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ABSTRACT: A stationary afterglow apparatus in conjunction with a laser absorption cavity ring-
down spectrometer has been employed to observe absorption lines in the P- and R-branches of the
(200) « (000) and (21'0) « (01'0) vibrational bands of the N;H* molecular ion as a part of
an ongoing study of the electron-ion recombination of N,H* in afterglow plasmas. The probed
absorption lines lie in the near-infrared spectral region around 1580 nm. The observed transition
wavenumbers were fitted to experimental accuracy and improved molecular constants for the (200)
vibrational state were obtained. The employed experimental technique enables probing of the
translational, rotational and vibrational temperature of the studied ions as well as the determination
of the number densities of different quantum states of the ion in discharge and afterglow plasma.
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1 Introduction

The NoH* molecular ion, being an important and abundant interstellar species, has been the
subject of spectroscopic and electron-ion recombination studies since its first radio astronomical
detection [1, 2]. It has been observed in a variety of interstellar environments [3-5] and serves as
a versatile probe of N, and CO abundances and physical structure of dark clouds [6, 7]. In denser
regions it is formed via proton transfer from HJ and the main destruction mechanisms include
proton transfer to CO and dissociative recombination with free electrons.

The dissociative recombination of NoH* with electrons has been studied by Flowing Afterglow
and Storage Ring techniques resulting in the determination of temperature dependence of its rate
coefficient and branching ratios of the product channels and observation of emission spectra of
electronically excited products. For an overview of the different experimental results see recent
publications [8—10] and references therein. Only one spectroscopic determination of the decay
of the NoH* number density in an afterglow plasma has been carried out so far, which gave a
surprisingly high value of the recombination rate coefficient [11]. Fully ab initio calculations have
indicated that the inclusion of several types of vibronic coupling in the indirect recombination
mechanism yields theoretical cross sections comparable to experimental data [12].

Detailed descriptions of the experimental work on spectroscopic studies of NoH* are given
in refs. [13, 14]. These include the observation of rotational transitions in excited vibrational
states. NpH* has a linear configuration in its ground electronic state. Its vibrational states will
be represented in this paper by the symbol (vlvéw), where vi, v, and v3 indicate the numbers of
vibrational quanta in its three normal modes: in the v; N-H stretching vibration, the v, bending
vibration, and the v3 N-N stretching vibration, respectively. [ is the quantum number associated
with the vibrational angular momentum corresponding to the doubly degenerate bending mode.
Extensive information on the excited vibrational states has been published [15].

The main aim of this study was to find suitable transitions of the N,H" ion that could be
used for the determination of number densities of the ground vibrational state and of the first
excited vibrational state of NoH™ for further studies of its recombination with electrons in afterglow
plasmas.



2 Experimental technique

The present experiments employ a cavity ring-down (CRD) laser absorption spectrometer in con-
junction with a stationary afterglow (SA) apparatus. The following sections will give a brief
description of the diagnostic technique and the apparatus. For more technical details see [16].

2.1 Cavity ring-down spectrometer

The design of the CRD spectrometer is based on the continuous wave modification developed
by [17]. The radiation sources employed in our setup are either fiber-coupled distributed feedback
diode lasers (DFB, typical linewidth of less than 10 MHz and optical output power higher than
10 mW) or an external cavity diode laser (ECDL, Sacher Lasertechnik, output power of 3 mW), with
central wavelengths in the near-infrared spectral region around 1580 nm and 1450 nm, respectively.
The active radiation source wavelength is measured by a Michelson interferometer-based wavemeter
(EXFO WA-1650). The optical setup is divided into two almost identical parts for the two types
of lasers. Each part consists of a free space optical isolator, an acousto-optic modulator, a pair
of lenses, and a pinhole for spatial filtering and mode matching the laser beam into the cavity.
Two plano-concave highly reflective mirrors (reflectivity > 99.95%) form the optical resonator.
The spacing of the mirrors is 75 cm and a typical ring-down time of the empty resonator is 32 us.
The entry mirror is fitted with a piezoelectric transducer which in turn is modulated either by a
triangular waveform or by a combination of a relatively low-amplitude sinusoidal waveform with a
slowly varied voltage offset controlled by active feedback to achieve higher acquisition rate of the
ring-down events. Photons exiting the cavity are detected by an avalanche photodiode. The detector
is equipped by an optical bandpass filter centered at the used wavelengths to minimize background
contributions from the discharge light emissions.

2.2 Stationary afterglow

The highly reflective mirrors of the CRD spectrometer are placed inside the stationary afterglow
vacuum apparatus at both ends of a fused silica discharge tube with an inner diameter of 1.2 cm. The
ions of interest are generated in a periodically switched microwave discharge inside a rectangular
waveguide resonator. The neutral gas typically consists of several hundred Pascal of buffer gas
(hydrogen or helium) with admixtures of reactants. The buffer gas is purified in the high pressure
region by liquid nitrogen cooled cryotraps before passing through the mass flow meter. The flowing
gas mixture is further purified in two other liquid nitrogen cooled cryotraps before entering the
discharge tube. The 2.45 GHz magnetron based microwave generator is continuously operated at
relatively low power of 820 W. Switching off the microwave power is achieved by an external
high-voltage switch connected directly to the magnetron power supply. Typical discharge period is
4 ms with a 50% duty cycle. The ring-down signal acquisition is synchronized with the discharge
pulses in order to achieve temporally resolved absorption measurements, sampled at 1.25 MHz
sampling frequency by a 12-bit AD converter. Light emitted from the discharge can be monitored
through a view port in the waveguide. The discharge tube itself is surrounded by an outer glass tube
that can be closed off at both ends and filled with liquid nitrogen to make a cooling bath. Pre-cooled
liquid nitrogen vapors from a heated reservoir can also be flowed through this surrounding volume
to achieve stable discharge tube wall temperatures Ty, in the range of 77-300 K.



3 Results and discussion

In the present experiments H,/N; and He/H, /N, gas mixtures were utilized to produce N,H* dom-
inated low-temperature plasmas. In both hydrogen and helium buffered plasmas optimal reactant
number densities were chosen to maximize the observed absorption signal. All the experiments
were conducted at Ty, = 300 K with nitrogen vapors flowing through the surrounding volume to
maintain stable temperature.

The first set of experiments, inspired by previous spectroscopic and recombination experiments
of [11, 18], was conducted in gas mixtures of H, and N, with typical number densities of 10" cm™3
and 10'*-10"5 cm™3, respectively. When using He/H, /N, gas mixtures, the typical number densi-
ties used in the experiments were 10!7/10'#/10'* cm™3. The main reactions for formation of NoH*
at these conditions are:

H; +N; — NQHJr + Hj (3.121)

and
N; +H, - NoH* + H, (3.1b)

where the second reaction is slightly more exothermic [19]. For more details on HJ formation in
H, buffered plasmas see [20]. Computer simulations of the chemical kinetics predict abundant
production of N,H" ions at typical experimental conditions. Special attention was paid to the
presence of H,O and NHj impurity molecules in the discharge. The amount of H,O impurities
was monitored using transition at 6804.401 cm™! (0,2, 1) 202 « (0, 0,0) 303. The line position and
intensity were taken from the HITRAN database [21]). The number density of water was found to
be substantially lower than 10'! cm™3. NHj reacts fast with the NyH* ions forming NH} molecular
ions [22]. We found that even if the NH3 number density is as low as 10'> cm™3 the absorption
signal from the N,H* ions decreases by almost an order of magnitude. The NH3 molecules are
probably formed at the walls of the discharge tube. We used transitions at 6314.133cm™! and
6314.438 cm™! (line positions and transition line strengths taken from the HITRAN database [21]
and from ref. [23]) to monitor the actual density of NH3 in the discharge tube. By changing the buffer
gas flow and the H, /N, ratio we were able to keep the NH3 number density well below 10'! cm™3.

The search for P-branch lines in the v; first overtone band of NyH* was initiated by simulating
a stick spectrum from the spectroscopic parameters determined by [18] for the (200) state and [14]
for the ground state. The rovibrational energy levels in units of cm™! of these states relative to the
ground state term value are expressed as follows:

T(v,J)=EW,J)/hc =Gy + By [J(J + )] =D, [J(J + D> + H, [J(J + D] (3.2)

where v and J represent the vibrational and rotational quantum numbers, respectively. The intensity
of these rovibrational absorption lines can be expressed as (in accordance with the definitions used
in the HITRAN database [24]):
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where E, and E| are the upper and lower state energies, respectively, vy = (E» — E})/(hc) is the
transition wavenumber, / is the Planck constant, ¢ is the speed of light in vacuum, Q. is the total



internal partition function, € is the vacuum permittivity, kg is the Boltzmann constant, T is the
temperature, Sg is the rotational intensity factor, F is the Herman-Wallis correction term and Rj»
is the transition moment of the vibrational band. For the rotational and Herman-Wallis factors
we adapted the expressions found in [25]. The transition moment of the v; first overtone band
was computed by Vladimir Spirko! using the ab initio potential energy surface and dipole moment
surface from ref. [26]. The integrated absorption coefficient (area of the absorption line) equals the
line intensity multiplied by the number density of the absorbing molecules.

Figure 1 shows a section of the recorded spectrum, eight transitions in the P-branch of the v,
first overtone were observed from 6296 cm™! to 6320 cm™!. The measurements were later extended
to the R-branch in the range from 6388 cm™! to 6401 cm™! in order to achieve higher sensitivity in
the determination of the rotational temperature of the ions. Each line was fitted by a Gaussian line
shape resulting in the determination of the transition wavenumbers and the translational temperature
of the ions. In several cases where the absorption lines of interest were partially overlapped with
strong lines of N arising from transitions between excited electronic states, mostly in the case of
R-branch lines [18], the lines were, in addition, fitted in a suitable section of the spectrum.
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Figure 1. Panel (a): an example of the measured absorption spectra for a P-branch transition. The full line
is the Gaussian fit to the data. The residuals of the fit are shown in the lower part of the figure. Panel (b):
examples of measured transitions originating in the first vibrationally excited state of NoH*. The full line is
the Gaussian fit to the data. The residuals of the fit are shown below.

The measured transition wavenumbers are listed in table 1 and were fitted together with the
data from [18] by a linear model in which the ground state parameters were fixed to the values given
by [14]. The transition wavenumbers were weighted by the quoted uncertainties, in the case of the
data from [18] a constant uncertainty was assumed given by the estimated experimental accuracy

of 0.005cm™! quoted in the paper. The improved molecular parameters obtained for the upper
vibrational state (200) are given in table 2.

The relatively high vibrational band strength of the transitions where v; changes by two quanta
enabled us to observe the (21'0) « (01'0) hot band that lies close to the v; first overtone band.
The energy levels of these states could be easily calculated using the effective energy expansion and

Private communication.



Table 1. The measured transition wavenumbers in the (200) < (000) vibrational band of NoH* (Vexp)
compared to transition wavenumbers obtained by Sasada and Amano [18] and those calculated from the
energy levels given by eq. (3.2). The spectroscopic constants for the lower state were taken from ref. [14]
and for the upper state were obtained from the fit to the present data (see table 2 for details). The stars denote
lines that were blended with those of N, and were not used in the fit. The difference between measured and
calculated wavenumbers (A) is also shown. The numbers in parentheses are errors of the measurement in

units of the last quoted digit.

transition | Vexp (cm™!) Vsasada (€MD) | Peare (em™) | A (1074 em™1)
P(12) | 6296.0276(2) 6296.0276 0
P(11) 6299.6940(2) 6299.6939 1
P(10) | 6303.3097(2) 6303.3098 -1
P(9) 6306.8752(2) 6306.8753 -1
P(8) 6310.3902(2) 6310.3902 0
P(7) | 6313.8544(2) 6313.8545 -1
P(6) 6317.2682(2) 6317.2681 1
P(5) | 6320.6311(2) 6320.6310 1
R(19) 6388.0010(2) 6388.000(5) 6388.0009 1
R(20) | 6390.0202(6)* | 6390.007(5) | 6390.0203 -1
R(21) 6391.9873(4) 6391.980(5) 6391.9872 1
R(22) 6393.9010(4) 6393.898(5) 6393.9016 -6
R(23) | 6395.7635(5) | 6395.759(5) | 6395.7634 1
R(24) 6397.5723(6)* | 6397.568(5) 6397.5726 -3
R(25) | 6399.3201(4) | 6399.327(5) | 6399.3291 0
R(26) 6401.0331(9) 6401.029(5) 6401.0329 2

Table 2. The spectroscopic constants for the (200) vibrational state of the N,H* ion. Values obtained in
this study are compared with constants reported by Sasada and Amano [18] and Kabbadj et al. [15]. The
numbers in the parentheses are errors in units of the last quoted digit.

G200 (em™) Baoo (em™) D0 (1076 em™)
present 6336.68123(12) | 1.5383702(14) | 2.8933(22)
Sasada and Amano | 6336.6775(39) 1.5383581(71) | 2.875(fixed value)
Kabbadj et al. 6336.679 1.538368(14) | 2.880(20)

molecular constants given in [15] as:

T, J) =Gy + By [J(J+ 1) = 2] =D, [J(J+ 1) = ) + H, [J(J + 1) - 2] (3.4)

When v, = 1, each rotational level is split into two sublevels that are characterized by the projection
of the vibrational angular momentum onto the molecular axis and can also be labeled e and f
depending on the parity of the wave function [27]. A single pair of lines of the (21!0) « (01'0)
hot band is plotted in panel (b) of figure 1 to compare the typical line intensity with that of the
(200) « (000) band. The measured transitions of the (21!0) < (01'0) hot band are summarized
in table 3.



Table 3. The measured transitions in the (21'0) « (01'0) hot band of N,H* (Vexp) compared to transition
wavenumbers calculated from equation (3.4) using the spectroscopic constants available in ref. [15]. The
difference between measured and calculated wavenumbers (A) is also shown. The numbers in the parentheses
are errors of the measurement in units of the last quoted digit. Upper indices e and f denote parity.

Transition | ¥exp (cm™) Veale (em™) | A (10~% em™1)
R(4)¢ 6303.7250(20) | 6303.7231 19
R(4)f 6303.8142(5) 6303.8139 3
R(7)¢ 6311.9879(4) 6311.9881 -2
R(7)f 6312.1350(10) | 6312.1371 =21
R(8)C | 6314.6419(7) | 6314.6420 1
R(9)f 6317.2450(11) | 6317.2454 -4
R(9)° 6317.4329(20) | 6317.4341 -12
R(10)¢ 6319.7976(6) 6319.7979 -3
R(IO)f 6320.0066(8) 6320.0071 -5

We recorded a set of absorption lines in the P-branch section of the spectrum including the hot
band lines to create a Boltzmann plot (shown in figure 2) which can be used to evaluate the rotational
temperature of the ions. Our first approach was to fit the v; overtone lines separately in order to
include the possibility of a difference in vibrational and rotational temperatures. The rotational
temperature evaluated using states from the ground vibrational level using the Boltzmann plot is
Tror = 356 + 8 K, while the temperature of the discharge tube wall measured outside the microwave
resonator was approximately 310 K. Assuming the same rotational temperature in both probed
vibrational states and equal vibrational band strengths of the transitions, the resulting vibrational
temperature is 7yj, = 340+ 10K in a very good agreement with the evaluated rotational temperature

of the ions.
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Figure 2. Boltzmann plot used for evaluation of the rotational temperature. The values obtained from the
P-branch transitions originating in the ground vibrational state of the NoH* ion are plotted as circles, whereas

those from the first excited vibrational state are indicated by triangles. The dashed line denotes the fit to the
data used for the determination of the rotational temperature.



We used several first overtone transitions from the ground state of the CO molecule (P(11),
P(8), R(15) and R(16)) in the investigated frequency range to asses the systematic error of our
wavenumber determination by comparing the measured values with the HITRAN database [21].
The estimated systematic error of our measurement is lower than 2 x 10~ cm™'. The errors shown
in table 1 and table 3 include both statistical and systematic errors.

The time dependence of the measured number density of the ions in the ground vibrational
state of NoH™* in the discharge and early afterglow plasma is shown in the panel (a) of figure 3. The
number density was evaluated assuming thermal population of states from the absorption on the P(6)
line of the (200) « (000) vibrational band of NoH* using equation (3.3) and Rj» = 0.0167 Debye.2
Panel (b) of figure 3 shows reciprocal plot of the ion number density n. Note that in recombination
dominated plasma this plot is linear:

1/n=1/ng + afe(t —1to) (3.5)

where ng is the ion number density at ¢ = #y, « is the recombination rate coefficient and f; is the
ratio between the number densities of the electrons and probed ions. In our experimental setup the
losses of charged particles by ambipolar diffusion are not negligible so equation (3.5) is valid only
in the very early afterglow.
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Figure 3. Panel (a): the time dependence of the overall number density of the NoH* ions in the ground
vibrational state calculated using equation (3.3) from the absorption on the P(6) line. The time is set to zero
at the beginning of the afterglow. Panel (b): reciprocal plot of the ion number density.

4 Summary and conclusions

Using a stationary afterglow apparatus equipped with a cavity ring-down spectrometer we have
probed several transitions belonging to the (200) « (000) and (21'0) «<— (01'0) bands of the NoH*
ion. In case of the v; first overtone the transitions were probed in both P- and R-branches. The
measured line positions shown in table 1 are in a very good agreement with previous experimental

28pirko, private communication.



study by Sasada and Amano [18] and with theoretical calculations. The improved accuracy of our
results in comparison with previous ones enabled us to calculate the spectroscopic constants of the
(200) state (see table 2 for details). The observed transitions enable us to probe the translational,
rotational and vibrational temperature of the ions as well as the number densities of different
rotational and vibrational states of NoH*. These results will be used in our ongoing study of NoH™*
recombination with electrons.
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Stationary afterglow apparatus with CRDS for study of processes
in plasmas from 300 K down to 30 K

R. Plasil,’@ P. Dohnal," A. Kdlosi," S. Rougka,! D. Shapko,' S. Rednyk,'

R. Johnsen,? and J. Glosik’

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

2Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

(Received 19 April 2018; accepted 28 May 2018; published online 15 June 2018)

A cryogenic stationary afterglow apparatus equipped with a near-infrared cavity-ring-down-
spectrometer (Cryo-SA-CRDS) for studies of electron-ion recombination processes in the plasma
at temperatures 30-300 K has been designed, constructed, tested, and put into operation. The plasma is
generated in a sapphire discharge tube that is contained in a microwave cavity. The cavity and the tube
are attached to the second stage of the cold head of the cryocooler system, and they are inserted to an
UHYV chamber with mirrors for CRDS and vacuum windows on both ends of the tube. The temperature
of the discharge tube can be made as low as 25 K. In initial test measurements, the discharge was
ignited in He/Ar/H, or He/H; gas mixtures and the density of HJ ions and their kinetic and rotational
temperatures were measured during the discharge and afterglow. From the measured decrease in the
ion density, during the afterglow, effective recombination rate coefficients were determined. Plasma
relaxation was studied in He/Ar gas mixtures by monitoring the presence of highly excited argon
atoms. The spectroscopic measurements demonstrated that the kinetic temperature of the ions is equal
to the gas temperature and that it can be varied from 300 K down to 30 K. Published by AIP Publishing.
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I. INTRODUCTION

Electron-ion recombination is one of the fundamental
processes in plasma. Dependent on particular ion and on
parameters of plasma, it can occur by a variety of mecha-
nisms. From a kinetic point of view, recombination can be
binary or multi-collisional proceeding via collisional com-
plexes, e.g., ternary neutral-assisted (three-body, N-TBR, for a
general discussion, see, e. g., Ref. 1) or electron-assisted (col-
lisional radiative, E-CRR) recombination processes. In low-
temperature plasmas containing molecular ions, the dominant
binary recombination process is the dissociative recombina-
tion (DR) (see the recent review by Larsson and Orel?). In
plasmas containing only atomic ions, recombination usually
occurs by radiative recombination (RR).> These processes
have been studied, and their recombination rate coeffi-
cients have been measured in afterglow experiments for 70
years. >

Rate coefficients for recombination of ions with electrons
can be measured in two broad categories of experiments, the
historically older plasma afterglows and the newer merged-
beams and ion-storage-rings. Their basic principles have been
reviewed extensively (see, e.g., Refs. 2 and 5). Only a very
short overview of experimental techniques will be given here.
A plasma afterglow technique is relatively simple and inex-
pensive, while the modern storage rings are large-scale, expen-
sive, multi-user facilities (see short description below). Both
techniques have their strengths and weaknesses. Examples
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of afterglow techniques used for recombination studies are
the stationary afterglow (SA) technique,*¢ flowing afterglow
(FA),” and flowing afterglow with Langmuir probe (FALP)
technique.~!! In the majority of these experiments, the ions are
identified by using mass spectrometers. Only in some exper-
iments, the recombining ions and their internal excitation are
identified spectroscopically.'>”!> The interpretation of after-
glow plasmas, i.e., the decay of plasma subsequent to the
removal of the ionization source, can be complicated by the
occurrence of extraneous processes, and because they are car-
ried out at relatively high neutral densities, they are not always
free of third-body interactions. The latter has been found to be
important in recombination studies of the H} ions.'®"" Stor-
age rings are free of many such complications since the gas
densities are very low, but the absence of collisions also pre-
vents thermalization of the internal degrees of freedom, e.g.,
rotational energy of the ions. In the afterglow methods, in situ
optical absorption can be used to quantify internal states and
to distinguish spin modifications of the ions, such as ortho-
and para-H3 .20 Results obtained by the two measurement tech-
niques have often agreed but sometimes differed in which case
the disagreement often led to new insights. This is likely to
continue.

Measurements at very low temperatures (or ion-electron
collisions energies) are of particular interest for applications
to cold astrophysical clouds. In part for that reason, new cryo-
genic ion storage-rings have been built and have recently
become operative (CSR in Heidelberg?' and DESIREE in
Stockholm?”). Afterglow studies have been carried out at
temperature as low as 80 K, which is still higher than the
temperatures of interest in astrophysics.

Published by AIP Publishing.
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In the analysis of the afterglow data, it is usually assumed
that ions and electrons are in thermal equilibrium with neu-
trals (buffer gas) and that the temperatures of the elec-
trons, ions, and atoms/molecules of the buffer gas are equal,
T =T, =T g;. In some afterglow experiments equipped with
spectral diagnostics, the kinetic temperature of ions can be
determined from the Doppler broadening of the absorption
lines.”? In FALP experiments, the electron energy distribu-
tion function and electron temperature can be measured by
the Langmuir probe.?*~2% In some SA and FALP experiments,
the electron temperature was determined by monitoring the
decrease in electron or ion densities due to the ambipolar
diffusion.?*?

In most of the afterglow experiments, recombination rate
coefficients were measured at temperature of 300 K, and in
some variable temperature FALP (VT-FALP), rate coefficients
were measured in the range 80-600 K.?%2° Only in few exper-
iments, it was possible to measure recombination rate coeffi-
cients at temperatures below 77 K. In recent CRYO-FALP II
studies of recombination of H; ions, the minimal temperature
was 60 K,20 and in studies of E-CRR of Ar" ions, the minimal
temperature was ~50 K.?’

As mentioned above, cross sections of binary recombi-
nation for several ions were measured also in merged beam
experiments, including storage rings. For detailed reviews, see
Refs. 2 and 5. Beam experiments can provide cross sections
a with very high energy resolution for binary recombination
processes, and in some experiments, they can provide prod-
uct distribution and kinetic energy of neutral products.” One
advantage of beam experiments is that the ions are formed
in a separate ion source so that the desired ion species can
be preselected before being injected. Ternary recombination
cannot be studied in beam experiments primarily because of
the absence of third particles. A disadvantage of these experi-
ments is that the excitation of some recombining ions is often
unclear. It is sensitive to conditions in the ion source and
also to relaxation/excitation in the ring (see, e.g., discussion
for H} experiments in Ref. 30). TSR and CRYRING stopped
operation a few years ago, and, as mentioned above, new cryo-
genic instruments (CSR and DESIREE) have been constructed
and tested.>! These new instruments can reach temperatures
down to liquid He temperatures.”’>> Recently, experiments
on ion electron recombination were started at the main cooler
storage ring (CSRm) at the Heavy Ion Research Facility at
Lanzhou (HIRFL) accelerator facilities of the Institute of
Modern Physics in Lanzhou, China.??

The current studies of recombination processes are moti-
vated by several factors:

(D The fundamental interest in binary electron ion inter-
action and recombination in particular.33-3¢

(II) The fundamental interest in multi-collisional recom-
bination processes in low-temperature plasmas, in-
cluding neutral-assisted three-body recombination
(N-TBR)?738 and electron-assisted collisional radia-
tive recombination (E-CRR).?”-3%40 Because of the very
pronounced increase in the rate coefficients of the
ternary recombination processes with decreasing tem-
perature, it can be expected that at low temperatures,

Rev. Sci. Instrum. 89, 063116 (2018)

several recombination processes contribute to the
removal of ions and electrons from plasmas.

(IIT) Plasma modeling and need for particular temperature
dependencies of recombination rate coefficients. The
data are needed for modeling discharge plasmas, cold
astrophysical plasmas, and plasmas for technological
applications. Low temperature data are important for
modelling of processes in cold interstellar medium
and in ultra-cold plasmas. In astrophysics, recombi-
nation of HJ, D}, HD*, and HDJ ions with elec-
trons and dependence on rotational excitation and on
nuclear spin states (para and ortho) are of particular
interest.*!=+

(IV) The theoretical description of recombination processes
at very low kinetic energies of the recombining par-
ticles and a comparison of measured binary and
ternary recombination rate coefficients to calculated
values.**

(V) The study of recombination in ultra-cold plasmas
and recombination studies in connection with forma-
tion of antihydrogenin ALPHA, ATRAP, and ATHENA
experiments (see, e.g., Refs. 46—49).

45

To study recombination processes, at temperatures from
30 K to 100 K, where there are hardly any experimental
data, and at electron and neutral number densities at which
losses due to ternary recombination processes are comparable
to binary recombination processes, we designed, constructed,
and put into operation a new experimental apparatus—
cryogenic stationary-afterglow with a near-infrared cavity-
ring-down-spectrometer (Cryo-SA-CRDS) which can operate
down to 30 K.

In the following, we present details on a newly con-
structed Cryo-SA-CRDS. Most technical problems have been
successfully solved, and the apparatus has been tested. The first
measurements focused on characterizing the plasma parame-
ters and testing the CRDS detection of HJ ions and gave very
encouraging results.

Il. APPARATUS SCHEMA, VACUUM, CRYOGENICS,
AND PLASMA GENERATION

A. Overview

The apparatus is a cryogenic version of a stationary
afterglow. The plasma is generated in a pulsed microwave
discharge. The decay of the ion density in the afterglow
plasma is measured, in this case, by optical absorption (Cav-
ity Ring-Down Spectroscopy, CRDS). The decay of the ion
density can then be analyzed to yield the recombination rate
coefficient.

A sapphire discharge tube in which the plasma is formed
is aligned along the axis of the cylindrical microwave cav-
ity. The sapphire tube is on both sides axially extended by
stainless steel bellows and tubes toward the mirrors of the
CRDS. The tube, its extensions, mirrors, and the microwave
resonator are placed in an UHV chamber (see Fig. 1). The
working gas is only inside the sapphire tube and in tubes
connected to it. The cavity of the microwave resonator is evac-
uated. The body of the resonator is attached to the second
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He/Ar/H,

stage of a Sumitomo RDK 408S cold head. The sapphire tube
is connected by copper braids to the microwave resonator. The
bellows holding the sapphire tube are directly connected to
the heat shield and through it to the first stage of the cold
head.

The temperature of the middle section of the sapphire
tube can be as low as 25 K. In the test measurements, the dis-
charge was ignited in a He/Ar/H, or He/H, gas mixtures, and
the HJ ion density and ion kinetic temperature were measured
during the discharge and during the afterglow. The measure-
ments indicated that for He densities higher than 107 cm™3,
the kinetic temperature of ions is equal to the gas temperature
and can be varied from 300 K down to 30 K (see discus-
sion below). From the measured decrease in the ion density,
during the afterglow, effective recombination rate coefficients
can be determined, assuming quasineutrality of the afterglow
plasma.

B. Overall scheme and vacuum system

In order to produce cold plasmas, it is necessary to cool
down the gas-filled discharge tube and to ignite the discharge.
For operation at very low temperatures, it is necessary to put the
discharge tube into a vacuum chamber for thermal insulation
and also to maintain purity of the gases in the tube.

We calculated the optimal parameters of vacuum and
cooling systems for various modifications of the experimental
design. On the basis of calculations of the microwave resonator
parameters, we decided to use a cylindrical TMg;o mode reso-
nant cavity and to ignite the discharge in the sapphire tube
(ID = 2.5 cm and length of 20 cm) placed along the axis
of the cavity. The tube made from monocrystalline sapphire
was chosen because of its high thermal conductivity at low
temperature.

During the measurements, the pressure in the discharge
tube is in the order of hundreds of pascals and the gas flow
through the discharge tube is in the order of 0.1 Pam? s™! (the
actual flow velocity is ~1 ms~!). A Pfeiffer® WKP 1000 A
Roots pump is used to drive the buffer gas through the dis-
charge tube. The buffer gas and the reactant gases are purified

H X
) E
microwave
resonator
| pump 0 40
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FIG. 1. Vacuum system including the sapphire discharge
tube (blue in the figure), microwave resonator (green),
and cooling system. Gas of the desired composition (e.g.,
He/Ar/H,) enters the tube on one side, and it is continu-
ously pumped out on the other side. The discharge tube
is connected to the heat shield (made of EN AW 2030
Dural alloy) via vacuum bellows and is attached to the
microwave resonator by silver-coated copper braids. The
positions of the different temperature sensors are denoted
by capital letters. See text for details. The red dashed line
indicates the optical axis between the highly reflective
mirrors of the CRDS optical resonator (not in the figure).

mm
100

prior to entering the discharge tube by passing them through
liquid nitrogen cold traps. To minimize the heat losses, the
outer vacuum chamber is pumped by a Pfeiffer TMH 071P
turbomolecular pump to below 10~ Pa.

C. Cryogenics

The microwave resonator is made of Dural alloy EN AW
6082. The resonator is located inside a vacuum chamber and
is directly connected to the second stage of the cold head.
Silver-coated copper braids are wrapped around the sapphire
discharge tube and attached to the body of the microwave
resonator facilitating heat transfer from the discharge tube.
Because of possible large temperature gradients along the
discharge tube and to account for thermal expansion, the dis-
charge tube is connected to the vacuum system and to the
heat shield via stainless steel vacuum bellows. A schematic
view of the main vacuum chamber, discharge tube, and the
cold head is shown in Fig. 1. A 3D view of the inside of
the main vacuum chamber can be seen in Fig. 2. An actual
photograph of the interior of a vacuum chamber of Cryo-SA-
CRDS apparatus with the resonator, the heat shield (made of
EN AW 2030 Dural alloy), discharge tube, and vacuum bel-
lows is shown in Fig. 3. The temperature of the discharge tube
can be regulated by changing the current through heating ele-
ments (3039-001 cartridge heaters from Cryo-Con®) installed
in the upper part of the microwave resonator and on the sec-
ond stage of the cold head. This allows us to effectively set the
desired temperature and keep it stable within +0.5 K during the
measurements.

The temperatures of the different parts of the apparatus
are measured by several types of temperature sensors. The
temperature of the first and of the second stage of the cold head
(A and B in Fig. 1, respectively) and of the upper part of the
microwave resonator (C in Fig. 1) is monitored by LakeShore®
DT-471-CU silicon diodes (stated precision in the temperature
range below 100 K is 1.5 K). Different platinum resistance
temperature detector (RTD) sensors from Cryo-Con are used:
CP-100 on the upper part of the microwave resonator (D in
Fig. 1) and XP-1K on the lower part of the microwave resonator
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FIG. 2. 3D view. Schematic illustration of the inner section of the Cryo-SA-
CRDS showing the sapphire discharge tube and its connection to the rest of the
vacuum system, the microwave resonator, and the first and the second stage
of the cold head. The components are drawn to scale. The sapphire tube is
20 cm long, and its inner diameter is 2.5 cm. The colour scheme is the same
as in Fig. 1.

(E in Fig. 1), on the heat shield (G in Fig. 1), and on the
discharge tube holder (H in Fig. 1). XP-100 RTD sensor is
inserted between the copper braids that are wrapped around
the discharge tube (F in Fig. 1). All platinum RTD sensors
conform to IEC751 class B standards with maximal deviation
from the calibration curve of 1.5 K for temperatures higher
than 30 K.

The temperatures measured by different sensors during
the cooling procedure are shown in panel (a) of Fig. 4. It takes
more than four hours to cool down the discharge tube from
room temperature to ~30 K. Panel (b) of Fig. 4 shows the
temperature rise of the apparatus after switching off the cold
head. If required, the warming-up period can be shortened by
switching on the installed heating elements, as demonstrated
in panel (b) of Fig. 4.

G C
heating
heating element
element copper
braids
H vacuum
bellows
microwave sapphire
resonator tube
E heat
shield

FIG. 3. A photograph of the inner section of the Cryo-SA-CRDS showing the
sapphire discharge tube, copper braids, vacuum bellows, closed microwave
resonator connected to the second stage of the cold head, part of the heat shield
connected to the first stage of the cold head, and part of the main vacuum
chamber. The positions of the temperature sensors are denoted by capital
letters; for details, see the text. The position of the two heating elements is
also indicated.
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D. Microwave cavity

The basic design requirements for the cavity were to pro-
duce a nearly homogeneous column of plasma in a microwave
discharge in the frequency range of 2.4-2.6 GHz. To keep the
dimensions of the cavity small, we decided to use the TMy;o
mode of a cylindrical cavity (the convention for ordering of
the mode indices is axial, radial, and azimuthal), which pro-
duces a homogeneous electric field on the axis. The plasma is
contained in a coaxial sapphire tube passing through the cav-
ity. This configuration has a long history of use for microwave
plasma diagnostic (see, e.g., Refs. 50-54) and also for plasma
generation as pioneered by Beenakker.>>>® The resonant fre-
quency of a closed cavity containing a dielectric tube can be
calculated analytically.’® However, the influence of the holes
for inserting the discharge tube and other possible modifica-
tions can only be estimated by the perturbation theory. We
have used the equivalent circuit (EC) finite difference time
domain (FDTD) method®*°! as implemented in the openEMS
software®” to calculate the resonant frequencies of the cavity
with an arbitrary geometry. Our numerical model included the
cavity with the inserted discharge tube on a three-dimensional
cylindrical mesh. The electromagnetic field was excited by
applying a magnetic Gaussian pulse with a mean frequency
of 2.5 GHz and 20 dB bandwidth of 0.4 GHz to an area near
the cavity wall, which approximates the actual loop antenna
(see Fig. 5). Perfectly matched layer boundary conditions were
used outside of the cavity. After the excitation pulse, the time
dependence of the electric field amplitude was recorded at a
location close to the centre of the cavity. The resonant fre-
quencies were then obtained by harmonic inversion of the
signal®*** implemented in the Harminv software.®> We have
chosen such a time step and mesh spacing that the numeri-
cally determined frequency for a cavity without holes agrees
with the analytic model’® within 1 MHz. Based on these cal-
culations, we have chosen the inner radius of the cavity as
36.8 mm, which results in a resonant frequency of 2.479 GHz
for a sapphire tube with outer radius of 12.6 mm and thickness
of 1.3 mm and insertion holes with radius of 14 mm and length
of 18 mm. The length of the cavity was chosen as 60 mm. Tak-
ing into account the uncertainty of the tube wall thickness of
0.1 mm, the cavity manufacturing tolerances of 0.2 mm, and
possible deviation of the crystal c-axis from the tube axis up
to 5°, we could predict the cavity resonant frequency to be in
the range fcq1c(300 K) = (2.475 + 0.050) GHz at room tem-
perature. The thermal contraction of the system [coefficients
taken from page 176 of Ref. 66 for sapphire (a-axis) and from
Ref. 67 for aluminum alloy (typical value)] and change in sap-
phire permitivity®® cause frequency shifts of 7.4 and 12.2 MHz,
respectively. Hence, the expected resonant frequency at
temperatures between 20 and 50 K is fc4c(30 K)=(2.495
+ 0.050) GHz. The actual measured resonant frequency was
Sfmeas(300 K) = (2.434 + 0.001) GHz at Ty = 300 K and
Sfmeas(30 K) = (2.458 + 0.001) GHz at Ty = 30 K which is
in good agreement with the calculated values.

E. Microwave source

In order to ignite the microwave discharge inside a cavity
of the microwave resonator made of solid aluminum block and
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FIG. 4. Panel (a) Time evolution of the temperatures of different parts of the apparatus during the cooling procedure. For information on positions and types
of different temperature sensors (denoted by capital letters), see the text. The inset shows detail at the lowest achievable temperatures. Time is set to zero at the
beginning of the cooling procedure. Panel (b) Time evolution of the temperatures measured at different places after switching off the cold head and switching on
and off the heating. Here, time is set to zero at the time when the cold head is switched off. The vertical dashed arrows denote the time of switching off the cold
head (1), time at which the installed heating elements were switched on (2), and then off (3).

lacking any movable parts, we had to tune the frequency of the
used microwave radiation to match the resonant frequency of
the cavity of the microwave resonator. A microwave gener-
ator with amplifier was designed and constructed to obtain
very fast shut-off of the discharge. Microwaves are gener-
ated by a solid-state SLSMS5 synthesizer from Luff Research,
Inc. and then amplified by a RCA2400H44CWB power ampli-
fier from RFcore Co., Ltd. In combination with an absorptive
PIN diode switch (SR-DA10-1S from Universal Microwave
Components Corp.), microwave power (P,y) of up to 25 W
with a switch-off time below 1 us can be obtained. The mea-
sured residual microwave power after switching off the PIN
diode was ~200 nW. Using the model of electron cooling
described in Ref. 23 and assuming that this residual power
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0.5

|E| (a.u.)
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FIG. 5. The calculated amplitude of the electric field intensity in the resonator.
The upper panel shows a 2D cut along the resonator axis (z-axis). The lower
panel shows the amplitude of the electric field intensity along the resonator
axis. The amplitude is normalized to unity in the centre of the cavity. The full
width at half maximum of this curve is close to the actual cavity length. The
electromagnetic field is formed by the loop in the upper part of the cavity; its
location is indicated by the square in the upper part of the figure.

is absorbed by the electron gas (typical number density of
2 % 10'9 ¢cm=3 on axis, 2.4 x 10'! electrons in total), which is
cooled by elastic collisions with helium (P = 500 Pa, T = 50 K),
the equilibrium temperature of electrons will be approxi-
mately 0.10 K above the helium temperature. If we take into
account the coulombic and inelastic (rotational excitation) col-
lisions with HJ, the calculated temperature difference drops to
0.07 K. Orders of magnitude higher power (>23 uW) would be
needed to heat the electrons by more than 10 K. The generator
with short on/off time is necessary for studies of recombi-
nation and relaxation processes in a very early afterglow.
The microwave frequency can be adjusted from 2.4 GHz to
2.6 GHz to effectively tune the system to the desired resonant
frequency.

F. Optical diagnostics

A modification of continuous wave Cavity Ring-Down
spectrometer (cw-CRDS) setup, developed originally by
Romanini et al.,%” was employed in the construction of our
spectrometer. CRDS is a well-established technique for spec-
troscopy of weakly absorbing or transient species and a
powerful tool for plasma diagnostics.”7> In the CRDS, the
laser light passes through the optical isolator to prevent back
reflection to the laser and through the acousto-optic modula-
tor (AA.MGASB80/A1 from AA Opto-Electronic) and is then
injected into the optical cavity formed by two highly reflec-
tive mirrors (Layertec Laser Mirror 106978, reflectivity over
99.99%). The distance between the mirrors is 82 cm, and the
characteristic time of the ring-down decay is =200 us. In order
to periodically match the laser frequency to one of the opti-
cal cavity’s TEMgy modes, one of the mirrors is positioned
on a piezo transducer HPCh 150/15-8/3 from Piezomechanic
GmbH. The photons exiting the optical cavity through the mir-
ror on the other side are detected by an InGaAs avalanche
photodiode,'? and the data acquisition is done via NI PCIe-
6251 lab card (1.25 MS/s). A single mode distributed feedback
(DFB) laser diode with central wavelength of 1381.60 nm
and maximal output power of 20 mW (NTT Electron-
ics NLK1E5GAAA) and an external cavity diode laser
(ECDL) TEC500 from Sacher Lasertechnik GmbH (10 mW,
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TABLE 1. H;’ transitions used in the present study (Vpresent) are compared to values vexpy reported in Ref. 77.

Transition wavenumbers calculated by Lindsay and McCall’® from available experimental data (V¢qic1) and results
of quantum mechanical calculations by Neale, Miller, and Tennyson’® (v ) are also shown. Each transition
is labeled with corresponding vibrational and rotational (J, G) quantum numbers. For further details on the
spectroscopic notation, see Ref. 78. Energy of the lower levels E” was taken from Ref. 78. The numbers in the
parentheses are estimated errors of wavelength determination in the units of the last shown digit.

Vpresent (Cm_l) Vexpl (Cm_l) Vealel (Cm_l) Veale2 (Cm_l) Spin E’ (Cm_l) Transition

6877.5538(12) 6877.546(35) 6877.553 p 169.296 3v21 (1,2) « ng(z, 2)

7234.9729(12) 7234.967(9) 7234.977 0 315342 3v)(4,3)—00)(3,3)

7237.2978(5)  7237.277(17)  7237.302(25) 7237.314 P 64.123  30)(2,1) = 000(1, 1)

7241.2623(5) 7241.235(17)  7241.249(9) 7241.283 o 86.959 3021 (2,0) « Oug(l, 0)
1380-1520 nm) are used to probe the number densities of 2.0

several low lying rotational states of HJ ion in its ground
vibrational state using the second overtone transitions listed
in Table I. The laser wavelength is measured absolutely using
an EXFO WA1650 wavemeter. By comparing the measured
overtone transitions originating in the CO X 'X* ground state
and also the positions of several water transitions with those
in HITRAN database,’® we estimated the overall error of
wavenumber determination to be lower than 5 x 10™* cm™!.

The discharge column length is estimated to be 6 cm. We
made a 2D model in cylindrical coordinates of ion number
density time and space evolution in discharge and afterglow
plasma. Depending on parameters of the model, the systematic
error of the number density (and consequently recombination
rate coefficient) determination due to changes to discharge
column length is at most 20%.

lll. TESTS AND RESULTS
A. Kinetic and rotational temperature of the ions

To get further insight into the cooling of the gas mixture
in the discharge tube, we determined the kinetic temperature
(Tkin) of the HJ ions by measuring the Doppler broadening of
the absorption lines using second overtone transitions listed
in Table I. Using our time-resolved Cavity Ring-Down Spec-
troscopy setup, we were able to monitor the time evolution of
the kinetic temperature of the H} ions during the active dis-
charge and in afterglow plasma. Examples of absorption line
profiles measured at T¢ = 21 K and T¢ = 96 K in the dis-
charge and during the early afterglow are shown in panels (a)
and (b) of Fig. 6, respectively. As can be seen from the data
plotted in Fig. 6, the measured kinetic temperature of HJ ions
is close to the temperature of the discharge tube holder (Ty).
Because the temperature of ions is equilibrated in collisions
with He atoms, we can conclude that under the experimental
conditions, the temperature of the helium atoms in the tube is
nearly equal to Ty. Important is also the observation that the
temperature of the ions during the discharge is equal to the tem-
perature of the ions during the afterglow within experimental
uncertainty.

We have made systematic studies of the dependence of
the kinetic temperature T'ki, of the HJ ions on helium pres-
sure, on the partial pressures of Ar and H;, on the power of the
microwave generator (Pyy), and on the length of microwave
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FIG. 6. Examples of H_;' absorption line profiles measured at 7c = 21 K
([He] = 3.4 x 107 cm™3, [Hy] = 1.0 x 10" em™3) and T¢c = 96 K
([He] = 2.5 x 10'7 cm™3, [Ar] = 1.7 x 10" cm™3, [Hy] = 2.4 x 10'3 cm™3)
during the discharge [panel (a)] and 250 us in afterglow [panel (b)]. The cor-
responding kinetic temperatures T'gi, of H;' ions evaluated from the Doppler
broadening of the H; absorption lines (transition 3021(2, 0) <—ng(1,0)) are
indicated in the figure. The discharge conditions were Pyw =9 W, D =12.5%
for data obtained at Tc =21 K and Py = 14 W, D = 6.3% for data obtained at
Tc =96 K.

pulse (on duty cycle D). We observed a substantial increase in
Txin with increasing P,y and duty cycle, as is shown in Fig. 7
for several combinations of Py, and D. However, for duty
cycles lower than 13%, no substantial heating of the ions was
observed even with the maximum microwave power allowed
by our microwave generator (Pyy = 25 W). Short discharge
pulses (where Tki, ~ Tyy) were used in experiments where the
recombination rate coefficient of H} ions was measured. For
Hj ions with thermal population of states at 30 K, 59.6% of
the ions are in the para-HJ (1,1) state, 39.9% in the ortho-HY
(1,0) state, and less than 1% in the para-Hgr (2,2) state. These
values were calculated from the H} energy levels and parti-
tion function published in Ref. 79. At Ty = (32 + 1) K and
Tkin = (33 + 2) K, the second overtone transition of H;“ origi-
nating in the (2,2) state and readily observable at Ty ~ 100 K
(see Table I for details) was not detected giving an upper
limit of the number density of paura-H;r ions in the (2,2) state.
Together with the measured number density of the para-HY
ions in the (1,1) state, this enabled us to establish the upper
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FIG. 7. The dependence of the measured kinetic temperature (T'gi,) of H;'
ions on the temperature 7y (temperature of the discharge tube holder, see
Fig. 1). The kinetic temperatures are evaluated from the measured Doppler
broadening of the absorption lines of H;’ ions (circles and squares). The star
denotes the upper limit on the rotational temperature T'ro-para Obtained from
the measured populations of two para-states [H;r (1,1) and H; (2,2)]. The
profiles of absorption lines were measured during the discharge. The values
denoted by open circles and star were obtained in experiments with short
discharge pulses (100-300 us, less than 13% duty cycle) with microwave
powers varying from Puy = 10 W to 25 W. The values denoted by open
squares were obtained with longer pulses and with duty cycles above 13%;
the corresponding duty cycle (D) and microwave power (P ) are indicated.
The dashed line indicates equality Tgi, = TH.-

limit of the rotational temperature of the para—Hgr ions (T rot-paras
denoted by star in Fig. 7). These results indicate that the rota-
tional temperature of the para-HJ ions is close to Ty and to
the kinetic temperature of the ions.

B. Relaxation of the afterglow plasma

Here we will discuss the relaxation of the afterglow
plasma in He/Ar and He/Ar/H, gas mixtures. As has been
discussed previously (see, e.g., Ref. 23), in order to obtain
thermal rate coefficients for recombination of ions with elec-
trons in a stationary afterglow experiment, the plasma should
be thermalized and the electron and ion temperatures during
the afterglow should be equal.

During the microwave discharge, the electrons are heated
by the electric field and their temperature (7) is significantly
higher than the kinetic temperature of the ions (Tki,) and
neutrals. After switching off the microwaves, T. and Tkiy
equilibrate due to elastic electron-neutral, ion-neutral, and
electron-ion collisions. However, in He/Ar gas mixtures, some
long-lived (metastable) excited He and Ar neutrals may survive
into the afterglow and heat the electrons in superelastic colli-
sions. For molecular ions, one further demands that the distri-
bution of rotational and vibrational states of the recombining
ions should be in thermal equilibrium at the kinetic temperature
of the ions. In the case of H; ions, it is also important to know
the relative populations of the two spin modifications (para and
ortho), even if they are not in thermal equilibrium. The CRDS
setup allows us to obtain the kinetic temperature of H} ions
from the Doppler broadening of absorption line (see Sec. III A
for details) as well as to infer the rotational temperature from
the populations of different rotational states of Hz.2** The
relative abundances of the two nuclear spin states and their evo-
lution during the afterglow plasma can be also monitored by
CRDS.20-?
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As mentioned above, the crucial parameter for electron
ion recombination in plasma is the electron temperature 7.
In low-temperature plasmas, it is in principle possible to mea-
sure T directly by a Langmuir probe (for details, see Ref. 25).
The electron temperature can be indirectly determined by
utilizing the steep temperature dependence of the electron-
assisted ternary recombination (E-CRR) or from the measured
rate of charged particles losses due to ambipolar diffusion.?’
Whereas the former method is applicable only for atomic ions
(e.g., for Ar* ions'!80)  the latter ones sensitivity is limited
and strongly depends on the quality of the evaluated data. In
another approach, we monitored the relaxation of the after-
glow plasma by probing the rate of removal of the highly
excited particles (excited helium dimers and argon atoms) and
its dependence on the Ar, Hy, or D, number densities.®!-8? This
approach was used in the present study.

As a part of the tests of the new Cryo-SA-CRDS appa-
ratus, we studied the time evolution of the number density
of the 3s?3p°(*P§ 1)4p 2[3/2] J =2 excited states of argon
(we will use symbol Ar* in the following text) in the dis-
charge and afterglow plasma using the electronic transition
3573p (PP ,)4p 2[3/21 J =2 3573p°(PP3 ,)5s *[3/2] J =2
at 7230.922 cm™! (see Ref. 83). The radiative lifetime of this
state is shorter than 1 us.®* As can be seen from the data plot-
ted in Fig. 8, at the used experimental conditions (7'c = 58 K,
[He] = 6 x 10'7 cm™3, and [Ar] = 0.2 — 1.9 x 10" cm™3),
the excited Ar* atoms survive in the plasma after switching
off the discharge substantially longer than what would have
been expected from the lifetime of Ar*. This indicates that
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FIG. 8. Time evolution of the relative number densities of the
3s23p° (ng /2)4p 2[3/2]J =2 excited state of argon (Ar*) in afterglow plasma
measured for different values of argon number densities denoted by Ay, A,
Az, and Ay; the corresponding number densities of Ar are 2.1 X 1013 cm‘3,
44%10"3 cm_3, 8.4x 1013 cm_3, and1.9x 104 cm_3,respectively. The used
transition was 35*3p> *P§ ))4p *[3/2]J =2 - 3s*3p° PP )55 *[3/2] J = 2.
Note that the radiative lifetime of the monitored state is shorter than 1 ys.34
For better readability of the plot, the measured relative number density of
excited argon atoms was divided (normalized) by the relative number density
measured at the time of switching off the discharge. Time is set to zero at
the beginning of the afterglow which is denoted by the vertical dashed line.
The inset shows the dependence of measured reciprocal time constants 1/7%
of the exponential decays on argon number density. The fast decay of the
Ar* number density in the early afterglow (¢ < 200 us) is not considered
in the fit. Under assumption of steady-state approximation, the slope of the
plot corresponds to the overall rate coefficient of the removal of He™ in
collisions with Ar from afterglow plasma including the Penning ionization
and excitation transfer.



063116-8 Plasil et al.

another source of excitation energy is present as the excitation
energy of this electronic state is larger than 13 eV. The most
likely sources of this energy are helium metastable atoms He™
(2'S and 23S states) produced in the discharge.®> The helium
metastable atoms can, in superelastic collisions, transfer their
energy to the electrons leading to the increase in the electron
temperature. When Ar is added to the helium buffer gas, the
helium metastable atoms are removed from the afterglow by
the Penning ionization of argon and by the excitation transfer.
This leads to the decrease in the measured time constant 7% of
the exponential decays of [Ar"] with [Ar] (see Fig. 8 and its
inset). Under the assumption of steady-state approximation,
the corresponding overall rate coefficient for the removal of
He™ from afterglow plasma (by the Penning ionization and
excitation transfer) can be inferred from the plotted depen-
dence of 1/7* on [Ar] in the inset of Fig. 8, kar(Tc = 58 K)
= (1.0 £ 0.2) x 107" cm? s~!. Note that at 300 K, the rate
coefficient for the Penning ionization of argon by helium
metastable atoms is kpr(300 K) = 7 x 107! cm? s7! (see
Ref. 86). A similar set of experiments was performed by keep-
ing the argon number density constant [Ar] = 2 x 10'* cm™3
and changing [H»] in the range of 0.2 — 2 x 10'3 cm™3. The
evaluated rate coefficient for the removal of He™ in collisions
withH, was then k(T =53 K)=(6.1 £1.3) x 10~ em3 s~ 1.
The values of ky» obtained in the previous experiment®! were
ki2(80 K) = (0.9 + 0. 3) x 10719 em? s71, kpp(140 K) = (1.9
+0.2)x 107 em? 7!, and k(300 K) = (2.7 £ 0.2) x 10710
cm’ s e, ko decreases with the decreasing temperature.
A similar conclusion can be drawn based on data in Refs. 43
and 81 also for k ;. This emphasizes that for low-temperature
recombination studies in helium afterglow plasmas, special
attention has to be paid to ensure the effective removal of
excited metastable particles.

C. Recombination study

In this section, we will demonstrate the capabilities of
the Cryo-SA-CRDS apparatus for recombination studies on a
test case of Hi dominated plasma. We are aware that draw-
ing meaningful conclusions about the recombination of HJ at
low temperatures will require large data sets. Those will be
presented in a later publication.

Examples of observed time evolutions of H} number
densities in afterglow plasmas measured at T'c = 48 K and
Tc =119 K are shown in Fig. 9. Our previous studies of H
recombination in the temperature range of 80-300 K have
shown that the rotational temperature obtained separately from
populations of rotational states within the ortho and para states
manifolds is close to the temperature of the buffer gas. In
the present study, we have also confirmed this observation for
para-HJ ions at 30 K. As shown, e.g., in Ref. 20, the thermal
population of states within each nuclear spin states manifold
is maintained even when the ratio between the para and ortho
nuclear spin states number densities differs from the thermal
equilibrium value.

To obtain the overall number density of HJ ions, we
first measured the relative population (para fraction, Pf3) of
the para-HJ ions Pf3 = [para-HJ]/([para-HY] + [ortho-HZ]) at
the given temperature. The number densities of all para- and
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FIG. 9. Time evolutions of the number densities of the H;’ ions measured
at two different temperatures. Panel (a): T¢c = 48 K, P = 190 Pa, and
[Hp] = 3.4 x 10'* cm™3. Panel (b): T¢c = 119 K, P = 900 Pa, [Hy] = 5
x 1013 ¢cm™3, and [Ar] = 1.4 x 104 cm™3. The dashed line is the fit to the data
that includes both recombination and exponential losses. The dotted-dashed
line denotes the exponential losses only. The double dotted-dashed lines show
the calculated time evolutions of the relative density of He™ atoms, based
on the overall rate coefficient of the Penning ionization and excitation trans-
fer (see Refs. 43 and 81) and those obtained in this study [ka(Tc = 58 K)
= (1 0+02)x 107" cm? s7! and kyp(Te =53 K) = (6.1 = 1.3) x 107!
cm? s~1]. For simplicity, we assume that at 7 = 0, the density [He™] is equal
to the measured ion density. The inset in panel (a) gives an overall view of
the measured time evolution of the H;’ number density during the discharge
and during the afterglow. The inset in panel (b) shows the time dependence of
the reciprocal value (1/np3) of the ion number density. Here the dashed line is
again a fit that includes both recombination and exponential losses of charged
particles, and the dotted line denotes appropriate recombination losses. The
effective recombination rate coefficient a.¢ evaluated from the presented data
is written in each panel.

all ortho-Hj ions were calculated from the measured num-
ber densules of the lowest para-HJr (J=1,G =1) and the
lowest ortho-H} (J = 1, G = 0) rotational states assuming a
thermal populatlon of states within each nuclear spin states
manifold. The obtained relative fraction of the para nuclear
spin states was then Pf3(T¢ = 48 K) = (0.45 + 0.02) and
Pfa(Tc = 119 K) = (0.49 + 0.02). The thermal equilibrium
value of Pf3 is =0.52 at 50 K and ~0.49 at 120 K. To form
an H} dominated plasma, we used normal hydrogen from a
300 K reservoir where the ratio between the number densities
of the para and ortho nuclear spin states of Hj is 1:3. At 50 K,
the thermal equilibrium value for the ratio between the num-
ber densities of the para- and ortho-H, is approximately 3:1.
By feeding ortho-enriched hydrogen at 7'c = 48 K, we prob-
ably shift the population of HJ ions toward ortho-HJ. Further
measurements with different mlxtures of ortho- and para-H,
at various temperatures are needed to further quantify this
effect.

The time evolutions of the H} ion number density dis-
played in panels (a) and (b) of Fig. 9 were calculated from the
measured time evolution of the ortho (J = 1, G = 0) rotational
state number density assuming thermal population of ortho and
para nuclear spin states separately and using measured Pf3.
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The dashed lines in Fig. 9 denote the fit of the measured
overall H] ion number density ny3 by the equation (assum-
ing quasineutrality of plasma and that HJ ions are dominant
ionic species in the afterglow)

1

a1} o
a’eff‘l'(e T —1)+ Le—=

) (1)

nH3 =

no

where a.ff is the effective recombination rate coefficient, ng is
the HJ ion number density at ¢ = 7o in the afterglow ng = ny;3
(t =tp), and 7 is the time constant of the exponential losses of
the charged particles

RN o

T ) TR
where the time constant 7p represents the losses of charged
particles by ambipolar diffusion and 7gr is the time con-
stant for losses of Hj ions due to ion-neutral reactions.
In the investigated temperature range, the main process in
He/Ar/H; gas mixtures is the formation of fast recombin-
ing HI ions in the three-body association of Hi with Hp
and He,

k
H: +H, + He = H! + He. (3)

The rate coefficient for this process at 80 K is k3 =(2.5
+0.7) x 1072 cm® s7! (see Ref. 87). Note that in the limit
of negligible exponential losses (t — o), Eq. (1) can be
simplified as

1
— = — + af(t — o), 4
nH3 Mo

i.e., the reciprocal value of the measured ion number density
increases linearly in time with the slope giving the value of
Qeft.

Using the obtained rate coefficients for the Penning ion-
ization and excitation transfer (see above) and those from
Refs. 43 and 81, we calculated the expected decrease in the
relative number density of He™ during the afterglow due to the
Penning ionization and excitation transfer at 7c =48 K and at
Tc =119 K [see panels (a) and (b) of Fig. 9]. Because we do not
know the absolute value of the He™ density at the beginning
of the afterglow, we set it arbitrarily equal to the ion number
density for better comparison with HY ion density decays in
Fig. 9. Previous studies performed in flowing afterglow> and
stationary afterglow®® plasmas have shown that the He™ num-
ber density after switching of the discharge is comparable to
that of the electrons. Note that at the conditions of the present
experiments, the calculated relative number density of He™
decays by more than order of magnitude within first 100 us
after switching off the discharge. The effective removal of the
He™ particles on a time scale substantially shorter than that
of the ion density decay is crucial for future recombination
studies at low temperatures.

The effective recombination rate coefficients evalu-
ated from the data in panels (a) and (b) of Fig. 9 were
@erf(Tc =48 K, Pf3=0.45) = (1.0 £ 0.3) x 1077 cm? s~! and
efi(Tc = 119 K, Pf3 =0.49) = (2.3 £ 0.1) x 1077 cm?® s7!,
respectively. The errors are statistical errors of the fits. It has
been shown in previous studies!®!7-! that in the case of Hj
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ion electron recombination, the value of the measured effective
recombination rate coefficient is enhanced by collisions with
buffer gas particles even at pressure of 100 Pa. The dependence
of the measured . on buffer gas number density (helium in
our case) can be written as

@eff = @pin + Kne-TBr[Hel, 5

where apiy i the binary recombination rate coefficient and
Kue-tBR is the ternary rate coefficient of He-assisted ternary
recombination. The values of ay;, for 55 K and 125 K obtained
in the recent Cryo-FALP II experiment89 were apin(55 K)
= (8 + 3) x 1078 cm? s7! (see Fig. 3 in Ref. 89) and
@pin(125 K) = (8.2 + 2.0) x 1078 cm? s~! [calculated from
the dependence of api, on T from: Ref. 89 api, = (6.0 £ 1.8)
x 1078(300/7)0-36+009 cm3 =1 that is valid in the temper-
ature range of 80-300 K]. Similarly, the values of Ky TBR
reported in the same experimentl&gg were Kye.tBr(55 K)
= (8.0 £3.0) x 1072° cm® s and Kpeter(125 K) = (1.9
+ 0.6) x 1072 cm® s~!. The corresponding effective recom-
bination rate coefficients calculated from Eq. (5) using appro-
priate helium number density are then a.#(55 K, 190 Pa)
=(1.0£0.3) x 1077 cm? s7! and (125 K, 900 Pa) = (1.8
+ 0.4) x 1077 em® s~! which are in good agreement with
values obtained in the present experiment. Note that in the
Cryo-FALP 1I experiment,'3%° the actual value of Pf3 was
not measured. It was later inferred from an extrapolation of
the available experimental data that Pf3(60 K) = 0.45 and
P£3(125 K) = 0.5 (see in Ref. 20) which are in good agreement
with the present values.

IV. CONCLUSION AND OUTLOOK

The primary purpose of this paper was to introduce a new
experimental apparatus, designed to study electron-ion recom-
bination at temperatures from 300 K down to 30 K, a temper-
ature range of interest for applications in cold astrophysical
clouds.

The apparatus was constructed, the discharge tube filled
with He/Ar/H, gas mixtures was successfully cooled down
to 30 K, and Cryo-SA-CRDS was put into operation. In the
test experiments, which included measurements of ion density
evolutions and of the kinetic and the rotational temperature,
the conditions optimal for recombination studies were deter-
mined. The first tests in H} dominated afterglow plasmas have
demonstrated the performance and capabilities of new appara-
tus and support our expectation that the Cryo-SA-CRDS will
be a powerful instrument for recombination studies at tem-
peratures down to 30 K. The first application will be to H}
ions with emphasis on nuclear spin state-specific electron ion
recombination and then most likely to their isotopologues D?,
H,D*, and HDJ.
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