The obtained thermal state-to-state
rate coefficients (see erratum’*) are smaller than the statistical
predictions and, surprisingly, they fall with falling temperature.
Is this an indication that statistical models are not any more
applicable in the 10 K range? Also, other recent theoretical
studies (see ref 15 and references therein) provide evidence
that theoreticians are close to describing, with exact quantum
mechanical methods, the interaction of a proton or deuteron
with H, and D, at translational energies of a few millielectron-
volts. It is obvious that, in this energy range, a very good
potential energy surface with the correct long-range behavior is
required. For this purpose, it seems to be still the best to
include analytical approximations of the long-range electrostatic
interaction into the ab initio potential.'® It is an open question
whether the improved potentials™® and the methods to describe
the vibrational—rotational motion of H;" with spectroscopic
accuracy are finally also suited to find the resonances
determining the cross section for converting hydrogen in j =
1 into j = 0 in a low energy collision with protons, or to predict
the probability to stabilize such a collision complex via emission
of a photon.

Radiative stabilization of collision complexes is an important
process in the growth of molecules in low-density interstellar
clouds. From a fundamental point of view, formation of H;" via
radiative association,

k,
H"+H, S H "+ (1)

is a so-called “half-collision”, an important subfield of collision
dynamics. Most related experiments start with a stable molecule
(e.g, photoinduced dissociation or detachment of an electron);
here a molecule in a more or less long-lived scattering state is
stabilized by losing the energy hv. Because these states are
embedded in the energy continuum, one needs a barrier (for
example caused by a rotational angular momentum, Feshbach-
type resonances) to keep them bound for some time or other
dynamical restrictions. It also should be mentioned that the
total number of states in the energy interval of interest is an
important criterion.

For long time, information on association of reactants has
been extracted from experiments operating at rather high
pressures. Under such conditions, H;" is formed with the help
of a third body, i.e., via

k
H* +2H, 3 H,* + H, @)

Using a drift-tube mass spectrometer apparatus and operatin%
at number densities close to 10 cm™, Graham et al.'
determined a ternary rate coefficient k; of 3 X 107 cm® s™" at
300 K. Johnson et al.'® extended the temperatures range from
room temperature down to 135 K and observed a slight
increase of k;. The mentioned results are included in Table 1.

Table 1. Rate Coefficients for Radiative and Ternary
Association of Protons with Hydrogen Molecules”

T k, Ak, ky Ak remarks ref
300 0.30 0.15 drift tube 17
300 0.30 0.03 drift tube 18
135 0.43 0.04
230 1.0 02 074 02 first TV rf trap 21

80 1.3 0.2 0.54 0.2 80 K RET 22

11 16 03 027 008 n-H, (Figure 5) 24

22 0.5 0.2 0.25 0.08
11 0.9 0.2 0.88 0.04
22 0.4 0.2 1.31 0.01
33 04 0.7 175 0.04
11 18 0.4 0.06 009 j=1
“Units: T in K, k, in 107! cm® s7%, and k; in 10728 cm® s7%. In the
upper part, values from the literature are collected, all measured with
n-H,. The lower part presents state specific results from this work. The
errors Ak, and Ak; include only the statistical uncertainties.

p-H,/j = 0 (Figure 2)  this work

In such studies the ternary association rate coeflicient is derived
from the measured apparent binary rate coefficient, k*, by
dividing it through the number density [H,], k; = k*/[H,].
This is suitable for high pressure environments, in fact, k* has
two contributions,

K* =k, + k;[H,] 3)

Inspection of this equation reveals that, to get a similar number
of products from the first and second term, one has to operate
at number densities in the range of [H,] = k,/k;. In the present
case it means below 10" cm™. It also must be noted that at the
densities in the range of 10" cm™, higher order collisions and
saturation effects may play a role."”

The eighties have seen the development of innovative
trapping techniques extending gas phase chemistry toward both
lower densities and temperatures. First results for radiative
association, measured in a liquid helium cooled Penning ion
trap, were published by the group of Dunn.* First results for
reactions 1 and 2, determined with an early version of an rf ring
electrode trap operating between 300 and 230 K, have been
reported in a conference contribution.”* A similar trap, directly
cooled with liquid nitrogen, provided results at 80 K.** All
mentioned ternary and radiative rate coefficients are collected
in Table 1 and discussed in more detail in an early review on
radiative association.'®

Although «f ion traps have been further improved,” they
never have been used to extend the mentioned early
experiments toward lower temperatures. However, due to
continuous improvements of computers and methods, the H* +
H, collision system is now within the reach of exact quantum
mechanical calculations (see refs 13 and 15 and references
therein). Therefore, it is timely to get more experimental
information, especially state specific rate coefficients at very low
temperatures.

dx.doi.org/10.1021/jp400917v | J. Phys. Chem. A XXXX, XXX, XXX—XXX
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Figure 1. Left: 22-pole ion trap, the central part of the AB-22PT instrument.>® Utilizing a cold head, wall temperatures down to T,,pr = 11 K can be
reached. Mass selected H" ions are injected via the electrostatic entrance electrode (EN). For analyzing the ion cloud after various storage times f,
the exit (EX) is opened using a suitable voltage. The ions pass a quadrupole mass spectrometer and are detected with a microchannel plate. The axial
trapping potential, created by the rf field, can be corrected locally using five ring electrodes (RE). Right: normalized number of protons as a function
of storage time. Without target gas, there is no change. Adding hydrogen (number density is in both cases 5.5 X 10" cm™) leads to a decay of the
number of protons due to formation of H;*. It is obvious that p-H, is more reactive than n-H,.

In the following we give a short description of the
instrument. New results for p-H, are presented and compared
to results recently published for n-H,* Using well-prepared
ortho—para mixtures allows us to extract state specific rate
coefficients for radiative and ternary stabilization of H* + H,(j)
collision complexes, k,(T;j) and k;(T;j). The discussion section
emphasizes that the established models for explaining
association processes are not able to provide sufficient
explanations for the surprising result that k. and k; show
different temperature dependencies and that radiative associa-
tion of protons with rotating H, is significantly faster than with
ground state hydrogen.

B EXPERIMENTAL SECTION

The measurements have been performed in the AB-22PT
instrument the central part of which is the 22-pole rf ion trap,
shown in Figure 1 on the left. It is surrounded by a copper box
that is connected to the cold head of a closed-cycle helium
refrigerator (Leybold RGD 210, lowest temperature 11 K).
Because the principle of ion trapping® and the details of the
22-pole trap (first mentioned in ref 19) have been described
often, only a few special hints are given below. Selected aspects
of low temperature trapping have been discussed recently.***’
Using magnetically suspended turbomolecular pumps, the
vacuum chamber surrounding the trap is evacuated to a
pressure below 1077 Pa. Ultrahigh purity hydrogen gas has been
used. In addition, traces of impurities are frozen out at low
temperatures, with the exception of HD and D,. As indicated in
Figure 1, two separate gas inlets were installed, one for normal
hydrogen (25% p-H,, i, j = even and 75% o-H,, i.e,, j = odd)
and one for para hydrogen. The purity of para hydrogen has
been determined in situ using the reaction of N* with H,*
Mixtures with a specific fraction of o-H,, f, are set by adjusting
the two separate leak valves. The gas density inside the trap is
determined using an ionization gauge on the main chamber.
This gauge is calibrated on a regular basis using a spinning rotor
gauge that is connected to the interior of the 22-pole box.
For determining rate coefficients, the ion trap is periodically
filled via the entrance electrode with a certain number of mass
selected primary ions, in the present study typically a few
hundred. The repetition period has been set to 10 s. Protons

are created in a storage ion source via electron bombardment of
hydrogen. After various storage times, ¢, the exit electrode is
opened and the ions pass a quadrupole mass spectrometer and
are detected with a microchannel plate. A typical set of raw data
is shown in the right part of Figure 1. Without reactant gas, the
number of stored ions (here normalized) is independent of the
storage time. Adding n-H, through the left gas inlet or p-H,
through the right one leads to a decrease of the number of
protons. Because in both cases the same number density has
been used (5.5 X 10" cm™), it is immediately obvious that p-
H, is more reactive than n-H,.

A special difficulty in the present experiment is caused by the
fact that the mass of the ion is only 1 u and, in addition, lower
than the mass of the target gas, 2 u. Therefore, some remarks
concerning the energy distributions of ions in rf traps must be
made. In those applications where heavy ions are stored in H,
or He, the influence of the rf field is very weak and can be
neglected in most situations. One reason is that only small
portions of energy are exchanged if the heavy ion hits the light
buffer gas but cooling is finally very efficient. A second reason is
that the translational temperature (ie., the center of mass
temperature) is determined by the mass weighted ratio of the
cold gas temperature and the ion temperature (see eq 113 in ref
25). A simulation of the motion of protons stored in a ring
electrode trap filled with H, indicate that, under similar
conditions like here, 75% of the ions can be described with the
nominal temperature, whereas 25% of them are at a 2.5 times
higher temperature (see upper panel Figure 23 in ref 25).
Unfortunately, real energy distributions of stored ions are
usually less favorable due to potential distortions or parasitic
time dependent fields which cause additional heating.

In the present experiment, the actual trapping conditions
have been tested in situ via formation of He," dimers in He* +
2 He collisions, as discussed in detail by Plasil et al.** The
results indicate low temperatures; however, deviations on the
order of up to 10 K cannot be excluded. In addition, the ion to
neutral mass ratio is 4:4 in this case and the trapping conditions
have been superior because the test with He® has been
performed with the same rf frequency (f = 19 MHz) used in
the present work. Although the trap is still running in the safe
operating mode (V= 19V, V¥ = 34 meV, 5 = 0.15 at 1,1y =

dx.doi.org/10.1021/jp400917v | J. Phys. Chem. A XXXX, XXX, XXX—XXX

A.2



A.2

The Journal of Physical Chemistry A

[ Article |

0.80 for m = 1 u, for details see ref 25), further experiments will
be performed with higher frequencies. Moreover, additional
work is going on for determining the actual velocity distribution
of protons trapped in a 22PT with H, and D, gas. Due to all
uncertainties that may add up to an estimated temperature
increase of 30 K, the present results are just reported as a
function of the nominal temperature.

B RESULTS

From the decay rates of primary ions at various hydrogen
number densities (right part of Figure 1), apparent second-
order rate coefficients for the formation of H;" from H* have
been determined, predominantly for p-H, in the present work.
Figure 2 shows a collection of such results as a function of the

10

8

:m 6
£
l"Q

S 4
X

2

0

[H,1/10%%em™

Figure 2. Apparent binary association rate coefficient k* for T,ypr =
11, 22, and 33 K as a function of the p-H, number density. The data
have been averaged over many iterations. For emphasizing the ternary
rate coeflicients, the results are plotted on a linear scale. The data are
fitted with k* = k, + k;[H,]. The resulting parameters are in Table 1.
The surprising result is that ternary association gets faster with
increasing temperature. Concerning k(T), see the text and Figure 3.

number density of p-H,, determined at nominal temperatures
of 11, 22, and 33 K. The data points are averages over several
iterations of filling the trap and analyzing the content after
different storage times. The measured rate coefficients, k*, have
been fitted using the density dependence predicted by eq 3.
The fits are plotted as solid lines, the obtained fit parameters, k;
and k,, are included in Table 1. To emphasize the temperature
dependent differences in ternary association, the data are
plotted here in a lin—lin scale, certainly at the disadvantage of
radiative association which is discussed below. Against standard
expectations, which are based on an increase of the lifetime of
the collision complex with decreasing temperature, the data
show clearly that ternary association becomes less efficient at
lower temperatures.

The obtained ternary and radiative rate coefficients are
shown as a function of the nominal temperature in Figure 3
(rhomboids with crosses). To perform additional and faster
measurements of the temperature dependence of k, and k;, it
would be necessary to record H;" formation at very low and
very high number densities, respectively. In the present work,
the apparent second-order rate coefficients k* have been
measured as a function of Ty,pr between 11 and 45 K at the
three different densities, given in Figure 3. The values for k;
have been determined at 2.8 X 10" cm™ (squares, upper
panel), by correcting k* for the small contributions from

3 T T T T T
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Figure 3. Temperature dependence of k; (upper panel) and k, (lower
panel). The large symbols (thomboids with crosses inside) are results
from fits to the density dependence of k*. In addition, k;(T) has been
determined at fixed p-H, densities (filled squares, 2.8 X 10" cm™;
filled circles, 1.9 X 10" cm™) by correcting the measured k* values
individually for the small contribution from k.. In analogy, k(T) has
been extracted from k* measures at low densities (filled triangles, 7.0
x 10" em™ filled circles, 1.9 X 10'> cm™) and subtracting the
contribution from ternary processes. For comparison, the previously
published results>* from experiments with n-H, are plotted as open
circles. The trends (dashed lines) are discussed in the text.

radiative association. Correspondingly, the values for k. have
been obtained from k* at 7.0 X 10" cm™ by subtracting the
mean value of ks[H,] (triangles, lower panel). The filled circles
indicate that correction of k* with nominal values of k; and k,
also works reasonably well at a density (1.9 X 10" cm™) where
the two contributions k;[H,] and k, are nearly equal. Also
included in Figure 3 are dashed lines that indicate the
temperature trend. The increase of k; for p-H,, which follows
the linear function

ky(T;j=0) = (4.4 + 0.4 X T/K) X 107 cm®s™" )

is rather obvious but needs explanations (see below). For n-H,
(data from Plasil et al.**), the trend is not so evident, partly due
to the smaller temperature interval. The minor increase
indicated by the dashed line,

ky(Tin-H,) = (14 + 0.1 X T/K) X 10 ¥ em®s™  (s)

can be fully explained with the contribution of the 25% of
H,(j=0) in n-H,. This leads to the conclusion that k;(T;j=1)
does not change with temperature. The results for radiative
association (lower panel) are rather uncertain due to the large
errors of the individual points. Therefore, the two functions

k.(T;j=0) = (1 — 0.01 X T/K) X 10*¢ cm®s™" (6)

k(T;n-H,) = (23 — 007 X T/K) x 10 cm’®s™"  (7)

should not be overinterpreted. However, it is rather certain that
radiative association decreases with temperature; i.e., it does not
follow the temperature trend of ternary association.
Important for deriving state specific rate coeflicients for j = 1
are the differences between p-H, and n-H,. In Figure 4, the

dx.doi.org/10.1021/jp400917v | J. Phys. Chem. A XXXX, XXX, XXX—XXX
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Figure 4. Ternary rate coefficients k; measured at Typr = 11 K as a
function of the ortho fraction f (f = 0, p-H,; f = 0.7S, n-H,). The
squares with crosses inside have been determined from fits to the
density dependence of k*, and the other points have been measured at
the indicated fixed densities and corrected for minor contributions
from k.. The filled circles have been derived from the decay of primary
protons, and the triangles show rate coefficients determined from the
products H;*. The slight systematic difference is discussed in the text.
The dotted line indicates that the f dependence can be approximated
with a linear function resulting in state specific rate coefficients for H,
inj=0andj=1 (see the text and Table 1).

mean ternary rate coefficient is plotted as a function of the
ortho fraction f. The two large symbols (squares with crosses
inside) are the above presented results determined from the
density dependence of k* whereas the other points have been
measured directly at the indicated f values. As discussed above,
the contributions from k,, which have been subtracted from k*,
are rather small at the indicated hydrogen densities. The rate
coeflicients plotted as filled circles have been derived from the
decay of the protons, as most of the results presented in this
work. The triangles show rate coefficients where the formation
of H;* products has been evaluated. Inspection reveals that they
are smaller, which may be due to minor differences in the
detection or trapping efficiency of H" and H;". Remarkable is a
systematic increase of the deviations toward pure p-H,. This
may be due to additional loss of H;* because it is faster
converted into H;" ions. It is known from ion trap
experiments29 that, in pure p-H,, H;" clusters grow 4 times
faster than in n-H,. The overall dependence on f can be
reasonably well described with a linear function (dashed line)

ky(f) = (1 = )ky(j=0) + f k3(j=1) (8)

although one also could expect deviations from linearity
because hydrogen plays a triple role: (i) thermalization of the
ions, (ii) formation of the complexes, and (iii) stabilization of
them. The fit with eq 8 results in the two state specific rate
coefficients k;(11 K;j=0) = 8.8 X 107 cm® s7' and ky(11
K;j=1) = 0.6 X 107 cm® s™". It is an open question whether
this huge difference is due to complex formation or complex
stabilization or due to both processes. Also the protons may be
on average faster if more hydrogen molecules are rotationally
excited (ortho—para transitions).

To illustrate the limitations in extracting radiative rate
coeflicients, Figure S compares selected results in a log—log
presentation. As in Figure 2, the data (11 K, p-H,) are fitted

100

-
o

k*/10"%cm’s™

[H,]/10"cm®

Figure 5. Apparent binary association rate coefficients k*. For better
comprehensibility only the T,ypr = 11 K data are shown for p-H,. As
in Figure 2, they are fitted with eq 3. Due to the log—log plot, the
contributions from radiative association become apparent by the
curvature of the fit. These results can be compared with the fitting
curves, determined for n-H, at 11 and 22 K.** The circles mark the
locations, where ternary and radiative association are equally efficient.
It is obvious that ternary association with p-H, is significantly faster
than with n-H, whereas the differences for radiative association are
rather small and not so obvious because of the errors. For more detail,
see the text and Table 1.

with the function given in eq 3. The results for n-H, at 11 and
22 K, reported by Plasil et al,>* are represented here only via
their fit function for clarity. The thin straight lines mark the
separate contributions from radiative (horizontal) and ternary
(increasing) association. The circles indicate the locations,
where they are equally efficient. Because all rate coefficients for
radiative association are below 2 X 107'¢ cm® s™! and have
rather large errors (see also Figure 3), future experiments
should be extended to lower number densities. Note, however,
that this requires very long storage times and no perturbations.

B DISCUSSION

Collisions with hydrogen molecules are by far the most
abundant processes in the universe, and therefore, it is of]
central importance to determine the ortho—para ratio in the
various astrophysical environments and to understand how the
14.4 meV energy, provided by hydrogen in j = 1, and the total
nuclear spin 1 affect physical and chemical processes. This is
especially important at low temperatures. The result from the
present work that ternary association is significantly more
efficient with nonrotating hydrogen, is in accordance with
previous ion trap studies performed with C*, CH;", and C,H,*
ions, showing that both radiative and ternary association is
several times faster with p-H, than with n-H,.*° Surprising on
the new results is the temperature dependence of k; and the
fact that radiative association is always very slow.

Previous measurements of ternary and radiative association
rate coefficients have been evaluated using rather simple
statistical models that have been reviewed by Gerlich and
Horning."® The basic assumption is that the overall process can
be described by the formation of a long-lived complex followed
by (i) dissociation, (ii) ternary stabilization, or (iii) emission of
a photon. The outcome of such calculations is that k¥, as
defined in eq 3, can be approximated by the equation

k*=kc(1/rHZ+ 1/7.)/(1/ 75 + /7y, + 1/7,) 9)
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Here k. is the rate coefficient for forming the collision complex
and the time constants 7y, 7y, and 7, describe its dissociation,

its stabilization via the second H,, and its radiative stabilization,
respectively. It is also common to describe ternary stabilization
by the product of a collision rate coefficient ky, and a

stabilization factor f.. Under such assumptions complex and
radiative lifetimes can be inferred from the experimental data.
Results for several systems are collected in the above-
mentioned review'® where one also finds for H* + n-H, at
80 K 74, = 5.5 X 107! s and 7, = 1.1 ms. Using classical
trajectory calculations,® the complex lifetime has been
estimated to be g, ~ 107" s at 0.1 eV and to change
proportional to T~'°. This steep increase with falling
temperature is in obvious contrast to our very small values of
k.. The question is whether this is due to k, 7y, or 7,, the only
parameters relevant at low densities. Concerning the radiative
lifetime of highly excited H;', an independent trapping
experiment has provided additional information. It is based
on CO, laser photofragmentation after different storage times;
for details, see refs 10 and 19. The resulting lifetime, 7, = 0.37
ms, is in accordance with the expectation that IR emissions are
in the millisecond range. The conclusion is that something
must be wrong with the simple statistical concept of complex
formation and decay.

For systems with many active internal degrees of freedom,
statistical approaches are certainly useful; however, H* + H,
collisions at translational energies of a few millielectronvolts
populate only a rather small number of resonances. These
scattering states may have quite different lifetimes and emission
probabilities (dipole moments). Unfortunately, H;* in the
vicinity of the dissociation limit is still an unsolved problem,
although there have been many theoretical activities, stimulated
by the predissociation spectra reported by Carrington and co-
workers.>> For more than 25 years they have been unassigned!
Can one expect under such conditions that modern theories are
capable of predicting radiative association in H" + H,
collisions?

To answer this question, it first should be emphasized that
the Carrington states*” are very specific ones, preselected by the
experimental conditions. They have microsecond lifetimes and
also excitation energies up to 3000 cm™" above the dissociation
limit. Because the ions are produced in reactive collisions of
H," with H,, angular momenta of 25 7 or higher must be
expected. In the present ion trap experiment, the energy
interval of interest is 100 times smaller and the total orbital
angular momenta ] are restricted to a few 7. Based on the
simple Langevin criterion and using just the polarization
interaction, the maximum orbital angular momentum is [, =
6 7 at 1 meV translational energy. All this leads to a rather low
total number of H;* continuum states populated in the collision
complex. These quasibound states have been calculated rather
often;*> however, one of the problems is to get an accurate
potential energy surface, describing also correctly the long-
range part. Note that, in linear approach, the H'—H,
interaction has a 3.2 meV barrier at 11 a, and that, for C,,
geometry, it is still —1 meV attractive at 22 aC A systematic
investigation of the ground state potential energy surface of H;"
together with all bound vibrational states, including resonances
above the dissociation limit has been reported recently by
Jaquet and Khoma® so far only for the total angular
momentum ] = 0. As already mentioned in the Introduction,
first quantum mechanical scattering calculation have been

reported for the H" + H, system and isotopic variants by
Honvault et al.'*'> For ortho—para transitions, the cross
sections calculated at millielectronvolt translational energies,
show a pronounced resonance structure (see Figure 1 in ref
12). It seems to be rather certain that such long-lived
resonances are responsible for radiative association. Therefore,
one can hope that theoreticians may find sooner or later
explanations for the results from this work and especially for
the fact that the largest value so far measured (k, = 1.8 X 1076
em® s7!) is for the collision of a proton with the hydrogen
molecule in the first rotational state!

Significantly more difficult than radiative association is to
understand the measured ternary association rate coefficients
and their temperature dependencies. In this case it is evident
that the simple model mentioned above is not valid. Statistical
theories always have predicted that the lifetime of a complex
increases with decreasing temperature. In most model
calculations, the proportionality ~T~* is taken, where s is the
so-called number of active degrees of freedom. At the moment
we can only speculate that, from the few resonances populated
under the conditions of our experiment, only selected ones can
contribute to ternary association and that the number of such
active resonances becomes bigger when the nominal temper-
ature increases from 11 to 33 K. A second, even bigger
uncertainty in ternary association is the stabilization of the
intermediate complex by the collision with a second hydrogen
molecule. This interaction takes place on the rather well-
characterized potential energy surface of H"** One of the
remarkable characteristics is that the proton can easily be
exchanged between the two hydrogen molecules.’® As a
consequence of this “shared proton structure”, one may
suppose that the H, approaching the H;" complex pulls out
the proton in many cases instead of stabilizing the collision
complex. Such specific processes certainly may have quite
different temperature dependences. An interestin% related
information mentioned by Gerlich and Horning," is that
helium as stabilizer is more than four times more efficient than

hydrogen.
B CONCLUSIONS

With para- and normal-hydrogen new measurements have been
performed at low temperatures for obtaining state specific rate
coeflicients for forming H;" via radiative and ternary
association. The extracted results, k.(T3j) and ks;(T3j), show
surprising temperature dependences that cannot be explained
with simple statistical models. Due to the very unfavorable
ion:neutral mass ratio, the actual velocity distribution deviates
probably from the thermal one, and one needs at least two
temperatures for describing it. Nonetheless, the interesting
observations are unchanged, and it can be expected that the
temperature dependences become even more pronounced. A
significant improvement of the results can be achieved if the
target gas is leaked in using a cold effusive or supersonic beam
of hydrogen molecules. This is possible with the present
instrument.®

It has been mentioned several times that more support from
theory is needed for understanding the role of the (H—H,)*
scattering states populated at translational energies of a few
millielectronvolts. Sufficiently accurate potential energy surfaces
and the tools to solve the collision dynamics seem to be
available today. Not mentioned so far but also of central
importance are certainly the restrictions imposed by the nuclear
spin of the three or five protons. For describing radiative
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association, a suitable dipole moment surface is needed for
predicting the emission of photons. An experimental challenge
is finally the laser induced association of the collision complex,
allowing one to perform spectroscopy on it. All this finally may
help also to understand the Carrington lines.

A completely different theoretical approach for exploring Hy*
close to the dissociation limit has been reported recently by
Kylinpii and Rantala®” In this work, a quantum statistical
method has been used to explore the structure and energetics
of H;* as a function of temperature up to the thermal
dissociation limit which has been found to be around 4000 K.
Corresponding trapping experiments are possible and are in
preparation.
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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-Hj 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 H} 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 Hj 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 H}, 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 HJ ions in collision with Hy, for example, [29]).
We also deal with the topic of production of an ensemble of
Hf ions with a specified population of para nuclear spin states,
which may be interesting for the construction of para-Hj ion
sources.

In the following text, we use special notation for some
terms. Para/ortho nuclear spin states of H}, H, and Hj are
denoted by ‘p’/‘0’ in the leading superscript position (like
PH}/°HY). ‘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 Hj ions as Pf3, ie.
P f3 = [PH}]/[H3]. The abundance of PH; in H; gas is marked
similarly: P f, = [PH,]/[H2]. Apart from "H,, we mainly use
°H, with P f, = 0.87 in our experiments; this °H, is marked
¢ Ho (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 H}-
dominated plasma and the other is a system of spectroscopic
detection of specific rovibrational states of H} ions. A
thorough description of the apparatus can be found in [30].
Here we provide only the most important details.

2.1. Production of H3-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 10'7, 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 1.5cm. 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
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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 (Py). 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])

POH} 4+ P °H, — P°HY + H, )
POH} 4P OH, — POHY +P°H,, )
and
ArH* +PH, — PHJ + Ar (3a)
+°H, — P°HY + Ar, (3b)

which allow the production of an ensemble of H} ions with
higher or lower P f3 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 (ecm™) spin state
3vi(2, 1) < 0vY(1,1)  7237.285 Para
3v1(2,0) < 0vI(1,0) 7241.245 Ortho
3vi(4,3) < 0(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 |s 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 Hf: (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 H3 ions and by an abundance of
these ions in para nuclear spin states (? 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 (7kiy) 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 H3 ions reach
equilibrium in the discharge to be able to define
a rotational temperature? How does the rotational
temperature correspond to Txin?

(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 f5 and P f3?
(b) What is the relationship between Tx;, 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] ~ 10'7cm™> and temperature
range 77-300K) that the characteristic diffusion time
in the afterglow (tpag) is of the order of 1ms. 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 7. ~ 1eV and that ions have kinetic temperature
Tkin ~ 0.01 eV. Then the value of the characteristic time
of the ambipolar diffusion in the discharge is

TKin 0.01eV
71 ~ 2 X TpaG T ~2ms X TV = 0.02 ms.

R

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

v = 1/(ale]) = 1/(10’8 em®s™! x 10" em™3) = 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 HY 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 H} + X (ecm™3)  (ecm?s7!)  (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" 10772 0.1 T. ~ 1eV, [45]
4 Hi(J',G') +He — Hi(J, G) +He 10" — <Tg prsmp., [46]
5 Hi(v' > 2)+Ar — ArH* + H, 10" 10~° 0.01 [47]
6 Hi(v') + He — Hi(v = 0) + He 10" — <10~ prsmp., [47,48]
7 Hi () + Hy — Hi(v = 0) + H, o4 — 107 [49]
8,(2) P°H}+P°H, — P°H} +P°H, 10" 10-1° 0.01° [36]

2 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 3vé (4,3) < 0v9(3, 3), (b) transition

3v1(2, 1) < 0vd(1, 1), (c) transition 3vi (2, 0) < Ovi(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 Hj 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 (1; & 75 > 77 > 76 > T4)
and nuclear spin conversion (2): 73 & 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-
180‘ A
:I:L.D..g_§_g_q..u.a_g_§__.u_u_:__%___:

1
o 150:%___A__A___%__A__*___%__Aﬂ:_z__.l_:
= 120+ 1

I\z 90 :%__2__-(____9--l.-§----§--°—i _______

T LN2 temperature !

60 | T o [ 4

30+

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 Tk;j, 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.

B.1
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Figure 5. Evolution of the absolute and relative population of the states and the population of PH 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 Tx;, with the temperature of the discharge
tube cooled by LN, allows us to take the measured Tx;, 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 PHJ during the discharge and early afterglow
for "H, and { H, discharges. These relative populations were
computed by dividing the measured number density of the
appropriate state by the number density of all Hj 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 f3 decreases
slowly in the { H, discharge, and in the "H, discharge it is
constant. Such a slow evolution of the value of P f5 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 Tro-ortho based on the relative
population of two ortho states. This rotational temperature is

o ”i—lz discharge P
200 | e . O -
® H, discharge % y
3 @
2 o
£ 150 | 2l ]
: 09
~ ,
7
100 7 ]
o,
100 150 200
T (K)

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

compared with Tx;j, in figure 6. Data from measurements with
o Ha 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 °HJ} 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, t = 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 PH} (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 f3 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 "H; 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 Txiy.

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 P f3 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 T;, for the discharges
with "H, and with { H,. Dashed line: ? f3 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 10"
to 10" cm™3 and with the temperature 130-210K 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 ? f5 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 Pf3 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 ? 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™ and [Ar] = 2 x 10"* 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™?) and [H,] = 2.5 x 10" cm™.
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 f3 in the graph, i.e. P f3 =P f3(° f, 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 Hf ions are formed [51]. Therefore, the nuclear
spin conversion processes within the H} 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 PHY (? f3) on the para
enrichment of °H, (? f3) 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 f5 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 HY} 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 (P f3) was varied by using "H, or “H,. We characterized
the properties of the ensemble of HY 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 H} 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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Measurements in HY 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—H§r 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 Hj 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), H:r ions are formed by cosmic-
ray ionization of H,, followed by the reaction H;' + H,
— Hi + 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
HY ions competes with the rate of molecule formation in
diffuse clouds and plays a pivotal role in the chemical evo-
lution. Even though H3+ 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 H;r 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 H3+ (denoted as T(p1)(Hz) and T(H;r)) can be explained
by a kinetic model that includes both reactive collisions of
HY or para-Hj 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-Hi (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 H;’

The history of Hi 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 Hf ions.'* Subsequent
improvements of the theory!® yielded a thermal rate coef-
ficient of the dissociative recombination at 300 K of apgr
= 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 “Hf enigma,” the often-cited term
coined by Bates et al. in 1993,2° had been found. However,
it proved difficult to verify experimentally that the H 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;r enigma continues. ...”

Recent theoretical calculations® predict that the low-
temperature DR rate coefficients for para-Hg' are larger than
those for H; 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 H{,'"? 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 ions. Experimental photodissociation measure-
ments on H3+ 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 para-H3+ and ortho-H3+ ions (P, and °ayy,) at buffer
gas temperature ~77 K.2%?7 The present study extends this
work and provides recombination rate coefficients for pure
para-H and pure ortho-Hf 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).**?> We have recently stud-
ied the ternary helium-assisted recombination of Hi and D}
ions with electrons at conditions similar to those of the present
experiments®**~¥7 and found that H} ions recombine by both
the binary process with rate coefficient oy, and by ternary
(“He-assisted”) process with ternary rate coefficient Ky.. The
observed plasma decay yields an “effective” rate coefficient
Qefr given by the sum o = apin + Kne[He] that can be de-
composed into its parts by measuring the dependence of o
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 ~ n.T™*3, of the CRR rate coefficient, has been con-
firmed for temperatures above 300 K,3*3%3 and recently
also for Art ions at temperatures below 300 K.3>4 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 is “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 HY 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 H3+ 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-H;' and ortho-H;'
ions, and their recombination. Technical details of the experi-
ments will be presented in Sec. III.

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, "Ha, and °H,) and Pf, and °f, de-
note their fractions. Para-H} and ortho-HY ions denote PHJ
and °HJ, while P f; and °f; stand for their fractions (i.e.,
Pfy = PH{VHI] and °f; = [*H{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 °H7 are recombination, ambipolar diffusion,
para/ortho conversion in reactions with H,, and formation of
H{ in ternary association, i.e.:

p

o

pH; +e~ = heutral products, (1a)
b, o

°Hy +e~ — neutral products, (1b)
PH +H, 53 °Hf +Ho, (lc)
°H +H, = PH} +H,, (1d)
+ PR oy

PH; +H, + He — HI + He, (le)

OTR
°Hf +H, + He — H{ + He, (19

where Pog and o stand for effective (apparent binary)
recombination rate coefficients of pure para-H; and pure
ortho—H§r ions, respectively. vy, and v,, are the frequencies
of para-H}'/ortho-H;r conversion due to reactions with Hy.
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 °tg are time constants for
ternary association, later we will assume that Ptz = °tg for
simplification. The continuity equations for the ion densities
[PHZ] and [ °HJ ] during the afterglow are:

%}:;] = —Parerl PHy Ine — CH)_ Vool PH3 1 + vopl °H7 ]
a [ppljj]’ )
%I;I;] = — o[ °HY Ine — [°H5 ] + vpol PHI] — viopl °HZ ]
_j?ﬁ’ 5

TR
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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 H7 . Three-body association of HI 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;’] < [H;’]. Assuming that the plasma is
quasineutral and that it contains no ions other than H;r (i.e.,
ne = [PHT ]+ [°H{]), the continuity equation for the elec-
tron density (obtained by summing Egs. (2) and (3)) becomes

dn ) n n
S = —(Pfy Paegr + O fy ez — — — —. (4a)
dr oD 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 f3 Poer + © f3 Categr. Equation (4a) then simplifies to

dn, ) e
- e 4b
o iy o (4b)

where 1/t = 1/tp + 1/tr. The time constant 71 character-
izes losses due to diffusion and reactions (le) and (1f).

A measurement of g 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 Pocg and vy
These rate coefficients still do not necessarily represent purely
binary recombination. In earlier work we observed that Hf
recombination in low-temperature (<300 K) helium-buffered
afterglows occurs not only by binary recombination but also
by ternary helium-assisted recombination.® 333430 In those
studies "H, was used as a precursor gas to form H7. It was
then found that the effective recombination coefficient g
varies linearly with helium density [He], i.e.,

(T, [He]) = apin(T) + Kpe[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 Poegr and
%o, Hence, least-square fits to data of aeg as a function of
the helium density for two different values of P f; can be an-
alyzed to obtain api, and Ky for each of the two spin states
of H;r

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 “H. 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 "Ha or *H» (measured by
NMR).

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

In the experiment, normal "H, 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 °H, instead of "Hj (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 O to 300 K, calculated us-
ing published energy levels.*”*8 The same graph shows our
experimental values of P f; and ° f5. In normal H, measured
P f3 approach 0.5 at temperatures above ~77 K, this is the
value corresponding to thermal equilibrium at these tempera-
tures. When para-enriched Hj 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

J. Chem. Phys. 136, 244304 (2012)
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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,.** 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 us. 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 H} . 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 H;r 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;’. 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,O3. 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-H;' significantly exceeds the
value P f; = 0.5 in normal hydrogen. Figure 1 shows exper-
imental data on the para-enrichment of H measured in the
discharge and in the afterglow for °Hj and for "H,.

J. Chem. Phys. 136, 244304 (2012)

IV. TEMPERATURES IN THE H}
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 7k;, and gas atoms Tg
because the energy transfer in electron collisions with heavy
particles is inefficient. Also, the ion’s rotational temperature
Trot and vibrational temperature Tv;, 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 H;’ 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. VL. (cm™1) Transition

7234.957 o 315.349 7550.316 3v3(4,3) < 0vI(3,3)
7237.285 P 64.1234 7301.4084 303(2, 1) < 0vd(1, 1)
7241.245 o 86.9591 7328.2041 3v3(2, 0) < 0vI(1, 0)
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FIG. 4. Rotational temperatures of H; ions. Panel (a): Relative populations
of H3+ 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 Hy. The data ob-
tained during the discharge (before switching it off) and during the afterglow
(at ~ 150 ps) 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 (Troet—ortho) Versus measured kinetic tempera-
ture (Txin). The data were obtained in experiments with "H, and with “H,.
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 HI are
quenched in collisions with He, Ar, and H,. The reaction H;
+ H; can produce H3+ 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 HY will be
quenched in collision with H,. Kim er al.® obtained a rate
coefficient 3 x 107!% 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 N3 ions

J. Chem. Phys. 136, 244304 (2012)

(see, e.g., Ref. 68). To estimate the rate of formation of H3+
ions (in reactions with Hy, 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] ~ 10'2 cm~3) 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 HY 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 HI with H, that
proceeds via a short-lived (H;r)* reaction complex. The re-
action has been studied in great detail.>>”7>73 It has been
found that the ratio of [pH;]/[ DH;’] in plasmas containing
H, is constrained by nuclear spin selection rules and depends
on the relative concentrations of PH, and °H, (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 H3+
ions, assuming a thermal rotational state distribution. At tem-
peratures where two H;’ absorption lines were observable,
the rotational temperature Trot—ortho Within the ortho mani-
fold was obtained also. The relation between the rotational
temperature (7TRrot—ortho) and the kinetic temperature (7k;,) 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
°Hs. The agreement between Tror—ortho and Tkiy, is very good
(ITRot—ortho— Txin! <15 K ). During the discharge, a slightly
higher rotational temperature Trot—ortho cOmpared to the ki-
netic temperature Tk, 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 H3+
ions is longer (because ambipolar diffusion is slower) and

B.2
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FIG. 5. Panel (a): Evolution of [pH;], ["H;r], and ne measured in ex-
periments with enriched hydrogen, °Hz, at Tye~ 77 K and [He] =4
x 107 em ™3, [*Hy] = 3 x 10" em ™3, [Ar] = 6 x 10'3 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 Tro—ortho W€ €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 ~ THe (see panel (b) of Fig. 4), but in
this case the relative abundances of para-HY and ortho-H
(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 [ PHY ] and [°H}'] dur-
ing the discharge and during the afterglow to determine the
dependence of the para-HJ and ortho-Hy 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}'],
[°H§r] 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 [pHg'] + [OH;]. Panel (b) of
Fig. 5 shows the measured fraction P f; of [PHT]. 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 Hf to Ha, to the steady
state established in subsequent reactions with H,. A thorough
discussion of the reactions is contained in two recent papers
by Crabtree er al.**%). During the discharge, the para/ortho
composition of Hy (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> Ikin) measured “during the discharge” we mean
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FIG. 6. Dependence of Pf; 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 "Hy and ®Ha that were used in the recombination studies.
Open symbols: Values in the discharge (tpisch ~ 2 ms). Filled symbols: Val-
ues during the afterglow (taferglow ~ 150 fts).

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 °Ha, while keeping the overall
hydrogen density ([ "H] + [“Hz]) constant. The dependence
of P f; on P f, 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.”®7® 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 H 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 H3+
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 f. 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 H_*, measured during the afterglow in
a He/Ar/"H, gas mixture at 170 K, 1440 Pa of He, [Hp] = 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;’, 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 Hf, measured during the afterglow in
a He/Ar/°H, gas mixture at 170 K, 1550 Pa of He, [Hy] = 1 x 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
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 "Hj or para-enriched “Hj 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 ®Hj 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 og from 7 and minimize influence of
ternary association (le) and (1f) on determination of oef. The
first 50—150 us 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 "ot and “aer 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 °Hp, but are in-
dependent on helium density [He]. Both, "og and o 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 H3+
with P f3 ~ 0.5. In our previous FALP experiments using "H,
we assumed but did not prove that P f;= 0.5. The present ex-
periments with "H, confirmed that P f;= 0.5 and Trot—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.®33-37

B.2
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FIG. 10. Measured dependence of effective recombination rate coefficients
aefr on He density at 170 K. Panel (a): The values aefr measured using "Ha
as the precursor gas ( "a.gf, open circles) and the values measured using *Hp
(“aefr, filled circles). Panel (b): The calculated values Paegr and Coegr for
pure pa.ra-H; (filled triangles) and pure H; (open triangles), respectively.
For comparison straight line obtained by fit of values " in panel (a) is also
plotted. Panel (c): The P f; fractions of para—H;' measured in the experiments
with "H, and °Hp.

We measured the dependences of "t and o on [He]
for temperatures in the range 77-200 K. From the depen-
dences of "ot and ®agr on [He] and the corresponding val-
ues of P f3 we calculated values Pagr and o for pure para-
HY 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 "a.g). The obtained negative values of o
were truncated to zero and the corresponding values of Pog
were corrected accordingly. By fitting the data Poeg and
°aefr (panel (b) of Fig. 10) with a linear dependence (Eq.
(5)) we obtained the corresponding binary (Poy;, and °oy)
and ternary (P Ky and ° Ky.) recombination rate coefficients
for pure para-H3+ and for pure ortho-H;. This form of data
analysis is also described in Ref. 27.

B.2

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-

J. Chem. Phys. 136, 244304 (2012)
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FIG. 11. Measured effective recombination rate coefficients Paegr and ey
(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 "cfr. 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 (Kpe) while the intercept for [He] — O gives
the corresponding oepin.

imum He densities of 1.6 x 10" cm™ at 77 K and
~6 x 10" em™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 asr on [He] were measured at four temperatures (77, 140,
170, and 200 K) using "H; and °H,. The dependences of Poreg
and °ogr 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 Pagr and g on
[He] we obtained (using Eq. (5)) the corresponding binary and
ternary recombination rate coefficients i, and Kpe. 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 °ap;, cannot be excluded at the
lowest temperatures. For all three temperatures the ternary
helium-assisted recombination of para-H{ is faster than the
recombination of H;’

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, °Kne, and " Kpe.
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 H3+ are plotted. Each curve is labeled with the corresponding quantum
numbers (J,G).53*

obtained from the slopes of graphs of the kind shown in
Figs. 10 and 11. The values "Kpy. corresponding to thermal
equilibrium at 77, 140, 170, and 200 K (open rhomboids in
Fig. 12) were obtained in the same way from "o (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 "a.g 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 H;r 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
Hg’ formation on plasma decay and on determination of o
Note that H 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{ 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 "tpin, Potpin, and oy, for normal-H§r (measured in exper-
iments with "Hp), Para—H;, and ortho—ng, respectively (see also Ref. 78).
Previous FALP data®3%3* measured with "Hj 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 T in the SA—-CRDS
experiments is given by Tkin, 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-H7, ortho-H7, and for Hj 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 n. = 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 H;’
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 Hj 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 Qj; of the lifetime Matrix Q for
the two lowest initial rotational states of H3+ 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-Hf and ortho-Hf, shown as dashed lines in Fig. 12,
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are in qualitative agreement with measured values. P Ky
is greater than °Kp. 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 PKp. and ° K. 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 Pory, and o, for pure para-HI and pure
ortho-H;r and values of "oy, measured in the present exper-
iment are plotted versus temperature in Fig. 13. Plotted are
also values "oy, for H;r ions in thermal equilibrium obtained
in our previous FALP experiments.®3%3* The theoretical rate
coefficients for pure para-H7, pure ortho-HJ, 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 "o, Papiy, and oy, is very good.
Also, the agreement between the present "o, 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 20.3*
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 Pay;, 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 1072 T,7*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 1077 cm3s~! (at 7. = 77K and an electron
density ne = 3 x 10! cm™3, see Fig. 13), larger than the bi-
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nary HI 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-H7 and ortho-HJ 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 Hi ions depends strongly on the nuclear spin
states of the ions. CRDS proved eminently capable of quan-
tifying the populations of para-Hi and ortho-H7 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—H§r (fractions, P f3) and ortho—H3+
(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 HI .81

This is the first time that binary and ternary recombina-
tion rate coefficients have been determined for H;’ 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 Tyge = Tkin = Trot = 77K, Te = 82K, ne =5 x 101 cm—3,
and [He] = 5 x 107 cm™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; Aj 5: energy difference between rotational states (1,1) and (2,1); ny, np: number density of H;r ions in rotational states (1,1) and (2,1);
a2, aq2: rate coefficients for electron (de)excitation between the states 2 — 1 and vice versa; Kpe: ternary rate coefficient of helium assisted dissociative

recombination; apin: rate coefficient of binary dissociative recombination.

Reactants Process T [us] Remark Reference
e+ He Elastic scattering 0.0008 “Te/te = 1/[Hel(oe/me - v) 85
et+e Coulombic scattering 0.004 CTese = 1/ne(vm A%In(Ap/A)) 83,84
e+ He Elastic cooling 2.9 “Te/He = “Te/He(mue/2me) 6
) Fme2 32

e+ HJ Coulombic cooling 34 fTesi = % T 86
e+e+Hf CRR 43 terr = 1/n2Kcrr 3

+ . . e 3 kp(Tra=Te) 76,87
e+ H; Rotational cooling 140 “TRot = 5 m
e+ H;r + He Ternary recombination 200 Tternary = 1/ Kne[Helne i
e+ H;r Binary recombination 250 Toin = 1/apinnt M

NMR measurements of para enrichment of °H, gas. This work
was partly financed by the research Grant No. OC10046 from
the Ministry of Education of the Czech Republic and was
partly supported by GACR (205/09/1183, P209/12/0233), SV
265 302, GAUK 92410, GAUK 353811, GAUK 54010, and
COST Action CMO0805 (The Chemical Cosmos).

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 ¢) 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 “7e/pe and the electron temperature relaxation time due to
electron/He collisions is denoted as ‘... Both quantities
are related by the equation: *7e/pe = °Te/pe (MHue/ 2m1¢).%

In these calculations we do not distinguish between the
para and ortho nuclear spin states of H7. 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, = Tkin = Trot = 77K, T. = 82K, n.
=5x%x10"%cm™3, and [He] = 5 x 107 cm™ (~500 Pa).
Collisional radiative recombination adds AEcgrr 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? Varying the A Ecgg
by a factor of 2 had no qualitative effect on the conclu-
sions of our simulations. The CRR ternary rate coefficient

is taken as Kcpr = 3.8 x 10797743 cm®s~!.%8 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
g = QCRR - chastic - Qc/i - QRoh

where the Qcrr, Qelasiic; Qe/i» and Qre 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:
dTe _ ZAECRR/3kB . Te - TG _ Te - TKin _ Te - TRol
dr TCRR Te/He “Tesi “TRot
(A2)

(AD

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
ions3® 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™ (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

B.2



B.2

244304-13  Dohnal et al.
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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 . and
Acrr are treated as free parameters. The short dashed line (ii) indicates the
best fit when .y is treated as a free parameter, but Acrr 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
dn,
dt

3 2 e
= —Kcrr (Te) n; — aeging — g (A3)
D

where T; is given by Eq. (A2) and is dependent on n.. In
the numerical models, the value of Kcrg was taken as Kcrr
= ACRRT;“'5 cm®s~! with either Acgg = 3.8 x 1072 K*3 or
with Acgrr 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 pus 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 Kcrgr
is given by the Stevefelt formula is noticeably worse, even
when a.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 Kcgrr (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 HY .

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 «.y 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;’.
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Binary recombination of para- and ortho-H;'
with electrons at low temperatures
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L Faculty of Mathematics and Physics, Department of Surface and Plasma
Science, Charles University, Prague, Czech Republic
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Results of an experimental study of binary recombination of para- and 01rtho—H;’r 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 77-200 K
in an HJ-dominated afterglow plasma. By changing the para/ortho abundance ratio,
we were able to obtain the binary recombination rate coefficients for pure para-H; 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 Hj 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 Hj{ 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 ortho-HJ 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-H7 and ortho-HJ ions at temperatures close to 77 K [20].
In the present studies, we have extended the range of temperatures up to 200 K.
Our previous measurements in H;- and D;—dominated plasmas at conditions
similar to those in the present experiment [4,14,15,21,22] have shown that the
H3+ ions recombine by both a binary process with a rate coefficient ay;,, and a
ternary helium-assisted recombination mechanism, with a rate coefficient Kye.
The plasma decay can then be described by an overall effective recombination
rate coefficient:

Aeff = pin + KHe[He]. (11)

Both rate coefficients can be obtained by measuring the dependence of a.¢ 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. PHy, °Hy, "Hy and “Hs) and Pf, and
°f, to denote para and ortho fractions. PHy and °HJ stand for para-H; and
ortho—H;, while Pf; and °f; denote their fractions (i.e. Pfs = [pH;]/[H;] and °f; =
[OH;{] / [H;]). 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.=[PH; ]+ [°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,
- = —(Paerfs + i)l — — = —aern — —, (1.2)
di ™ ™

where o and P are the state-selected effective recombination rate coefficients
for OH; and pH;“, respectively, aer =PfsP o + °f3°a0 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 g [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 auy for two or more different values of Pf;, but under otherwise identical
conditions (temperature, and density of He and H,), then permits a determination
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of the individual recombination rate coefficients Paegr and ®ae. The fraction Pfi
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/H; with a
typical composition 10'7/10'/10" cm™ 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 Hs (°Hj) [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 Hf. The lowest rotational levels (1,0) (ortho, transition 3vy(2,0) < 0v9(1,0))
and (1,1) (para, transition 3vj(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 3v;(4,3) < 0v9(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 e 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 “Hs), but under
otherwise very similar conditions. The densities of the para (1,1), ortho (1,0) and
ortho (3,3) states of Hi were monitored. Examples of data measured at 140 K
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 H; in both experiments. In this set of experiments, we
obtained Pf; ~ 0.5 for "Hy, and P f; ~ 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/"Hy 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 Hyo and Ar. Middle panel: the measured relative populations
of the para (1,1), ortho (1,0) and ortho (3,3) states of Hg‘ 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 aeg 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 us 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 " and o on [He]
at 140K are shown in figure 2a. The corresponding fractions Pf; are shown in
figure 2¢. Because "t and g 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 (f; =0.5)
correspond to those expected under TDE. The present experiments with "Hs 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 " and e 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 Paeg and ®aqg 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 Pacg and °ae (figure 2b) using
equation (1.1). For further details on the data analysis, see Varju et al. [20].
The measured values of Pay,, apin, "apin and values of "ay;, 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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(a)

O (x107 cm3 s71)

(b)

o (x107 cm® s71)

~
o
~

bf; (%)

[He] (x10'7 cm™)

Figure 2. The measured dependences of the effective recombination rate coefficients on the He
density at 140K. (a) aef measured using "Hy (open circles) and g measured using “Ho (filled
circles). (b) The measured values Pagg and ©aqgr for pure PHJ (filled triangles) and pure °HJ (open
triangles), respectively. (¢) The fractions Pf of pH; measured in the experiments with "Hg and
°Hs. (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 PH; (fractions, Pf;) and °Hj,
and from the measured decay of the ion density, we evaluated the binary
recombination rate coefficients for pure pH; and OH; 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 H;}r ions on the
nuclear spin states of the ions. The agreement between the experimental values
("thin, Papin and g, ) and the theoretical values ("apr, Papr and °apr) [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
"apin 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
" pin, Popin and oy ‘Normal-Hg" refers to data measured in the present experiments with "Hs.
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 pH3+, OH; and for Hg‘ ions in TDE [18]. (Online version
in colour.)

Papin and ©ay,y, 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.

This work was partly financed by the research grant OC10046 from the Ministry of Education
of the Czech Republic and was partly supported by GACR (205/09/1183, P209/12/0233), by SV
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Utilizing different ratios of para to ortho H, in normal and para enriched hydrogen, we varied the
population of para-H;* in an H;* dominated plasma at 77 K. Absorption spectroscopy was used to
measure the densities of the two lowest rotational states of H;*. Monitoring plasma decays at different
populations of para-H;* allowed us to determine the rate coefficients for binary recombination of
para-H; " and ortho-H;* ions: 7a, (77K)=(1.9+0.4) X 107" cm?s™! and °a;, (77 K) = (0.2 =0.2)X

1077 cm?®s™ L.

DOI: 10.1103/PhysRevLett.106.203201

Introduction.—H;* is the dominant ion in many types of
hydrogen-containing plasmas including astrophysically
relevant plasmas [1,2]. It is the simplest polyatomic ion;
its properties are well known [3,4]. The recombination of
H,* has been studied for over 50 years [5,6]. Only re-
cently, the process of binary dissociative recombination
(DR) of H;* was described by going beyond the Born-
Oppenheimer approximation and accounting for Jahn-
Teller coupling [7]. The calculated cross sections [8,9]
and the cross sections measured recently in storage ring
experiments are approaching each other [10,11]. Presently,
no reliable rate coefficient measured with storage rings
below 300 K exists [12,13]. Only two years ago, it was
demonstrated that the recombination rate coefficients
(effective a.g) determined from plasma decay during an
afterglow are composed of the binary and ternary process
[14]. Taking this into the account, an agreement between
experimental and calculated (DR) rate coefficients has
been achieved for 77-300 K [15-19].

For temperatures below 300 K, the theory [9] of DR of
H,* predicts different values of recombination rate coef-
ficients for different nuclear spin states of H;* (Papg and
°apy for para-H;* with a total nuclear spin quantum num-
ber / = 1/2 and ortho-H;* with / = 3/2, respectively).
The qualitative reason is that at small collisional energies
there are more Rydberg resonances of the neutral para-Hj
that can be populated during the electron-ion collisions. It is
because there are more low energy rotational states of the
ground vibrational state of para-H; *, for example, (J, K) =
(2,2) and (2, 1) (corresponding to energy of ~151 and
249 K). For ortho-H; ¥, the lowest rotational states of the
ground vibrational state have relatively higher energies [for
example, (3,0) corresponds to ~650K]. More Rydberg
resonances in para-H; enhances DR cross sections in
para-H;* more than in ortho-H;" at low temperatures
(<200 K). The difference between ”ap, and °apy was
partly confirmed by storage ring experiments [10].

The recent observations made towards several diffuse
molecular clouds showed a large difference between
excitation temperatures T'o(H,) and T(H;*) derived from

0031-9007/11/106(20)/203201(4)
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the relative intensities of lowest rotational levels of H, and
H3+, respectively (for details, see Ref. [20]). These obser-
vations lead to the conclusion that in a reliable chemical
model the nuclear spin dependences of the reactions, in-
cluding recombination of para- and ortho-H; ", have to be
considered. The dependences on spin, rotational excitation,
and temperature have to be measured.

In this Letter, we report results of our pursuit of mea-
suring the recombination rate coefficients 7« and “a of
pure para-H;* and pure ortho-H;*. This is achieved by
in situ determination of para-H," and ortho-H;* densities
in an H;* dominated and recombination governed plasma
in a He-Ar-H, mixture at 77 K. In the following, we will
use upper left index p, o, n, and e to indicate “‘para,”
“ortho,” “normal,” and “‘para enriched,” respectively,
e.g, "H,, °H,, "H,, and °H,. For para-H;* and
ortho-H; ™ ions we use PHS and °H. Symbols ”f and
¢ f denote relative populations (fractions, 7f + °f = 1) of
H," ions in the para and ortho state, respectively (i.e.,
Pf=[PH;*]/[H;*] and °f = [°H;"]/[H;"]). Normal
("H,) and para enriched (°H,) hydrogen were used in the
experiments. In "H,, 1/4 of the H, molecules are in para
and 3/4 in ortho states. In a low temperature hydrogen
afterglow plasma, the main processes determining the
density of PH;* and “H;™ are diffusion and the following
processes:

Pa .
i
PH;* + e — neutral products,

o
0H3+ + ¢ =% neutral products, (1)

+ Vpo +

— 0

PH,* = °H,",
Vop

where P a i and °a; are the effective rate coefficients of
the overall recombination of 7H; " and °H; ", respectively.
Vpo and v, are frequencies of 7H;™ to °H;* transitions
and vice versa. If collisions with ”H, and °H, dominate
such processes, then v, and v,,, can be expressed as v =
k["°H,] where k is a rate coefficient of the corresponding

© 2011 American Physical Society
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nuclear spin changing reaction. The balance equations for
PH,™" and °H; ™ are

d[PH,*] [PH;*]
T; = —Pag["H;*In, — 3 -~ Vpo[pH3+]
+ Vup[nH3+]’ @
dH1 [‘H;"] 0
T; == aeff[ H3+]ne - 7'13) - ”OP[ H3+]
+ Vpo[pH3+], 3)

where 7 is the time constant of ambipolar diffusion.

If [PH;*]+ [°H;"] = n,, then we obtain by summing

Egs. (2) and (3)

dne — 4 P o 0 2 e _ 2 e

E = _( [ f + e f)ne - g = Ty — g
C))

We see that a.g determined from the decay of n, [21]
depends on Pf, °f, Pay, and a . If Pf and °f are
constant during the afterglow, the decay can be described
by an effective recombination rate coefficient a.; =
PagPf+ %au’f. If aqy is measured at least for two
different values of 7f, one can derive Pa 4 and ‘a -
The overall recombination includes a binary and a ternary
helium assisted recombination [15-18]. In the first ap-
proximation we can write

(T, [He]) = ay,(T) + Ky (T)[He], ()

where ay;, and Ky, are the corresponding rate coefficients;
a similar relation can be written for 7 a4 and .

Because of the weak coupling of the nuclear spin to the
remaining degrees of freedom in H;* and H,, the proba-
bility of changing the nuclear spin by radiation is very low.
In the present experiment, the main nuclear spin scram-
bling process is the reaction with H, via the formation of an
(Hs*)* reaction complex [20,22-27]. This reaction allows
efficient scrambling of the protons. Besides the dynamical
details, rather stringent nuclear spin selection rules affect
the ratio of ["H;*] and [°H;*] in the plasma [20,22-28].
Therefore the change in 7 f can be achieved by using ‘H,
instead of "H, [20,23,29]. By performing the measure-
ments with different [He], the values ay;, and Ky, for the
individual spin states have been obtained. For a detailed
discussion of experiments with "H,, see Refs. [14,15,19].

Experiment.—In the experiment, the plasma is formed in
a pulsed microwave discharge in a fused silica tube cooled
by liquid nitrogen to 77 K. The discharge was ignited in a
mixture of He-Ar-H, (a typical composition 10'8, 104,
1013 cm™3 [30]). Para enriched “H, was produced from
"H, by using a Fe,0; catalytic converter cooled below
20 K. Nuclear magnetic resonance spectroscopy was used
to determine the fraction of ”H, [ > (87 = 5)%].

The ion density was measured with a near infrared
cavity ring down absorption spectrometer [31,32]. The
densities of the two lowest rotational states of the ground
vibrational state of Hy" were measured by using the tran-
sition 3v3(2,0) < 029(1,0) for °H,* and 3vi(2, 1) —
01/8(1, 1) for PH,"; for notation and details, see
Refs. [31,32]. In a thermodynamic equilibrium at 77 K,
these two lowest rotational states contain = 86% of the
population of H;*. The Doppler broadening of the absorp-
tion lines was measured to obtain the kinetic temperature
of H;*. The measured kinetic temperature of ions in the
active discharge was (80 = 15) K. Because of the high
helium density [[He] = (2-18) X 10'7 ¢cm™3)], the relaxa-
tion time for the electron temperature is below 1 us. In the
early afterglow, the electron and ion temperatures relax,
and in the later afterglow (= 50 ws), we can expect that
the temperature of electrons and ions is 77 K.

Because of high [He], [H,], and n,, any ion has on
average 10° collisions with He, 10 collisions with electrons
[33], and more than 10 collisions with H, prior to its
recombination. This is why it is safe to assume that during
the afterglow the population of states within the PH;™ and

T
i 77K
10" N
LI
g 10°F
S 2 ! Para enriched H,
c ] " 1 " 1 " 1 " 1 "
o ll T T T T T T T T T ]
= 5 ny ——o-Hj(all) ]
~qc-)- 1011 :ne - - -fit °‘H§(3|3)§
Q —p-Hjal)
o 4
© 10"

100 200 300
Time (us)

L 1 L 1 L
400 500 600

FIG. 1 (color online). The decay curves measured for PH;*
and °H7 using para enriched H, (°H,, top panel) and normal H,
("H,, middle panel). Obtained n, are also plotted. The line
indicated as (3,3) in the middle panel is a decay curve for
H,* in the eponymous state. The fractions ” f of "H, " measured
in experiments with "H, and “H, are plotted in the lower panel.
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FIG. 2 (color online). Dependencies of effective recombina-
tion rate coefficients on He density. Upper panel: Data from
experiments with "H, and ‘H, ("a 4 and “a ). Included are
data obtained in the FALP experiment using "H, (at 82 = 5 K,
open squares). Lower panel: Relative populations of PH;*
(fraction ”f) measured in experiments using "H, and ‘H,.
Middle panel: The effective recombination rate coefficients
P, and ‘g for PHy™ and °H,™ calculated from measured
“yp, "oy, and P f

°H,* manifold is thermalized to 77 K and it is sufficient to
measure densities of Hy™ in the lowest rotational states,
ie., (1, 1) of PHy" and (1, 0) of °H; ™. This assumption was
confirmed also by the measurement of a population distri-
bution among (3, 3) metastable ortho state [24] and two
aforementioned states in the "H, discharge for tempera-
tures in the 77-200 K range.

Results and discussion.—When using "H, as precursor,
we observed 7 f = °f = (.5; see Figs. 1 and 2. That holds
for the whole H, density range used in the present experi-
ments [(0.5-5) X 10" cm™3].

For each set of experimental conditions, the evolutions
of [PH;*] and [°H; "] were measured and n, were calcu-
lated (Fig. 1). From these evolutions, we extracted a.g and
P f. The first 50-100 ws of the decay are excepted from the
analysis to exclude the formation-relaxation region. In
Fig. 2 (upper panel), rate coefficients measured with "H,
at 77 K are plotted as a function of [He]. The data were
fitted by using Eq. (5), and the recombination rate

20 MAY 2011
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FIG. 3 (color online). Measured binary recombination rate
coefficients for normal H; ", ortho-H; ", and para-H, " in com-
parison with FALP data for normal H3+ [14,15,19] and theo-
retical predictions [9]. Normal H; ™ indicates data measured with
normal H,. TDE stands for thermodynamic equilibrium.

coefficients of Hy* with 7f = °f = 0.5 were obtained:
"ay. (77 K) = (1.0 £ 0.2) X 1077 cm3s™! for the binary
and "Ky, (77 K) = (1.5 £ 0.2) X 1072 cmSs™! for the
ternary process. Earlier data obtained with a Langmuir
probe in the flowing afterglow experiment (FALP) at
(82 = 5) K are also plotted for comparison [15].

Using “H, as a precursor, we increased the fraction of
PH, ™. The obtained . and ? f are plotted in Fig. 2. It is
evident already from these plots that the recombination of
PH,™ is faster. From “a g and ” f, measured with “H,, the
values ” ar g and ° v for PH, ™ and °H, ™ were calculated.
In these calculations, the dependence fitted through data
measured with "H, was used as a reference (full lines in
Fig. 2 indicated as " « ). By fitting the data ” v and % av ¢
with a linear dependence [Eq. (5)], we obtained corre-
sponding binary and ternary recombination rate coeffi-
cients. For PH,*, e, = (1.9*0.4) X 1077 cm®s™!
and PKy, = (1.9 =0.4) X 107 ecm®s™!.  For °H{,
Cap, = (02=20.2) X 1077 cm®s™! and Ky, < (1.1 =
0.4) X 107 cm®s~!'. The results are summarized in
Fig. 3—the agreement with FALP experiments [15,19] and
with the theory [9] is excellent.

Summary.—By using a cavity ring down absorption spec-
trometer, the evolution of ortho-H;* and para-H;* den-
sities has been monitored in situ during the afterglow. From
such measurements, effective rate coefficients of recombi-
nation of H;*, for a particular para-H; " /ortho-H, * ratio at
77 K, have been determined and the effective recombina-
tion rate coefficients of both spin modifications (P« s and
®a ) were obtained. The rate coefficients of the binary
recombination of para-H;* and ortho-H;™ (Pa,;, and
?a;,) were determined by measuring at different [He].

To our knowledge, this is the first study of Hy* recom-
bination with in situ determination of the composition of
the decaying plasma with respect to para and ortho states of
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H,*. Since the majority of the ions is in the lowest
rotational states of para and ortho modifications [(1, 1)
and (1, 0)] at 77 K, it is the first time that binary recombi-
nation rate coefficients were obtained for ions in the
ground vibrational, specific nuclear, and rotational states.
The theoretical prediction made for binary DR [9] is in
excellent agreement with our data. No reliable storage ring
data below 300 K exists [13].

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
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Recombination of D;’ ions with electrons at low temperatures (80—130 K) was studied using spec-
troscopic determination of D7 ions density in afterglow plasmas. The use of cavity ring-down ab-
sorption spectroscopy enabled an in situ 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 & 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 DI ion. The results show that D 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 o, (80 K) = (9.2 £ 2.0) x 1078 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 cm®s~'. © 2012 American Institute of Physics.

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

. INTRODUCTION

The astronomical importance of trihydrogen cation Hf
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 HY 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,D*, HD, and D;’ 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 H;’, but also of H,D* and HD}' , 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 D7 in the models leads to predictions of higher values
of the D/H ratio in the gas phase.* Unfortunately, D} 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 H;’ (see, e.g., the book by Larsson
and Orel®). For details on recombination studies of the D;r
ion, see Refs. 9-19. For both HY and DY significant differ-
ences between recombination rate coefficients were obtained
in different types of experiments'®12-1519.20 gyer many years
and the differences between the experimental values and the

0021-9606/2012/137(19)/194320/8/$30.00
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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 HY
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 H;r recom-
bination below 300 K (see discussion in Refs. 32 and 33). We
assume that the situation with DY is similar to HY (i.e., no
reliable data from storage ring experiments exist for low tem-
perature recombination of the DY 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 H;r and
D7 ions in plasma.!6-18:35-37 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 H;’ 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—H3+.3fMl

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*>*3 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 H3+ 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’!%-121415 and storage ring experiments.'3 !
There are few storage ring experiments?? and no afterglow ex-
periments with H,D* and HD;' . 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 Hj at temperatures ~300 K 274950

In the present study, we formed DI dominated plasma in
local thermodynamic equilibrium and we measured the binary
recombination rate coefficient ay;, 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 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 D;r 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 D3+ ions
to DY in ternary helium assisted association reaction.'> The
main processes are

DI +e~ X neutral products, (1)
DI +e” +He K neutral products, 2)
DI + D, + He %5 DY + He, 3)
DI 4+ e~ & neutral products, 4)

where ay;, is the binary recombination rate coefficient of D3+
ions, Ky is the ternary recombination rate coefficient of He

J. Chem. Phys. 137, 194320 (2012)

assisted recombination, ks is the ternary rate coefficient of He
assisted association, and o is the binary recombination rate
coefficient of DY ions with electrons.!>>! If the recombina-
tion of D;r 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

d[D1] n
3= = —ap[D] Ine — Kue[Hel[DF Jne — — — =, (5)
dt (45} R

where 1p is the characteristic diffusion time, g 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 7y, for “linear losses” by
equation 1/t = 1/1p + 1/7R, then the balance equation can
be rewritten as

dn. ) Me

a T G = ()

where we introduced the effective binary recombination rate
coefficient a.g which can be written in the form

aeii(T, [He]) = opin(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 opip and Ky one has to measure the dependence of o
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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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;’
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.

pumping

Spatial filtering &

mode matching

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 Df 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~'.3* 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 Tennyson’*) as 3v21(1, 0) < ng(O, 0) and 3v2} 3,2
< 019(4, 2) for ortho-DI (0,0) and meta-D} (4,2), respec-

25 T T T T

20+
ortho-D;, (0,0)

051 meta-D; (4,2)

0.0 %f%@y@%

2.64 2.70

absorption (107 cm™)

276 3.84 3.90 3.96
(A-5790) (cm™)

FIG. 2. Example of absorption line profiles of D3+ ions measured at the wall
temperature of Ty, = 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-D¥ (0,0) and meta-D7 (4,2), respec-
tively. The calculated values are 5793.92 cm™! for 3vi(1, 0) < 0v9(0, 0) and
5792.68cm™! for 3v(3,2) < 0v9(4,2) for ortho-DF (0,0) and meta-DY
(4,2), respectively.>*?
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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 ™ f; of meta-D (4,2), ™ f; = [meta-DJ (4,2)l/[D¥]. The
value of the ratio corresponding to the TDE at 80 K is indicated by the dashed
horizontal line. Used conditions are Tye = 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
meta-Dgr (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 DI 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 7, 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 Tro and vibrational temperature 7v;, 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 dominated plasma in Refs. 40, 41,
and 56. In the present studies, we determine kinetic tempera-
ture (Txiy) of ions from the Doppler broadening of measured
absorption lines. In Figure 4 an example of the evolution of
Tkin measured at a wall temperature of Ty, = (112 &£ 1) K
is plotted. The obtained equality Ty, = Tkin means also
Twan = Tue. 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 7T, 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 (Tkin)
during the discharge and during the early afterglow, while a wall temperature
was Twan = (112 £ 1) K and rotational temperature was Trot = (112 £ 3) K.
Used helium buffer gas concentration was [He] = 3.6 x 10'7 cm™3. The
mean value of the measured ki, 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 pus. 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 HT, we also expect that all
excited vibrational states of D7 are quenched in multiple
collisions with He, Ar, and D, (see discussion for H3+ 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 Kcgrr which has a very pro-
nounced temperature dependence, Kcrr ~ Te_g/ 2 61-63 1) 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.®>% 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®® ),
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 H 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 Tr, was measured not
only during the discharge but also during the early afterglow
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FIG. 5. The measured rotational temperature Tro of the D;‘ ions versus the
measured kinetic temperature Tki,. 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-D3+ J,G) = (4,2) was still suffi-
cient. The measured dependence of Tro: on Tki, is shown in
Figure 5.

Recently, we studied relaxation processes and equilib-
rium in HY dominated plasma using very similar experimen-
tal conditions, the only difference being that now we use D,
instead of Hp.3#1:% 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-H{ J/[ortho-H{ ]. In addition, in the HY experiments
we used normal and para enriched hydrogen to manipulate
the fraction of para—H§r in the plasma. From the obtained re-
sults we also concluded that Troy = Tkin = Tge = Twan for
H;r 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 H3+ 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 DY 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 D;, the calculated electron density and the partial
density of ions in (4,2) state (fraction ™ f3 of Ineta—D;r 4,2),
mfy = [meta-D;r (4,2)]/[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 o.g from 7, (see Egs. (5)
and (6)) and minimize the influence of D;r formation followed
by a rapid recombination on the determination of o.g. The
first 50-150 ps 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 D;, measured during the afterglow in a He/Ar/D,
gas mixture at 112 K, 550 Pa of He, [Dy] = 1.7 x 10'*cm™3 and [Ar] = 8.4
x 10" cm—3. Time is set to zero at the beginning of the afterglow (indicated
by vertical dashed line). The electron density (n.) 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 7y,
the dashed line indicates the fit of the electron number density decay, see
Egs. (5) and (6). Panel (b) Measured fraction ™ f3 of mela-D; 42), ™ f3
= [meta-D7 (4,2)1/[D] ].

account from the analysis to exclude eventual formation of
D3+ in very early afterglow (for details see Refs. 18, 39, and
65). Dependencies of the effective recombination rate coeffi-
cient ae on [He], measured at 80 and 100 K are shown in pan-
els (a) and (b) of Figure 7, respectively. Linear dependence of
o 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

(a)‘ ‘ u 6RDS ‘

4r O FALP ’\QQ\‘:/ ]
. 80 K A cCryoFALP
Im 3+ Pid . 1
c .
o
no2p ]
=4
5 1L-a@mT T Theaysok]
4l i

Theory 100 K

0 2 4 6 8 10 12 14
[He] (10”7 cm™)

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.?’ >0
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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 acrr of the ternary CRR pro-
cess is dependent on the electron density, @crr = KCRrR - He,
where Kcgr is the ternary rate coefficient, only dependent
on the temperature. We measured o.g in two types of ex-
periments, in FALP with a typical initial electron density of
ne, =2 x 10°cm™ and in SA-CRDS with a typical initial
electron density ne, = 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 .g. From this we
concluded that CRR contribution, which should be depen-
dent on n¢, 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 H;r ions, for details see Ref. 41.
For comparison if one uses the classical Stevefelt formula
for calculation of acgg at T= 77 K and n. = 3 x 10'%cm™3
then the value of arcgr ~ 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 acrg®'
is three times higher than the measured overall recombina-
tion rate coefficient as at low [He]. We experimentally veri-
fied the validity of Stevefelt formula for atomic ions by mea-
suring acrr in Art 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 Hf nor DI molecular ions while we can observe it for
atomic Ar"(bearing in mind the differences between both the
experiments).

We calculated binary and ternary recombination rate co-
efficients apin and Ky from the measured dependencies of
aefr 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 ayp;, 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 apg cal-
culated for binary dissociative recombination®”-?%3 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 oy, With acrr, we also plotted expected
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FIG. 8. D;’ 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;r calculated by Kokoouline?”->* and by Pratt and Jungen,?® respectively.
The values oy indicated by filled circles were obtained in present study from
the dependencies of a.s 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 aefr on [He] at fixed 7.''® 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 101°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 D3 formed in the collision of
Dgr ions with electrons.'®"!8 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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T
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FIG. 9. The ternary recombination rate coefficient, Kye(7T), for He assisted
ternary recombination of D;r ions. The filled circles indicate the present val-
ues obtained from the measured linear dependencies of a.fr 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 o on [He]. The open
diamonds indicate data obtained from dependence of acfr 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 ions in thermal equilibrium.'6-18
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TABLE I. Measured binary apin and ternary Ky recombination rate coeffi-
cients of D;’ . The displayed temperature T 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.'”

T[K] atpin (1078 cm? s71) Kie (1072 em® s71) Reference
77 85+25 05402 FALP!7

80 92420 12403 This study
100 75420 26+04 This study
112 6.5+2.0 21404 This study
125 69+1.8 24+£03 This study
300 27408 1.8+ 0.6 FALP!?

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.

VI. CONCLUDING REMARKS

We studied electron-ion recombination in D 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 HJ
dominated afterglow plasma’®*!-3¢ we concluded that at used
conditions D dominated afterglow plasma is in thermal
equilibrium with 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.'"'% The binary and the ternary recombination rate
coefficients were obtained in the temperature range of
80-130 K yielding ap;n(80K) = (9.2 +2.0) x 108 cm?s~1,
pin(125K) = (6.9 4+ 1.8) x 1078 cm?s™!, Ky (80K) = (1.2
+03)x 107%cm®s™!  and Ky (125K) = (2.4 +£0.3)
x 10726 cmb s~

As in our previous recombination study of H;r dominated
plasma, neither for recombination of DY 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 D 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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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 107%(300/T)%**%% cm?® s~
for H;" ions in the temperature range 80—300 K and at;,p * = (3.5
+ L1) x 107%(300/T)3*%% ¢m3 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)."***72° 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; i.e., the
measured kinetic and rotational temperatures of the H;* ions
were close to the wall temperature, Ty, = Tyo = Tre = Toyarre

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 1077 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 glasma 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 coeflicient
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 50 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 coeflicients. 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* jons
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 coefficient
as ~ 107° em® 57, 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[H,*]
dt dt
_ + + +
= —oy,,[Hy" ]n, — aR[H;" ]n, — Ky [He][H; ]n,
n n
- KE—CRR[H3+]ne2 -—-=
b 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), @, is the binary
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recombination rate coefficient of H;" ions, s is the Hg" binary
recombination rate coefficient, R = [Hy"]/[H,;"] =~ Kc[H,] (K¢
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),
K cpp is the ternary recombination rate coefficient of electron
assisted collisional radiative recombination (E-CRR), 7y, is the
time constant of ambipolar diffusion, and 7y 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

e

n
_ 2 e
= Oy — —

dt 7 4)
where
Feff = aextrap + aSI<C[H2] = Qefo + KHe[He] + aSKC[HZ]

©)

is the effective binary recombination rate coefficient, 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, o ([H,]
— 0, [He] - 0) = i = (@pin + Kp.cprrte)-

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 H;" (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 cpr from the
measured decay of the electron number density. If the E-CRR is
present, it would be included in the a.g term of eq 5, 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 coeflicient, a,g and
the time constant, 7;, from the measured evolution of the
electron number density.

To correct for the presence of Hg" ions, we measured the
dependence of the effective recombination rate coefficient, o,
on the H, number density at each temperature and pressure.
Examples of such dependences are plotted in Figure 1.

The recombination rate coefficients of H;" ions with
electrons at a given temperature and pressure @y, (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 5 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 Quy,(T)[He]) at the given temperature and
pressure.

H;" to ortho-H;" ratio at the value apgropriate for the para/
ortho composition of the H, gas used.*”**

Examples of measured dependences of .4 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;* ions 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 SO 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 S5 from the dependence of (uy,,,(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 @, (@, see below) of the recombination of Hj*
ions with electrons on temperature is plotted in Figure 3. The

2 T T T
@ present

* DR theory TDE:

s v ==--- dos Santos
CRR.} CRR,% —-—- Jungen
i L 5 L 1
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
coefficients 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 _]ungen,46 respectively. The dotted
lines marked CRR, and CRR, indicate calculated®* recombination rate
coefficient for E-CRR at electron number densities of 10° and 5 x 10'°
cm™>, respectively. The thick full straight line is a fit to the FALP,
Cryo-FALP 1II, and SA-CRDS data in the range 80—300 K: @y, =

(6.0 £ 1.8) x 1078(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 ay;, 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 coefficients 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 ay,;, 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.

The dotted lines in Figure 3 labeled CRR; and CRR, are
effective binary recombination rate coefficients of E-CRR
(agp.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® 57! (see ref
34), respectively. Note that at T ~ 80 K, the difference between
the values of ay;, obtained in the present study and in the
previous SA-CRDS experiment”” is less than 2 X 10~ cm® 57
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™*° temperature dependence of apcrp) Was not
observed. This leads to the conclusion that under our
experimental conditions Qg = .

We have previously measured the rate coeflicients of E-CRR
of Ar* ions using the same setup as in current experiment”’36
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 @y = (6.0 £ 1.8) X
1078(300/T)%36*%% ¢m?® 571, 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 ay, 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 H;*
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 1I 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 coefficient on
the D, number density at particular temperatures and pressures
and obtained the binary o, 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,*

+ @ present
O FALP b
<& SA-CRDS

Theory TDE:
- - - Kokoouline
—-—-Jungen and Pratt

CRy,. S
/?)/R//\/G :

50 100 200 300
T(K)

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 Jungen* are plotted as dashed lines and dot dashed
lines, respectively. The full straight line is a fit to the FALP, Cryo-
FALP 11, and SA-CRDS data in the range S0—300 K: at;p - = (3.5 %

1.1) x 1078(300/T)%73*%% cm? 7,

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 ayyp = (3.5 = 1.1) X

107%(300/T)%7+%® ¢m® 571 The theory* predicts that the
difference between the recombination rate coefficients 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 50 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

whole temperature range used in this study. This is probably
why the values for the D;" recombination rate coeflicient
obtained below 80 K continue to follow the T ~°7* dependence
(the full line plotted in Figure 4). As in the case of H;", 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 7,
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 ay,;, we
also evaluated the ternary recombination rate coeflicients 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 experiments;ll’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 coefficient 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)*3%% cm?®s~!
for H;" in the temperature range 80—300 K and a;,p," = 3.5+
1.1) X 1078(300/T)°7**%% cm3 57! for D,* in the temperature
range S0—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 experiments27’33
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 em® 57" with para-enriched H,. This is the first
measurement of the recombination rate coefficient of H;* and
D;" ions in a plasma experiment down to 50 K.
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ABSTRACT: We present results of plasma afterglow experiments on
ternary electron-ion recombination rate coefficients of H;* and D;" ions at
temperatures from 50 to 300 K and compare them to possible three-body
reaction mechanisms. Resonant electron capture into H;* 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 cm®/s) in low-pressure afterglows'>™'* 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 107 cm™ 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 X107 = 0.6 X 1077)/ 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 jons. 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 H;* (D;")
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,'¢™'9%
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>>*7).

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 coefficient 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 coeflicient 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" ¢m™ 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

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 n,
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 ionization 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”7 cm™ (~10
Torr at 300 K), the spherical volume of an n = S0 state contains
several thousand atoms. The density of charged particles is
typically much lower, but above the Inglis—Teller limit*>*¢
(M ~ 80 at n, = 1 X 10° em™, 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
coefficients and there is no need to repeat detailed descriptions
(see, e.g, Kotrik et al,*” Dohnal et al,*® and Rubovit 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 coefficient
of O," ions was measured at T = 230 K for helium densities (in
units of cm™) from 3.8 X 10" to § X 10V, and at T = 155 K
from 2.7 X 10" to 5.6 X 10"7. No detectable variation with
density was observed and the absolute values agreed with the
known recombination coefficients.

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

A = Oy, + Ky [He] (1)
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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 .4 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 coefficients
(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 X 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 = S0 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?7% Kotrik et al’’) that such plasmas are close to
thermal equilibrium (Ty, = T. = Ti,). 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.m). 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 coeflicient
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 coefficients 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 Ds*

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 H;* 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 coefficient. 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 /-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 Spangl, however, should not be dismissed as
“early data”.

When later afterglow experiments (Glosik et al,'s™'?
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

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.

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

O cpr = 2.7 X 1072°(T,/300) **n, [em®/s] )
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 after‘glow 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 coefficient can be calculated
from the detailed balance between capture of free electrons and
ionization of Rydberg atoms in thermal Saha equilibrium as

Apn) = n* A, ek, n, [cm?/s] (3)

Here Ay, is the thermal de Broglie wavelength
Ag} = () Qam k1) )

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

n*kT, ®)

e

£, =

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

L 9.56 x 107 5(kT.) " exp(—¢,)

ion T 233 1.72

[em®/s]
£, + 4.38¢,

+ 1.32¢, (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 coeflicient 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 coeflicient 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, dy, ~ S X 107® em®/s at T, = 100 K.
Note that the equilibrium between capture and collisional
ionization will be maintained on a time scale of 1/k;,, n,, about
107% 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
coefficient approaches the capture coeflicient that rises linearly
with r, 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 coefficient 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 I-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 107> 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 (2" + 1)/[n* — (2’ + 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 acpr
~ 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:

me

a = 8r n

o’e,atom atom

SkT )1/2

zm,

RoRﬁ(

atom

)
Here, m, and M,,,, denote the masses of the electron and gas
atoms (e.g, helium), 6, o 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

outside that radius will escape recombination. If Ry is taken as
2R./3, the recombination coeflicient decreases with temper-
ature as T~>° and agrees with the energy-diffusion model of
Pitaevskii.®>' In the case of recombination in ambient helium
(using Ocatom = 9 X 107'¢ cm?), one obtains

a(T) = 2.1 x 1077(T/300) **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 107
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 10'7 cm™.
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 egs 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 I, whereas collisional stabilization
also occurs for states with high I 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 coeflicient is estimated as

Tefp = facapkln(He) /Ua [Cms/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,
A, 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, =
107105, Aep = 3 X 1077 cm®/s, and k; = 3 X 107 cm®/s, one
obtains a three-body rate coeflicient of 2.25 X 107 ¢m%/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

o = fa kn(He)
o TP Ln(He) + 1, (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 [-mixing by electrons, the
“saturation” would set in at lower helium densities under
many experimental conditions.

The assumption that the l-mixing rate coefficient due to
helium is given by k; = 3 X 10™® 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~27. Also, the theories of l-mixing consider only mixing from [
> 2. The rates for mixing from [ = 0, 1 to higher [ are actually
smaller because the quantum defects are larger. Unfortunately,
there are no direct measurements of /-mixing coeflicients for
high p for molecular ions to reach a clear decision.

The assumption that the autoionizing high-I Rydberg states
formed by [-mixing predissociate much faster than they
autoionize is also not obvious, and there is no good argument

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
Petrignani et al.”>® show several recombination peaks at
energies from 40 to 160 cm™ (0.005—0.02 eV) 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-H;". 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 Hj"
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 SO
cm™" (labeled A) has no counterpart in the lifetime graph of (1,
1) to (2, 1) resonances and probably 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 coefficient in terms of several, however not
well-known, rate coefficients has the form

kHen(He) + kene + l/diss,O

a(He) =«
i (He) capkHen(He) + ko, + Vgiss0 T (11)

The effective recombination coefficient is the product of a
capture rate coefficient and the ratio of recombination channels
to all decay channels. It is similar to eq 10, but the rate
coeflicients have different meanings. Here, k. 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. Vg, 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 coeflicients 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 Spané** 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, =107k, 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 7, 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 5. Comparison of eq 11 to experimental data at T = 300 K. The
following values were used for the rate coefficients and decay rates:
Uy = 2.55 X 1077 em’/s, ki, = 2 X 1077 em®/s, k, = S X 107> em’/s,
Vgiso = 1 X 10° 1/s, v, = 8 X 10° 1/s. See text for additional
explanations. Data points from Gougousi et al,*' Smith and Spanel,**
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 coeflicients 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 coeflicients 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
coefficients 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;" (D;*) 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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D. Para-hydrogen generator

D.1 Ladder diagram of electronic security sys-
tem

by

The 1 symbol indicates the rising edge, “/” indicates the negation. S stands
for “set”, R for “reset”. Internal binary value container are marked as Mn (n is
anumber). Xn are input hardware signals, Yn are output signals to the relays.
Rn are internal registers that can hold decimal values. Big square elements are
built-in software modules. The module Tn is a timer, CMP is a comparator

(Sa - Sb), TOGG toggles the binary value written in the square, RST resets
the register.

The first sequence of the program serves to interpret the signal from the
hardware button. If it is pressed two times, the override value M3 is set to 1.
This signal serves to override the decision whether the compressor should be
running or not based on the pressure in the isolation vacuum X1, a condition of
the turbine X3, the pressure above the rotary pump X and on the fact, whether
the time-scheduler was set (see section Compressor switch-on sequence at line
N0015). Positive value of M3 also keeps the valve above the rotary pump open
even if the pressure is high. This is useful when we pump out the hydrogen
from the catalyst container.

The water supply is controlled by a sequence N0016-N0020. The flow of
water is monitored by a flow meter (a simple floating contact) X2. In case of
instability of the water supply the compressor is switched off and if the X2 is
switched on it waits 2 minutes to be sure that the flow is stable. This sequence
also serves to switch on the compressor when the water valve is scheduled to
be switched on.

The sequence starting from N0021 deals with the switch-on time-schedule.
The start time (hh:mm:ss) is put to registers 1003 (hh), 1002 (mm) and 1001
(ss) and compared with the machine time.

The relays Yn control the following: (n = 0) — power source of the com-
pressor, (1) — power switch of the turbine, (2) — the valve above the rotary
pump, (3) — the valve for water cooling the compressor and the turbine.
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N0020

Para-generator's equipment backup security sequence

M96
switch
on timer
X0
rot pump
pres
Mi% /Y2
1 \ )
override rot pump
valve
Mét /YS
I I \ )
open w water
valve valve
Y2I /Y1
I \ )
rot pump turbo
valve switch
Compressor switch-on sequence
X1 X3 X0 M9o4 M100 YO
I |1 | I 1 [l L (
I 1 LI} 1 I \
isol turbp ok rot pump timer in water compress
vac pres pres itiated timer or
M3
1
I
override
In case of water supply malfunction, switch off the compressor for two minutes and try to switch it on again.
X2 M101
—ii ©—
water w timer
flow ok helper
X2
—d
water
flow ok
M101 —1S
— | EN LTUP-
w timer T201 120
helper
T20|1 M1 01
— | (R)—
w timer
helper
T20|1 IX2I l\ﬂ‘l 00
I 1T (S)r—
water water
flow ok timer
|X2| |\41 00
/1 (R)—
water water

flow ok timer
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Compressor (or para-generator) switch on timer sequence. Only HH:MM:SS is treated, not days.
M1922 —15
I e
N-1 FOVF-
! f = (+1) R101
seconds
17.CMP————
ENH Sa R101 Fa=b—
seconds
Sb: 59
M99
—U/SA a>|
seconds
overflow
ra<b—
M9I9
-N0023 —l EN—
seconds - RST R101
overflow seconds
—15
EN— FOVF-
(+1) R102
minutes
17.CMP———
N0024 ENH Sa ) R102 a=b—
minutes
Sb: 59
M98
—U/S Fa>b——( >—
minutes
overflow
Fa<b—
M9I8
-N0025 — EN—
minutes = RST R102
overflow minutes
—15
EN- FOVF-
(+1) R103
hours
17.CMP—
N0026 EN- Sa: R103 a=b—
hours
Sb: 23
M97
—U/SH a>|
hours
overflow
Fa<b—
M9|7
N0027| — ENA
hours =7 Rst R103
overflow hours




Printed Item: Ladder Diagram - Main_unit1

M95 17.CMP— M91
Noo28| — | EN Sa: R1001 Fa=
start co set seconds seconds
untdown Sb: R101 agree
seconds
—U/SH Fa>b—
Fa<b—
M95 17.CMP— M92
Noo29| — | EN Sa: ~ R1002 a=
start co set minutes minutes
untdown Sb: R102 agree
minutes
—U/S Fa>b—
Fa<b—
M95 17.CMP—— M93
I EN- Sa R1003  |a=
start co set hours hours
untdown Sb: R103 agree
hours
—U/sH Fa>b—
Fa<b—
L L as
I LI 1T (S
seconds minutes hours switch
agree agree agree on timer
M4
(S)>—
openw
valve
l>ll94
(S)r—
timer in
itiated
T200 M96
Noo32| — | (R)—
switch
on timer
EN
RST R99
timer switch
M96 —1S
I EN LTUP-
switch T200 45
on timer
MO 17.CMP—— M95
— | ENq Sai R lasb——(5)—
Fatek sw timer switch start co
itch ON Sb: 1 untdown
—U/SH Fa>b—
M95
Fa<b——(R)—
start co
untdown




D.1

Printed

[oose]
[voos7]
[nvooso]

Item: Ladder Diagram - Main_unit1

M95
—id EN
start co RST R101
untdown seconds
EN—
RST R102
minutes
EN—
RST R103
hours
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