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Abstract

The study of the recombination ofsH and D;* ions with electrons, with detailed description of the method and new
experimental instrument—the advanced integrated stationary afterglow (AISA), is reported. In the stationary afterglow i
He—-Ar—H, and He—Ar-D mixtures was observed that the recombination ¢f ldnd D" ions are three-body processes with
the rate coefficients dependent on the partial density ¢f #ifd [D;], respectively. These results obtained ag][end [D;]
below 1x 10 cm~2 indicate that the binary dissociative recombination reactionsstfahd D;* ions with electrons are, at
thermal energies, very slow processes with rate coefficients smaller tha3 cm®s~1 and 6x 10~% cm® s~1, respectively.

(Int J Mass Spectrom 218 (2002) 105-130)
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1. Introduction Hs™, HoDT, HD,* and D;™ ions also play important
role in many terrestrial plasmas (discharges, fusion

Hs™ ions are the starting point in the formation of plasmas at wall§16] etc.). In the following descrip-

more complex ions in interstellar clouds via ion—-mole- tion of experiment and general discussions;” Hvill

cule reactiong1-8]. Hz™ ions are also important in  be used to refer both4+ and D;* ions, as long as it

ion chemistry in atmospheres of large plari&t9,10] will not lead to confusion.

The importance of these ions in interstellar medium  The kinetics of the formation of -, HoD™, HDo™

was emphasised on the discussion meeting of theand D;™ ions in interstellar environment is well un-

Royal Society on Astronomy, Physics and Chemistry derstood and also kinetics and dynamics of reactions

of Hz™ in London (2000) and on 222nd National of this ion with neutral atoms and molecules is known

ACS Meeting in Chicago (2001), see, e[@1-15] and was described in many reviews and compilations
of rate coefficient§17-19] It is also known that the

* Corresponding author. E-mail: radek.plasil@mff.cuni.cz kinetics and dynamics of the three-body association
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of this ion in high pressure and low temperature en- ion. Therefore, in31], the quenching rate of vibra-
vironment[17,20-22] The critical point in modelling  tionally excited H* ions in collisions with K was
of hydrogen containing plasmas, including interstellar also discussed. Canosa et al.[82] proposed new
plasma and ionosphere of planets, is the recombina- model for recombination of ki". In 1993, Smith and
tion of Hs* and its deuterated analogues with elec- Spanl made precise measurements using the FALP
trons. Kyt and D3t ions are simple three-atomic ions  and found the valuer = (1-2 x 10°8cm®s! for
comparatively easy to theoretical treatment (see, e.g. Hs* (v = 0) at 300 K[33,34] In 1995, Gougousi et al.
[23] and references therein). One would not therefore [35] made a new FALP study of the recombination
anticipate problems in determination of the rate co- of Hz™ ion. They suggested thatsH recombination
efficient for the recombination reaction of these ions might proceed via three-body process that involves
with electrons. The reality is, however, different. the formation of autoionising Rydberg states that are
In the very early laboratory studies half a century stabilised by collisions with bl The recombination
ago (1949) Biondi and Browii24] obtained the re-  rate coefficients obtained ford and Dy ™ in previous

combination rate coefficient = 2.5 x 10 8cmis1 studies known to us are given fable 1andFig. 1
in the stationary afterglow (SA) in H This study was Recent observations of#i in both diffuse and dense
followed by study of Richardson and HR5] with interstellar cloud$36,37] raised new wave of studies
a ~ 6x 108cm?s~1 and by Varnerif26] with « ~ of recombination of this ion at low temperatures.

3 x 10"cm’s~L. Persson and Brown in 1955 car- Having experience with both SA and FALP, we
ried out measuremenf27] in high purity stationary =~ assumed that the disagreement of the valuesxfpr
afterglow and they obtained very low value of the re- and «p in different experiments could be partly in
combination coefficienr = 3 x 10 8cm3s~1. Later  the very low value ofr (=108 cm®s~1). In majority

in seventies several experiments were carried out thatof SA and FALP experiments, this value is closer
yielded the recombination rate coefficienbf the or- to the lower limit of the used techniques; that were
der 2x 107 to 3x 10~ cm®s ! at 300K. However,  designed and usually applied for measurements of
in 1984 Adams et al[28] obtained in FALP appa- faster recombination rates (10 to 10 6cm®s1).
ratus the recombination rate for this reactien ~ The problem is also in the three-body character of the
2 x 108cm®s~1. This result supported theoretical recombination process and very low number density
predictions indicating unfavourable curve crossing be- of hydrogen at which process approaches the “high
tween the ion ground state and the dissociating neutral pressure limit”[38].

state (see, e.429] and references therein). Later on We are, however, not competent to comment re-
Amano in 1990{30], using an infrared spectroscopic sults of beam studies (for discussion and references
absorption technique in stationary afterglow, obtained see, e.g., recent reviews by Schneider ef38] and

o =18x10""cm?s ! at 273 K. Important was that by Tanabe et al[40] and references therein). These
Amano specified the vibrational state of recombining techniques are very powerful, nevertheless they suffer
ions, namely as ground state iong v = 0). In or- two disadvantages: possibility of internal excitation of
der to solve this discrepancy, new FALP apparatus was recombining ions and presence of strong electromag-
built at University of Rennes in France (FALP-MS) netic field. For recent theoretical attempt of description
[31,32] In [32] the recombination coefficient of of dissociative recombination ofd4 see, e.g., papers

o =1.5x10""cm®s~1 for H3* with a low degree of  of Schneider et a[41], Flannery[29], and very recent
vibrational excitatioow < 2 was found. In the same paper of Kokoouline et a[42] and references therein.
paper, the rate coefficient= 1.1 x 10" cm?s 1 for Keeping in mind the advantages and limitations of
ground state ions ¥t (v = 0) at 650K was reported. the methods used in previous studies and trying to re-
It started to be obvious that the rate of recombination solve the described problem, we recently built a new
depends on the vibrational state of the recombining stationary afterglow experiment. In order to reduce the



R. Plasil et al./International Journal of Mass Spectrometry 218 (2002) 105-130 107

Table 1
Selected experimental studies of the recombination of lnd Dy ions with electrons
Number « [10~7cm®s™!]  Method Year  Comment Authors Reference
Recombination of Bt ions
1 25 SAfww 1949 Biondi and Brown [24]
2 20 and 60 SAlw 1951 At 1 and 7Torr of H Richardson and Holt [25]
3 3 and 25 SAkw 1951 At 3 and 30Torr of K Varnerin [26]
4 <0.3 SApw 1955 Persson and Brown [27]
5 2.3 SAfuw 1973 300K Leu et al. [46]
6 25 1B 1974 Peart and Dolder [47]
7 21 MB 1977 Auerbach et al. [48]
8 15 IT 1978 Mathur et al. [49]
9 21 MB 1979 McGowan et al. [50]
10 <0.2 FALP 1984 Adams et al. [28]
11 15 SA 1984 MacDonald et al. [51]
12 <0.0001 FALP 1987 Estimation Adams and Smith [52]
13 0.2 MB 1988 v =0 Hus et al. [53]
14 1.8 IR 1990 v =0, very early afterglow Amano [30]
15 v <2
15 1.1 FALP-MS 1991 v =0 Canosa et al. [31]
15 300K,v < 2
16 1.1 FALP-MS 1992 650Ky =0 Canosa et al. [32]
15 300K,v < 2
17 0.1-0.2 FALP 1993 v =0 Smith and Spah [33,34]
18 <2 IR 1994 v =0 Feher et al. [54]
19 1.15 SR 1994 Larson and co-workers [55,56]
20 1.4-2 FALP 1995  0.01-0.1Torr ofsH Gougousi et al. [35]
21 0.78 FALP-MS 1998 Laube et al. [57]
22 0.7 SR 1999 Tanabe et al. [40]
23 0.7 CRYRING 1999 Schneider et al. [39]
24 <0.4 AISA 2000 n(Hy) <5 x 10 cm 3, 2Torr of He  Kudrna et al. [58]
25 <0.13 AISA 2000 Dependent on P 2 Torr of He Glosk et al. [43]
26 1 ASTRID 2001 Jehnsen et al. [59]
27 <0.04 AISA 2001  Dependent on pH 2 Torr of He Glosk et al. [44]
Recombination of B* ions
1 <0.2 FALP 1984 95 and 300K Adams et al. [28]
2 0.8 FALP 1993 v >0, 300K Smith and Spain [33]
0.2 v=0
3 0.75-1.4 FALP 1995 Dependent onz]D Gougousi et al. [35]
4 0.27 CRYRING 1997 Larsson et al. [60]
5 0.27 CRYRING 1998 Le et al. [61]
6 0.67 FALP-MS 1998  0.5Torr of He, 300K Laube et al. [57]
7 <0.06 AISA 2002 Dependent on | 2 Torr of He Poterya et al. [45]

The cross sections obtained in some studies were recalculated to rate coefficients. Methods: SA: stationary aftergimicrowave
measurement of electron density), IB: inclined beam, IT: ion trap, FALP: flowing afterglow with Langmuir probe, AISA: advanced integrated
stationary afterglow, IR: infrared stationary afterglow-absorption spectroscopy, SR: storage ring, MB: merged beam.

diffusion losses and hence to prolong the duration of ditionally purified. Moreover, we kept the impurities
decay of the plasma to tens of milliseconds we used at lowest level by flowing comparatively large flow
comparatively large discharge vessel. With the inten- of pure He through the discharge chamber during the
tion to well define the conditions of the experiment, experiment.

we made the vacuum vessel and gas handling systems In this review, we give more extended description
using UHV technology. The used gases were also ad- of instrument, used diagnostics and tests. We will
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Fig. 1. Experimental rate constants of recombination gf Hclosed symbols) and 43 (open symbols). Numbers indicate number in
Table 1where references are given.

report here the results of our studies of the recombi- The largest port is positioned at the vessel axis and
nation of b™ and D;* ions with electrong43-45] has a diameter of 180 mm. This port holds a quartz
We have also presented further experimental resultswindow for passing the microwave power into the
relevant to independence of on He pressure and chamber. On the opposite side of the vessel there
further measurements towards highepJtdnd [Dy]. is a smaller flange 100 mm in diameter that carries
In the present study, we also carefully examine var- the quadrupole mass spectrometer instrument by
ious features of the method and of the instrument in HIDEN. The mass spectrometer chamber is differen-
order to gain confidence in the obtained experimental tially pumped by turbomolecular pump. The ultimate
results. Particular attention is paid to ionic compo- background pressure in the mass spectrometer/plasma
sition during plasma decay and its determination by monitor chamber reached after the bake-out up to
computing and measurements of the time resolved 100°C is <1 x 10~ Torr. The discharge chamber and
mass spectra. We also discuss possible influence ofthe differentially pumped quadrupole chamber are
internal excitation of recombining ions. separated by the electrically insulated molybdenum

foil with an orifice diameter 0.1 mm used for sampling

ions into the input ion optics of the mass spectrom-
2. Experiment eter. From the same side as the quadrupole sticks

into the discharge chamber the cylindrical Langmuir

The main part of the AISA instrument is the cylin- probe with its collecting surface placed 6 cm in front

drical stainless-steel discharge chamber—Bige 2 of the sampling orifice and just 2.5 cm out of the axis
The UHV main chamber, made by Vakuum Praha, of the discharge chamber, sé&y. 2 The gas entry
was 40cm in diameter and 40cm in length. The ports are mounted on a single flange so that there is
chamber is pumped by turbomolecular pump. The ul- good mixing of gases prior to entering the chamber.
timate background pressure reached after the bake-outOn the top of the chamber there is a small observation
at 140°C from 2 days was less than>510~° Torr. window. A photodiode fixed to the large window is
The vacuum chamber is equipped by a series of used to monitor the stability and reproducibility of the
entry-ports sealed by the standard Con-Flat flanges. discharge.
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Fig. 2. Schematic view of the advanced integrated stationary afterglow (AISA) instrument. The microwaves generated by magnetron ent

the discharge chamber via large quartz window.

The gas pressure
(1.5-3Torr) is measured by MKS Baratron capaci-

in the discharge chamber suppress the residual pressure of water. High purity

of the vacuum system and fast pumping minimises

tance manometer. The mass-flows of the buffer and the possibility of negative ion formation.
reactant gases are measured and controlled by three The estimation of the optimum flow of buffer and

MKS mass-flow-controllers.

Even if the residual pressure reached in the
discharge chamber is at very low level there is a
constant flow of impurities desorbing of the chamber
walls, partly enhanced by the discharge. This effect
may deteriorate the purity of the gas filling during
the measurements. To prevent this, the flow of impu-
rities is diluted by comparatively large flow of very
pure He, up to 1000 sccm, flowing through discharge
vessel under action of large roots pump. Using this
large flow the buffer gas in the discharge volume is
replaced within 10s. In this sense, the AISA utilises
advantages of both the stationary and the flowing af-
terglow techniques. In our experiment, we used He
grade 5.0 as the buffer gas. He was additionally pu-
rified by passing through two liquid nitrogen traps
filled with zeolite. Also the discharge chamber was
cooled below—30°C during the measurements to

reactant gas required some consideration. The flow
velocity of He buffer gas in classical FALRS8] or its
modification FALP-MS31] or HPFA[62,63]is com-
paratively high, of the order 50-100 rris With 0.5m

long reaction/recombination region, the afterglow
plasma can hence be observed for 5-10 ms. Within
these 10 ms, the reactive losses have to be negligible
in comparison with losses due to recombination. In
the present AISA instrument, we can measure up to
100 ms; therefore, level of impurities that cause reac-
tive losses, has to be 10 times lower. By considering
residual pressure, pumping speed of turbo pumps,
flows of He, Ar and H (or D) used in experiments,
we estimated that there is less as 0.2ppm of un-
wanted impurities in the buffer gas in the discharge
vessel. The mass spectra obtained by the sampling of
ions from the discharge and the decay of the plasma
confirms this estimation (se®ection §.
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Pulses of microwave power ignite the discharge.  The electron number densities and their time evo-
Magnetron tube with nominal power exceeding 1 kW lutions were obtained from the probe characteristics.
is used for this purpose. The mains transformer Actually in the experiment the current to the probe
with high-voltage secondary winding followed by a (Ip) was measured as a function of decay tine (
half-wave rectifier create the anode voltage of the at constant probe potentiaVf). The probe potential
magnetron (approximately 6kV). The anode volt- was measured against the potential of the discharge
age is switched on and off by a high-tension switch vessel, which was grounded. The probe potential
HTS81 (BEHLKE electronic GmbH) in synchronism was changed by a constant value (voltage step) af-
with the mains frequency so that only during the part ter every synchronisation pulse, in such a way that
of the voltage half-wave the magnetron generates the probe current was obtained as function (set of data
microwave power. This arrangement gives the possi- ~300 x 500) of time and probe potentialp = Ip(t,
bility to vary the microwave power consumed in the Vp). The matrix could be re-measured several times
discharge by varying the pulse width (0.2-5ms was and matrix of average values then constructed. From
used). The variation of the discharge repetition period this function of two variables, the probe characteris-
is also possible (must be the multiple of 20 ms) in the tics at given afterglow time, Ip, = Ip;(Vp), could be
range from 20 to 100 ms. extracted. Similar method was used[86,67] The

In order to achieve good accuracy of the measured electron density at givety ne(t), was obtained from
a the observed dynamic range of the electron density the part of the probe characteristic corresponding to
decay has to be over one order of magnitude. This the probe electron current in the acceleration regime,
requests in the experiment comparatively long time namely from the slope of thfg vs. Vp plot (for more
of observation and high initial plasma density. For in- details see, e.d68-70) and also from the electron
stance, in order to achieve the plasma density decay ofprobe current at plasma potential. From the second
30 ms in duration, we need to have the initial plasma derivatives of the probe characteristics the electron
densityneo = ne(t = 0) ~ 101°cm=2 or higher (cal-  energy distribution functions (EEDFs) and electron
culated on the basis dqg. (2). Such initial plasma  temperature Te) were calculated68] and from its
density can be achieved with used plasma generatorzero-cross the plasma potential estimated. Electron
(2.45 GHz, 1kW). Positions of the probes, however, temperaturele was also evaluated directly from the
have to be suitably chosen in order to minimise the probe characteristic. We estimated from the probe
possible interference with standing microwave pattern data that for afterglow times later than approximately
inside the vacuum vessel during the active discharge + = 5ms the temperature of the electron gas equals
phase. roughly to the gas temperaturg, ~ 260+ 30 K.

Two electrostatic Langmuir probes were used In Fig. 3 there is 3-D plot oflp = Ip(t, Vp) Ob-
in present experiment. In some measurements, thetained in decaying plasma in pure He. As it will be
cylindrical platinum probe 7mm long and 1@ explained below the time evolution (decay) is given
in diameter was used. In most of measurements, just by ambipolar diffusion of He" ions and elec-
smaller tungsten probe 7mm long with diameter trons, because the recombination of,Hecan be
18um was used. The use of such thin probe reduces neglected in the used time scdlél]. Fig. 3 also
the drain of charged particles from the afterglow demonstrates the quality of the experimental data.
plasma[64] and also has been thoroughly exam- In pulsed discharge in pure He, Heéons and the
ined for measurements of low electron temperatures metastable atoms He{8) and He(8S) are produced.
[65]. Both probes were calibrated by procedure, More energetic He(%5) are rapidly converteff2] in
which will be described below. We did not ob- super-elastic collisions with electrons to H&%3. The
serve difference in obtained when using different  relatively long lived He(3S) metastables represent an
probes. additional source of ionisation in the early afterglow,
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Fig. 3. Temporal evolution of the probe characteristics. 3-D plot
of Ip = Ip(t, Vp), in afterglow plasma with dominance of pie
ions in pure He.

where they form Hg" ions in a very fast Penning ioni-
sation (see, e.g., discussion and referencgslijy3)).

It is probable, that He" ions formed in this man-
ner are electronically excited, but we assume that they
are efficiently quenched in collisions with He (this
is, however, not critical assumption in present study).

111

Also, at the pressure 1.3-3.0 Torr, Hmns formed in
discharge are converted in three-body association to
Hext in the early afterglow period. The pressure over
1.3 Torr is therefore, necessary to complete the conver-
sion of He" into He* in the early afterglow period.
HeH* ions are not formed in significant amount, not
even traces of this ion were observed in mass spec-
tra. Anyway if there will be HeH produced during
the active discharge or in early afterglow they will be
immediately converted to ArH by fast proton transfer
and these ions are considered in our analysis. The ex-
amples of measured evolutions of the electron number
density, ne(t), in He;™ dominated afterglow is plot-
ted in Fig. 4. Note the small increase af;, at: <

10 ms due to the above-mentioned Penning ionisation
process. For later afterglow times, the plasma decays
by ambipolar diffusion since ground state feions
recombine very slowlyf71]. The dotted straight line
indicates the calculated relative diffusion losses of
He,*. The measured decay is a little faster indicat-
ing possibly small influence of the mass spectrom-
eter sampling port and probably some limited pres-
ence of reactive losses also (see discussion of balance
equations). The decay due to non-recombinative losses
give us the lower limit fore« measurable in present

10"

He diffusion

n, [cm?]

10°}

He; o v o
p[for] 15 15 1.7 -
A" A E

Fig. 4. Decays of Hg" and Ar" dominated “very slowly recombining” plasmass(z). Corresponding He pressures are indicated. Note
that curves, corresponding to e obtained at lower and highegg are parallel. The dotted straight line indicates the calculated losses

purely due to ambipolar diffusion.
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experiment. The limit is below & 10-°cm®s~1. We A
use this comparatively easy measurable dependence [
as an indicator of the cleanliness of our discharge 10°
chamber. If the chamber were not clean enough
than the decay of H& ions would be faster be- i
cause of reactive losses. In such case, the experiment 10°
would have to be interrupted and the vacuum sys-
tem additionally cleaned. At pressures used in our
experiment (1.3-3 Torr), the reduction of the electron
current due to elastic scattering of electrons by neu-
trals cannot be neglected. Even if the attempts have
been done to estimate the magnitude of this effect
[74,75], the results given if74] have not been ex-
perimentally verified. Since for the estimation of the L
recombination rate coefficient, the precise absolute 5 10 15 20 25 30 35 40

values of the electron density were necessary, the lit- t[ms]

erature value of the recombination rate coefficient of Fig. 5. Upper panel: temporal evolution of the electron number
recombination of @" ions with electrong69,76,77] density, ng(t), in the @+ dominated plasma. The values mf(t)
has been used for determining the “calibration factor” obtained from 73 vs. Vp plots” are plotted by circles. The values

. + obtained from the probe currents at plasma potential are plotted by
which accounts for used pressure of He"Oons squares. The lines indicate best fit of the dataHuay (2) Lower

were produced by adding0.5sccm of @ to He. panel: 1ne vs. decay time. The values ofi(t) are obtained by two
The low partial pressure of Ocould not influence  methods. The lines represent best fit of the dat&tpy(2) Dashed

the collection efficiency of the Langmuir probe (by Isr:trzlrgzlt line indicates fit of the data in recombination-dominated
creating tungsten oxides on the probe surface). The

obtained decay offic is plotted in the upper panel of
Fig. 5, the reciprocal data i are plotted in the lower
panel ofFig. 5. From the slope of the linear fit to the
part of the 1A plot corresponding to the time interval
where the plasma decay is controlled predominantly
by recombination, the can be calculated. Small de- 3. The evaluation of the recombination rate

viation of the 1he plot from linearity at highett is coefficient from the decay of electron density
supposedly due to diffusion. In exact calculatiaris

determined as a parameter of the fit to the data when We will demonstrate our method of evaluation of
the diffusion losses are also considered—see discus-recombination rate coefficients from measured decay
sion. These fits are also depicted fing. 5 In the of the electron number density on the data obtained for
present experiment, the calibration was made at the O, dissociative recombination. It is partly because
pressure 2.3 Torr. By the process of calibration, we value ofapr(O2*) is well known and partly because
estimated the “calibration factor” that corresponded formation of @+ dominated afterglow is easy, fast
to the effect of the electron current decrease due to and not very sensitive to impurities. Despite the fact
the effect of electron—neutral collisions. Its value es- that we do not have problems with impurities we in-
timated by the calibration procedure described above clude in our analyses also possibility that some ions
was 14 + 0.2 for the 18.m diameter probe, and it are converted to “impurity ions” which immediately
corresponded roughly to the factor describing the re- recombine. If @t ions are dominant ions and they
duction of the electron current due to electron—neutral are removed from plasma only due to the processes

—0—n (calculated from |, at V)
Y\ —O—n,(calculated from Ii)

n, [em?]

1/n,[10cm’]

collisions in theory[74]. In all values ofne plotted in
Fig. 5and in the following figures this calibration is
already considered.
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of recombination, ambipolar diffusion and reactions,
which are characterised ly, vp (see, e.g[78]) and

VR, respectively, the balance equation for electrons can
be in first approximation written as

dne
dr

—a[02%]ne — vpne — vRne

2
—ahg — VDHe — VRMe

(1)

We assume neutrality of the plasmap[Q = ne. For
negligible diffusion and reactive lossag(= vr = 0)

the solution of the equation is/ke = 1/nep + at.

If also diffusion is considered and the reactive losses
were negligible g = 0), the solution could be written

in the form:

i _ exp(vpt) n anp(th) -1 B
ne neo VD

Herengg is the electron number densitysa& 0 [77].

In the following analysis, however, we shall treat the
general casevp # 0, vr # 0). The diffusion losses
generally depend on the geometry of the discharge
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v/n)[107cr’s ]

n’-

(-

4
1/n, [10° cm’]

6

10

Fig. 6. Advanced analysis—dependence ewg/ng — vp/ng) Vs.
1/ne, corresponding to the decay of,© dominated plasma.

is in that determination af is independent of diffusion
and reactive losses, as long as corresponding terms
in balance equation are linear, i.e., in the (acceptable)
approximation of first diffusion mode and small reac-
tive losses. Computer simulations of the plasma decay

chamber, on pressure and on the electron and the bufferio, several initial distributions verified the validity of

gas temperatures. The parametgrcan be calculated
and/or obtained from experimental dda;. (2)is used
to fit data inFig. 5. Because of the high quality data,
dne/dt can be calculated and the balarieg. (1) can
be rewritten to the form suitable for evaluation of
(usingng for dne/dt):

_a+(VD+VR)

/
_ne

2
ne

©)

ne

The valuevp was obtained experimentally from de-
cay of He™ and Ar" dominated afterglow and con-
firmed by calculation from geometry of the discharge
chamber, se&ig. 4 Whenvp is known, the values
(—ng/ng— vp/ne) can be plotted vs. bé. The obtained
dependence should be linear, the slope of the plot gives
valuevr and zero intersection gives the valweEx-
ample of such plot for @ dominated afterglow is
given inFig. 6. Note that because the recombination
of O,™ was used for the calibration the obtained rate
of recombination must be equal to the literature value,
i.e.,a =2 x 10" cm®s L. Fast slope at early after-
glow times corresponds to the formation of Odom-
inated plasma. Advantage of this “advanced analysis”

the approximation of the first mode diffusion. The va-
lidity of the approximation is also supported by mea-
surements of the decays of Jfeand Ar" dominated
afterglow; sed~ig. 4.

In case of H™ dominated afterglow the balance
equation for electrons can be in first approximation
written in a pattern similar to (1):

dne

dr

a[H3+]ne — VDNe — VRIe

2
= —afng — vpne — VRne

(4)

Here we shall pursue the analysis of the balance
equation for H™ in Hy containing plasma, but the
procedure would be analogous fogDin deuterium
containing plasma. We take into account also the
presence of other ions in the decaying plasma by the
following consideration: we assume that in formed
plasma there is fractioff = f () = [Ha"]/ne of re-
combining K™ ions and that the other ions are “not
recombining” (predominantly Ar, ArH*, He, ™). If

the plasma were governed solely by recombination
of Hz™ then the solution of this equation would read
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1/ne = 1/nep + «ft. This formula is usually used to  hence they are thermalised to buffer gas temperature.

obtaina from the slope of the plot of b vs.t, under It was estimated irf79] that in He, at the pressure
assumptionf = 1. Because of the high quality data, over 1Torr, the electron temperature relaxation time
ny = dneldt can be calculated and the balarkes (4) in He afterglow plasma is of the order of several mi-
can be rewritten as croseconds. To have the confidence, that the afterglow
nl, (VD + VR) (VD + VR) plasma is in thermodynamic equilibrium, and that the
n2 af + ——— e = Oleff + n—e (5) measured electron temperatufg, really corresponds

to Maxwellian distribution of electron energies, the
The fractionf(t) can be estimated from calculation electron distribution function was measured. For this
of ionic composition and/or from mass spectrometric measurement, the Druyvesteyn metfi@@] and Scha
data. For [H] > 10"cm3, Hz* ions are formed  etal.[81] has been applied. Because of the high quality
within ¢ ~ 10 ms (see discussion) antd~ 1 can be of the measured probe data it was possible to calculate
used to obtaire. The plot of —n4/n3 vs. 1he should numerically (using the Savitzky—Gol§82] approach)

be linear with slope given by + vr). Because of  the second derivatives of the probe current with respect
high purity of the vacuum chamber, the tenmne to the probe voltagel§) and consequently the EEDF.
represents just small correction. For low oJH < The good linearity off; in the semilogarithmic plot
10 cm~3, the formation of H* is slow andf < 1 vs. the probe voltage indicates that the experimentally
at low t. However, as the data are good enough we estimated EEDF is very close to Maxwellian. We cal-
can calculate in such casep(+ vr)/ne from the “late culated the electron temperature as a function of the
afterglow” and by plotting \cng/ng — (vp + VR)) VS. afterglow time,Te(t), by the “classical” method from
1/ne, the evolution oxf can be obtained. This can be the slope of the linear part of the semilogarithmic plot
useful, e.g., if during decay of plasneais constant of the electron probe curreihs vs. the probe voltage
and a fraction is dependent on decay time. In the last in the electron retarding range of probe voltages. We
part of Eq. (5) we introduced effective rate coeffi- also checked that the electron temperature determined

cient, aeff = af. It is good to usexess if we cannot in this manner corresponded within the estimated ex-
simply separater(t) andf(t). If f(z) = 1 thanoes = perimental errors to that determined in similar manner
a, this is situation for [H], [D2] > 2 x 10 cm3, from the plot of log(};) vs. the probe voltage. IRig. 7

To avoid introduction of some sort of assumptions we example of the measured dependefigg), obtained
will use aeff as pure experimental quantity to describe in Art dominated afterglow is plotted. Data obtained
obtained experimental results. Only at the end we will by both methods, together with estimated experimen-
use mass resolved spectra and kinetic model to com-tal errors are plotted. It is seen frafig. 7 that begin-
ment the results. Because of large scale of values of ning at afterglow time~5ms, theT, relaxed almost
obtainedx by all three methods, approximations were down to the buffer gas temperature. The relaied
used and results were compared to obtain best valuefound experimentally is by 10-30% higher than the
of a. gas temperature. That is systematic error. In the ac-
tual experiment fluctuations of probe and plasma po-
tential, changes of the work function and plasma po-
4. The probe measurements tential over the probe surface influence (distort) the
measured probe characteristic. Consequently, the ap-
The decay of the afterglow plasma is very slow parentelectron temperature estimated from such probe
at present experimental conditions, the characteris- data may be slightly higher (we talk about difference
tic time of the decay ohe is of the order of many  approximately 100K, i.e., 10meV in energies) than
milliseconds. During the decay time, the electrons in reality. Taking this effect into account, we con-
undergo multiple elastic collisions with He atoms and clude that for afterglow times later than approximately
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Fig. 7. Time evolution of electron temperatuf&(t), in Art dominated afterglow in He—Ar mixturepfie = 2 Torr). Solid circles—values
evaluated from the second derivatives of the electron parts of the probe characteffistiopen circles—values deduced frdm Solid
squares—measured corresponding evolution of electron demgtly

t = 5ms, the temperature of the electron gas equals to5. The formation of H3™ and D3™ ions

the gas temperatur@ ~ 260+ 30K ~ Ty. This fact

suggests that (i) the processes that contribute to the The main goal of the present study was the recom-
electron gas heating during the afterglow period may bination of K™ and D;* ions. Again we will write

be considered to have a negligible effect and (ii) the about formation of H* in He:Ar:H, having in mind
quality of the probe data and the method of its evalua- that in similar way @7 ions are formed in He:Ar:R

tion enables estimation of such low electron tempera- That is because in considered ion—molecule reactions
tures. The credibility of the probe technique supports hydrogen and deuterium molecules react with compa-
also the application of the extremely thin probe with rable rate coefficients.

the diameter of 18m. The use of such thin probe In order to study this recombination, we have to pro-
reduces the drain of charged particles from the af- duce plasma with dominant population o Hions.
terglow plasmal64] and also has been thoroughly In present experiment, this cannot be simply achieved
examined for measurements of low electron tempera- by having discharge in pure hydrogen or in mixture
tures[65]. The consequent comparatively high Knud- of H, with He buffer. To convert all ions formed in
sen numberKe = Xo/rp minimises also the effect  the active discharge to# ions it is necessary to add
of collisions of electrons with neutrals in the space 0.1-1% Ar and traces of #to He buffer and to form
charge sheath around the probe on the probe data ( at first Art ions which further react to producesH.
andrp is electron-free path and probe radius, respec- This conversion proceeds in the very early afterglow
tively). Such a thin probe is therefore, applicable at period. If we assume that during microwave pulse, the
elevated pressures (several Torr) at which our mea- electrons have temperature of several eV, then ioni-
surements have been madd,83] Also in H3™ and sation frequency for ionisation of Ar is comparable
Ds* dominated afterglow we observé@ ~ Ty and with ionisation frequency for ionisation of He even if
we are therefore, convinced that we measure the cor-in the mixture there is only 0.2% AB4]. This is be-
rect rate of H* recombination in truly thermalised cause of higher cross section for ionisation of Ar and
plasma. high ionisation potential of He. I&ig. 8, the integral
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Fig. 8. Examples of integral mass spectra obtained in He:Ar,
He:Ar:H; and He:Ar:D» mixtures are plotted in upper, middle and

lower panel, respectively.
Fig. 9. In the lower and middle panel there is plotted measured and

calculated time evolution of ionic composition {H= 2.7 x 10'1),

: : : . _respectively. The time resolved mass spectrum giving relative ionic
mass spectra, i.e., the spectra obtained by mtegratlonIDOIDulation is normalised in the plot ta,g = 2.5 x 101 cm-

of the respective ion signal during both the active dis- i, agreement with data obtained by the Langmuir probe. The
charge and the afterglow periods are plotted. In the calculation was made for conditions corresponding to experiment,

. . . . ; _ 0 —3 H
upper panel there is spectrum obtained in He—Ar mix- under assumption thateo = 2.5 x 10'%cm3 and that there is
90% of Ar and 10% of Heé ions at the beginning of the decay.

ture V\_"th only residual presence ofrom previous In the upper panel the /™ functions obtained from experiment
experiments (source of ArD). Note the very low level and from the kinetic model are plotted.

of ions from impurities (mainly HO, Np). Low reso-

lution in mass spectrometer was used deliberately to resolved spectra”™—the time evolutions of the relative
increase its sensitivity. In the medium and lower panels population of the ions. These spectra were made for
there are spectra obtained when traces glaHd D ions identified in integral mass spectra. In the lower
were added to the He—Ar mixture. In the mass spec- panel ofFig. 9 measured evolutions of relative num-
tra, we did not observe Heand He™. To observe ber densities of Ar, ArH' and H™ are plotted.

these ions, it was necessary to reduce the partial pres- The mass spectrometer gives important but not
sure of Ar substantially. Partly it is because the mass sufficient information about an ionic composition in
spectrometer sampling orifice is close to the chamber recombining plasma. To gain further information and
wall and it takes many milliseconds for ions formed to confirm mass spectrometer and probe data, we
in the chamber volume to reach this place. During this constructed the kinetic model of the decaying after-
time, majority of H&" and He™ ions are converted glow plasma. Calculation was made by solution of
in ion—-molecule reactions to Ar ArH™ and finally the set of balance equations and also by Monte-Carlo
to Hz™. Partly it is also because of efficient ionisation simulation. The calculations were done for many sets
of Ar in comparison with He, as it was already men- of initial conditions because it is difficult to evalu-
tioned. For better understanding of processes of for- ate composition of the plasma after short microwave
mation and their time dependences we measured “time pulse. As it was already mentioned comparison of the



R. Plasil et al./International Journal of Mass Spectrometry 218 (2002) 105-130 117

ionisation frequencies for Ar and He, for used mix- is less than 20 ms. Exact time evolution of the ionic
tures, gives comparable rate of formation oftAand composition for the used mixtures of the gases was
He™. Itis crucial to use He pressure over 1.3 Torr and calculated. Examples of obtained evolutions are plot-
higher to enhance three-body association in which ted in middle panel ofig. 9. In the calculation, it
He™ and eventually Fi are converted to molecular was assumed that in the active discharge was formed
ions. Basically, if H& are formed they are converted 90% of Art and 10% of He&. HEM are not consid-
to He™ and the chain of reactions proceeds by reac- ered, because they are immediately converted by Pen-
tion with Ar and formation of Af. Just formed Ar ning ionisation to Ar. Diffusion and recombination
reacts further in fast binary reaction with lnd ArH" processes of the respective ions were also taken into
(major channel) or b (minor channel) are formed  account. Fractiof(t) obtained from measured and cal-
[85]. The last step in the sequence is the formation of culated evolutions are plotted in the upper panel of
Hs™ ions by proton transfer reaction from both ArH Fig. 9. In Fig. 10 calculated and measured time re-
and H to the neutral H [19]. Metastable He@5) solved spectra together with integral spectra obtained
atoms that are possibly formed in the discharge react by measurements and by integration of time resolved
fast also with Ar atoms and Arions are produced spectra are plotted. Very good consistency of data is
[69]. In Table 2reactions are listed, which take place noted. All the calculations confirmed the estimation
in sequence of reactions resulting i Hdominated given in Table 2 Only at very low hydrogen number
afterglow. In Table 2there are also given reaction densities, [H], approaching 2x 101 cm=2 the time
rates and characteristic time constants at the reactaniecessary for conversion of most ions intg*Hwas
number densities typical for present experiments. longer than 15 ms. For [} < 1 x 10 cm~3 the for-
Note, that at all used partial pressures of He, Ar mation of ;™ ions have to be considered when eval-
and H, the reaction times were shorter than 7 ms. uating recombination rate coefficient. Factgi’‘was
It follows that the overall time constant of3H ions calculated and measured for these low number den-
formation is less than 10 ms and the time necessary sities and “advance analysis” was used to determine

for conversion 0f~90% of all the ions into Kt ions recombination rate coefficients. In the lower panel of

Table 2

Reactions, those take place in the formation @f"Hons

Reaction Reaction Rate coefficient Reactant number Reaction Reference

number [cm3s71] or [emfs] density [cnT3] time [ms]

1 Het + 2He — Hext + He 1x 10731 6.5 x 106 2 [17]

2 HM + HEM - Het +e 5x 1079 5 x 1010 4 [73]
(assumption)

3 HM + Ar > Art + He +e 7x 1071 1 x 10 0.14 [69]

4 Het + Ar — Art 4+ 2He 2x 10710 1 x 10% 0.05 [17]

5 Art + Hy — ArHt +H 8 x 10710, ArHt 2 x 1011 6.3 [85]

— Hot + Ar production is dominant

6 Hot + Ar - ArHt +H 2.3x 1079 1 x 10 <0.01 [19]

7 Ho* +Hy — Hs™ +H 2.1x 10°° 2 x 10t 2.4 [19]

8 ArHT + Hy — Hat + Ar 1.5 x 1079 2 x 1011 3.3 [86]

9 Hs* + Hy + He — Hs* + He <1 x 1072 2 x 104, >8000 [20]
6.5 x 106

10 Hs* 4+ Hp +Hy — Hst 4+ H» 4.6 x 10730, 210K 2 x 101 >1 x 10° [22]

11 H™ + He + He — HHet + He 0.9x 1073 6.5 x 1016 2.6 [87]

HeM indicates He(3S). The rate coefficients of binary reactions are given irf sm, the rate coefficients of the three-body association
are given in cris™l. The rate coefficients for the reactions obHare given for ions with vibrational excitation < 1. The time
constants—reaction time are calculated for [He$.5 x 1018cm=2 and [H] = 2 x 10 cm3.
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Fig. 10. The calculated and measured time evolutions of the ionic composition during the afterglow in Helasia ([H] = 6.7 x 10'1).

The time resolved (experimental) mass spectra, which are measured in arbitrary units, are normalised igiriidl x 1010cm—3

in agreement with value obtained by Langmuir probe. The same number density was used as the initial condition in calculation. The
corresponding measured integral spectra are plotted in the right panels.

Fig. 11 several time resolved spectra foiH ions
obtained at several number densities of hydrogen are

1o plotted and the correspondiridgactors are plotted in
“ o5l tc10"em’) | the upper panel.
" 2o We did not consider up to now the internal ex-

; : : ; : citation of the reacting ions. We assumed that after
10-15 ms of “formation time” the possible internal ex-
citation of Hs™ is quenched in multiple collisions with
He, Ar and B (see, e.g., discussion and estimation
of the quenching rate coefficient by Smith and Span
in [33]). The discussion of internal excitation ogH
is important for some experiments, because it is ex-
% pected that excited states of this ion recombine faster
than the ground state.

Intensity [au]

Fig. 11. Lower panel: the time resolved mass spectra obtained at 6. Posgbllllty Of.V'bratlona] excitation

several different concentration of;HFor [Hp] = 6.7 x 10t cm™3 of recombining ions

the corresponding decays of Arand ArH" are also plotted. The

rates of the correspor_ldi_ng ion—-molecule reactions ob_tained fr(_)m The influence of vibrational excitation Of:ﬂ and
the decays agree (within the accuracy of the experiment) with I . o7

values written inTable 2 The dashed straight line indicates pure D3 ions on the rate of their recombination was
diffusive losses. Upper panel: the plots of corresponding evolutions discussed many timeg80-34,54,57]as the possible

of the fractiont. reason for differences in experimental results. In
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some experiments, the recombination rate coefficient
was determined explicitly for k(v = 0). We have
made simple calculation of a decay of the plasma
under assumption that at the beginning of the de-
cay it contains two types of ions,sH(v = 0) and
HszT(v > 0) with different recombination rate coef-
ficients. We will show below that the recombination
coefficients of HT and D;+ ions can be smaller as
10-8cm®s1. That is why we assumed in this calcu-
lation thatey = a1(v = 0) = 1 x 10 8cm®s 1 and

a2 = az(v > 0) = 2 x 10" cm®s~L. In the upper
panel of Fig. 12 obtained changes in relative popu-
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Fig. 12. Upper panel: calculated time evolutions of the relative
population of “vibrationally excited” and “ground state” ions dur-
ing the afterglow. In the calculation it is assumed that ground state
ions and vibrationally excited ions recombine with rate coefficients
a1(v=0)=1x108cmPstanday(v > 0) =2x10 " cmPs 1,
respectively. The calculations are made for conditions correspond-
ing to present experimenfiye = 2 ToIT, nep = 2.5 x 101%cm3.
Different lines indicate different initial composition of ions. The
diffusion losses are also considered in the calculations. Lower
panel: decay of the plasma composed of two ionic species with
different rate of recombination. The plots are made for two dif-
ferent initial conditions: (a)ie2o = 0.5neg and (b)ne20 = 0.9neq,

i.e., for 50 and 90% of excited ions, respectively. Note that in the
conditions (a) and (b) excited ions are removed from the plasma
by the recombination withinc2 and <10 ms, respectively.
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Fig. 13. Advanced analysis—dependence efvz;(/ng) vs. 1lhe,
corresponding to the decay of plasma composed of two ionic
species with different rate of recombination. Data are taken from
Fig. 12

lations of both types of ions during the afterglow for
several initial conditions are plotted. Note that fast re-
combining ions are very efficiently removed from the
plasma within 10ms even if their initial population
is very high. In the lower panel, corresponding decay
curves are plotted, it is evidentat- 10 ms influence

of fast recombining ions can be neglected. We can
conclude, that “by skipping” 10-15ms of the early
decay we can neglect the influence of vibrational ex-
citation and we will obtain from the decay just rate
coefficient for ground state ions (we assume they are
recombining slower). IrFig. 13 calculated data are
plotted in the form used in “advanced analysis.” Note
that the obtained rate coefficients, given by intercepts
of extrapolation of linear parts of the plots wigkaxis,

are insensitive to initial population of excited ions. In
stationary afterglow plasma the time of recombina-
tion of excited ions will overlap with their formation
time and thus the effect of excited ions will probably
be reduced. The fact is that we never observed in our
experiments the decay, which would indicate the pres-
ence of excited ions. This can mean that vibrationally
excited ions are quenched within first 10-15ms, i.e.,
during formation time. In an afterglow experiment
where the decay during first few milliseconds is used
for determination of rate coefficients the situation
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can be very differenf30-33] In some storage ring  conditions in the discharge are given by He and Ar
experiments, long relaxation time is used to quench the and H is influencing just afterglow. This separation
vibrational excitation, however, the rotational excita- is not so obvious in He:iland data analysis are more
tion of ions cannot be completely removed in this man- complicated.
ner[88]. This is not the case in afterglow experiments
because the rotational excitation is quenched very 7.1. Art ions
rapidly in multiple collisions with buffer gas atoms.
First step in formation of ki dominated afterglow
plasma is the formation of Ar dominated plasma,
7. Results this formation can be studied in He:Ar mixture. The
formation of Ar dominated plasma and measurement
We studied the decay of the afterglow plasma at five of its parameters are already describe8éctions 3-5
different conditions, i.e., with five different dominant so only very short summary will be given here.
ions He*, O™, Art, Hz™ and ;™. In pure He we By flowing 0.2-5sccm of Ar through the vacuum
studied the decay of the plasma containing jussHHe  chamber we obtained, dependent on He flow rate
ions, in order to determine the diffusion losses and to (500-1000 sccm), partial pressure 0.2-5mTorr of Ar
examine the purity and limitations of the instrument, in the discharge chamber. It corresponded to Ar atom

seeFigs. 3 and 4Decay of plasma with dominant,® density [Ar] ~ 10*cm~3. As it was already men-
ions and the calibration procedure of the probe was tioned in such mixture Ar and He" ions are formed
already described ifection 2 seeFigs. 5 and 6By during the microwave pulse. Fidons react with He in

addition of Ar to He we studied the decay of plasma the three-body association and #eions are formed
containing just At ions; sedrigs. 4 and 7Finally, we (seeTable 2. In the presence of Ar, H& ions and
studied, in a mixture of He:Ar:p the recombination =~ HeM metastables are converted totAin reactions:

in plasma containing & ions at several pressures of

He and several partial pressures of Ar and Similar He™ + Ar — Ar* + 2He (6)
study has been made withgD ions in He:Ar:D, mix- He(228, 238) +Ar — Art + He @)
ture. At number densities of Hand D higher than

10" cm~3, we studied influence of formation ofsH The reaction (7) is very fast (s@able 2 and within
and ;™ on overall de-ionisation process. 1 ms, the majority of metastables is converted td Ar

The first question which is very obvious is: why The charge transfer reaction (6) is also very fast (see
mixture of gases He:Ar:pwas used? Tu suppress Table 2 and also converts majority of H& to ArT.
diffusion losses pressure in the discharge chamber hasHence, the rate of the formation of the plasma contain-
to be over 1 Torr. On another side to avoid formation ing just Art is given by the formation of He" in the
of Hs™ low pressure of Kl have to be used. Using three-body association of Fiewith He (seeTable 2.
mixture of gasses can satisfy these conditions. BecauseExamples of AF decay are plotted ifFigs. 4 and 7
of proton affinities and high cost of Ne only He and Ar  Note the perfect linearity of semilogarithmic plot indi-
can be used as a buffer gas. To avoid formation of Ar  cating the presence of the fundamental mode diffusion
Hs™ clusters[89] during the afterglow (see traces in only and the fast completion of formation of plasma
the spectraifrig. 8) the partial pressure of Arhastobe containing just AF ions. This was confirmed also by
relatively low, in another words Ar cannot be used as mass spectrometer (séég. 8. We did not observe
a buffer. The only left possibilities are mixtures He:H  substantial increase af, due to Penning ionisation
and He:Ar:H. Both mixtures were used in our early because this process takes place mostly in the active
experiments, later in majority of experiments mixture discharge and within very early phasel(ms) of the
He:Ar:Ho was used. In this mixture with-1% of Ar afterglow. As it was already mentioned it was also
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possible, that small number density of Ar metastables
was produced; however, that did not cause substan-
tial increase of electron temperature at later afterglow
times (sed-ig. 7).

The decay of At has been regularly re-measured
to check for conditions of experiment. The obtained
value ofvp was used to account of the diffusion losses
when calculating the recombination rate coefficients
of Hs* and D;*. Observed/p was typically by 20% '
higher than the values calculated for simple cylindrical —
geometry and actual pressure of He. The reason is g
very probably partly in the actual inner dimension that mg

C(D

1 : 1
T T . T
n(H,)[10"cni’]
13
6.0
12

Sopno

is smaller than in the simple geometrical model. The
faster decay can also be partly due to reaction of Ar
with impurities followed by rapid recombination. The
mentioned difference inp, however, was so small =
that it could be neglected in calculation @fof Hz™ 0
and Dzt.

o Fig. 14. Upper panel: examples of decay curvest), in Hz™
7.2. Recombination of H3+ dominated afterglow obtained at severap[HThe lines indicate fit
of the data byEg. (2) Upper panel: correspondingni/vs.t plots.

Already from the analyses of the time resolved
mass spectra obtained in He—Ar-Hnixture (see
Figs. 9-1) it is clear that decay of the afterglow were obtained at different [l with otherwise
plasma depends on partial pressure of Hihe de- identical experimental conditions. For highero]Hs
pendence of a decay of the plasma on value off[H the decay very fast and it is comparable with decay of
is very strong. Obtained mass spectrometric data areO,* dominated plasma, at gl ~ 10 cm2 is the
consistent with calculated ionic composition (see decay very slow. The corresponding reciprocal values
Figs. 9—1), nevertheless they can give just qualitative 1/ne are plotted in the lower panel d¢fig. 14 As it
information. The monitoring of the plasma decay by was already mentioned the simple solution of balance
Langmuir probe is required to obtained recombina- equation is Ine = 1/neo+ at and the plots should
tion rate coefficients. As was already demonstrated, be linear in recombination dominated plasma (doted
at [Ho] ~ 10 cm2 formation of H* is completed lines). We were using more general solution given by
within 10-15ms, at higher [i] formation is even Eq. (2)to fit the decay curves (indicated by full lines
faster. We measured decay curves (dependence ofin both panels oFig. 14). For comparison decay curve
electron number density on time) for broad range of obtained for A dominated plasma is also included
pressures of He (1.3—3 Torr) and for very broad range in Fig. 14 The advanced analyse explained above and
of partial pressures of H(5 x 101% to 5x 10 cm3). demonstrated on decay op® dominated plasma (see
To suppress the level of impurities in used gasses Figs. 5 and was predominantly used to obtain the
the discharge chamber was cooled down to approx. recombination rate coefficients. The typical plots of
—30°C. The diffusion losses were also suppressed values eng/ng — vp/ne) Vs. 1he obtained in one set
because of lower temperature. of measurements are plotted filg. 15 The data are

The examples of obtained decay curves are plot- plotted in semilogarithmic scale to cover large range
ted in the upper panel dfig. 14 The decay curves of obtainedae. The decay curves were analysed
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Fig. 15. Advanced analysis—decay ogH dominated afterglow. Dependence efr(,’a/ng — vp/ne) vs. 1lhe for several values of [H.
Note that detail in the inset is plotted in linear scale.

together with mass spectrometric data characterisedaes; was chosen with the respect to the form of actual
by “f” factor (seeFigs. 9 and 11 Note in Fig. 15 functionf(t). Because of already mentioned similarity
good fit of the plot by functioreest + vr/n. The plots law we believe that in this region obtained value of
of fits (dashed lines) are not straight lines because aef are not smaller aa/2. Values ofaes, Obtained
semilogarithmic scale is used. In the inset, the linear during many series of experiments, at pressures of
scale is used to demonstrate linearity of the plots even He in the range 1.3-3.0 Torr, are plotted vsp]th

at very low [H]. To ensure proper evaluation ot, Fig. 17. Extent of He and Ar number densities are
we made systematic study of the dependence of func- also indicated irfFig. 17. Included are previous data of
tion f(t) on [Hz]. We also realised that from the form  Gougousi et al[35], Canosa et a[31,32]and Amano

of the set of kinetic equations describing formation of [30]. Temperature of He in these experiments was
Hs™ from Art follows that £(z, [H2]) have to fulfil

similarity law: f(z,[H2]) = f(t/s, s[H2]), wheres 10f
is an arbitrary constant. In another words:z, [H2])

plotted vs. produc{t-[H2]} should be independent on
actual [H], see the plot inFig. 16 where data taken

from Fig. 11 (upper panel) are replotted. The data «

e S T

N

—— calculated data
obtained from model are also included kig. 16 0.5¢ [H] [10"em]
Having information from the analyse of measured A 10
and calculatedf (z, [H2]) we decided to skip, as a = 26
standard, first 5-20ms of the decay time as a for- ° 67
mation time. For [H] > 10" cm3 this condition A . . . .
givesf(zr > 20m9g > 0.75, so foraesf We can write 000 002 004 006 008 010 012
0.75%x < aeff < «. Because the measurements are (txH,)) [1X1011S Cm'S]

made at least for 60 ms, this is enough to assume that L _
Fig. 16. Similarity law—plot of functionf (¢, [H2]) vs. product

1 —3 ~ —
for [Hz] > 1'01 C;n V'a|UESO[eff a. For_ [HZ_] - {r-[H2]}. The data are taken froffig. 11 The solid line indicates
0.5-1x 10 cm3, the interval for determination of  values obtained from calculated composition as plotte8ign 9.
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Fig. 17. Recombination of t; dependence of measureds on Hy number density. Used pressures of He and Ar are indicated. In
these experiments He temperature wa®60+ 40K. Included are also previous results of Gougousi e{3d], Canosa et al[32] and
Amano [30]. The dashed line indicates the dependenceg{D3") on [D2] corresponding to the recombination ogD with electrons,
seeFig. 21 The crosses indicate estimated error bars.

~2604 30K. The crosses indicate estimated error 7.3. Recombination of D3+

bars. We carried out many sets of experiments. Every

experiment consisted of a pumping and cleaning pro- In the mixture of He—Ar-B we measured decay

cedure, tests of the purity and measurements of decayof the plasma dominated by recombination of ions

curves at fixed flows of He and Ar and several flows D3t with electrons. Examples of decay curves ob-

of Hy. Every experiment was finished by further tests tained at several number densities of deuterium are

of purity to exclude changes during experiment. plotted inFig. 18 Again the decay is very dependent
We also made systematic study of dependence of on [D»]. In Fig. 19 the values (—ng/ng — vp/ng) Vs.

aeff On He pressure and on partial pressure of Ar 1/ne obtained in one set of measurements are plotted.

at several values of [§). The changing pressures of Note the good fit of data by linear function and large

He and Ar by factor 2—-3 we did not find any signif- range of obtainedes. In Fig. 20 values en;/ng —

icant changes of value afef. By application of f vp/ne) and ‘f” corrected values{ng/ng — vp/ne)/f
correction” to data given ifrig. 17 just points corre- vs. 1he are plotted to show difference betweerand
sponding to [H] = 0.5 x 10! to 1 x 10 cm3 will aetf. Note perfect linearity of f* corrected plots. The

be lifted by factor not bigger than 2. Both, advanced values ofaesf, Obtained during many series of exper-
analysis (seetq. (5) and fit Eq. (2) were used to  iments, at pressures of He in the range 1.3-3.0 Torr,
calculate effective recombination coefficients, no sub- are plotted vs. [B] in Fig. 21 Extent of He and Ar
stantial differences were observed. There is no doubt number densities are also indicatedriy. 21 Tem-
recombination in the afterglow plasma dominated by perature of He in these experiments wa230+40 K.

Hs™ ions is dependent on partial pressure of hydrogen. The crosses indicate estimated error bars. Included are
This is confirmed by both mass spectrometric data and previous data of Laube et g557], Gougousi et al.
data obtain by Langmuir probe. [35].
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Fig. 18. Examples of decay curvesy(t), obtained for several partial pressures of deuterium, it Bominated afterglow. The lines
indicate fit of the data b¥q. (2)

We considered the possible presence of impurities of impurities <10 ppm). Prior to making the mixture,
and their influence on measured data. By measuring the gases were further purified by flowing via liquid
decays in pure He and in He with addition of Ar we nitrogen trap. Ar was purified by passing via trap
came to conclusion that the influence of impurities in with temperature below 210 K. The purity ofKvas
He and in Ar flow can be neglected when measuring guaranteed sufficiently by its grade; since phrtial
a > 4x 10 9cmis L. For addition of B and D, we pressures in mixtures were very small, the level of im-
made their 0.5-3% mixtures with pure He. Mixtures purities in H would have to be of the order of several
were made from pure gases (grade 5.0, i.e., amountpercent to influence the measured recombination—

T T T T T T T T T
c¢]

[D,] [10%cm”]
0.1
0.17
0.23
0.75
180

-
Q
3

(n/ne-v/n ) [em’s]
2

1/n, [10°cm’]

Fig. 19. Advanced analysis—decay ogD dominated afterglow. Dependence efr(,/n2 — vp/ne) vs. 1he for several values of [B].
Note that detail in the inset is plotted in linear scale.
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Fig. 20. Advanced analysis including f correction, decay ef Dlominated afterglow. The dependence efif/n2 — vp/ne) vs. 1he (open
symbols) and f* corrected” values—(n,’e/ng — vp/ne)/f vs. 1he.

and that we can with certainty exclude. The same is this time, we did not observe any “time dependence”
true for Dp. Usually the measurement did not take of the measured data. Majority of the data was taken
longer than 3 h since we wanted to guarantee the high with the 0.5 ms microwave pulse width and the rep-
efficiency of the used liquid nitrogen traps. During etition period 40-80 ms. Several measurements that
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Fig. 21. Recombination of £; dependence of measureds on D, number density. Pressures of He and Ar are indicated. In these
experiments, He temperature wa230+ 40 K. Included are also previous results of Laube ef%] and Gougousi et a[35]. The cross
indicates estimated error bars. The dash-dotted line indicates the dependenrgé¢Hzf™) on [H,] corresponding to the recombination of
Hs™* with electrons, se€ig. 19 The straight line labelled asg indicates calculated contribution from channel B.
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were made with the pulse 2-5ms long. We repeated binary dissociative recombination, at nearly thermal
the measurements many times during several monthstemperatures is smaller as the lowest value gf, of

in many series of experiments. Prior to the measure- course this can differ for i~ and D;* ions. We can
ments, the vacuum system was baked and pumped forplace a limit on values of the rate coefficients of bi-
several days. During the studies, we varied orientation nary dissociative recombination. The rate coefficient
of the magnetron antenna, the position and size of the for recombination of B and D;* ions with electrons
Langmuir probe. We did not detect any problems with areapr < 3 x 10 2cm®s™! (at ~260+ 40K) and

the reproducibility of the measuragk, as long as  apr < 6 x 10 2cm®s™1 (at ~230+ 40K), respec-
the measurements of decaysngfin pure He and He tively. The difference is probably given just by extend
with Ar indicated that the vacuum chamber is clean. of measurements. We cannot say value (number) of

In the mass spectra, we observed traces of ArH  «apRr, despite the fact that it will be very nice to have it
or ArDs™* formed in three-body association with Ar.  for astronomical calculationd3,15] We believe that
Because the number density of these ions was very already given limits will cause substantial changes in
small and we did not observe influence of variation of modelling of ionic composition of interstellar clouds
Ar pressure on observedy, we did not consider this  and also in further development of theory of recom-
ions in data analysis. The presence of these ions in bination. Further specification of values @phr will
the plasma can just increase decay process and henc@robably require measurements of temperature de-
increase observed. pendence and evaluation of influence of presence of

Accuracy of obtained:qs; is given by the accuracy electrons in decaying plasma on the recombination.
of instrument calibration (20%) and by the influence  Again, because of similarity of observed phenom-
of possible impurities. In the measurements of depen- ena in presence of hydrogen and deuterium we will
dence ofxef on [Hy] and [He] accuracy depends also  discuss recombination of #4. At the end we will
on accuracy of measured flow rates of these gases. Wediscuss observed differences betweest Hind Dy
estimated that absolute valuesogfs presented in our  recombination. Here we will follow discussion, which
report are given with accurac§50% and the repro-  was given in the Proceeding of ACS Meeting in
ducibility (relative accuracy) iS30%. The scatter of  Chicago 200190]. The dependence ofesf on [H]
the obtainedre can also be partly due to variation of indicates that not only electrons(eand K™ ions
temperature of the buffer gas. but also H molecules participate in the observed

de-ionisation process. In general, we can consider
two possible mechanisms that differ in the sequence
8. Discussion of collisions:
. - , vk ko)

We observe that the effective rate coefficients of A: H3z™ + e~ =H3" =" neutral products
recombination of H* and D;* ions with electrons, kot
aeff, are dependent on fifland [Dy], respectively. We ka[He]
did not observe dependence on He and/or Ar pressure.B D Hs +H =
We stress here once again that we are measuring a rate -slriel
of recombination in afterglow plasma, which is not In channel A first H* is formed in collision of H*
necessary, a rate of a binary process. We can make onewith electron and this is “stabilised’ in with H In
very important statement at the beginning of this dis- channel B first H* is formed in reaction of g™ with
cussion without going to details of the recombination H, and formed H* is recombining with electron.
mechanism. Because the binary dissociative recom- Corresponding rate coefficients are indicated in the
bination is just one of the possible reaction channels reaction schema. Because both processes can be con-
that contribute taresf We can conclude that the rate of sidered as independent, the overall rate coefficient

Hs* I neutral products
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is the sum of the rate coefficients of both channels:

aeff = op + ag, Whereap and ag are overall re-
combination rate coefficients of channel A and B,
respectively.

As we will demonstrated below, under our experi-
mental conditions at [B] < 1 x 103cm3 channel

B can be neglected and only channel A need to be
considered. By application of the steady state approx-

imation [38] we obtain for reaction channel A the
following description of the overall effective recom-
bination rate coefficient (see also discussiofdi]):
— kika[Hz] (®)
k_1+ ka[H2]
Herek; is the binary rate coefficient of44 formation;
k_; is the rate coefficient of unimolecular autoion-
isation coupled with corresponding lifetime ofsH
7_1 = 1/k_1. The binary rate coefficienkp, describes
the stabilisation processes, here the collisions with H
The dash-dotted line plotted iRig. 17 indicates the
fit of measured data by this formula for fH< 1 x
108 cm~3, where channel B can be neglected. From
the data plotted ifrig. 17we can see “high-pressure”
and “low-pressure” limits (of the channel A) for
k_1 < ko [Ho] andk_1 > k> [H2], respectively. In the
high-pressure limit, we obtaiei = aa = k1,i.€.,the
rate determining process is the formation af*HThe
fit of the data gives; = 1.6x10~ " cm®s~L. Inthe low
pressure limit we obtaiet = aa = k1ko[Ho]/k_1.
From the linearly increasing part of the plothig. 17,
we obtainedko/k_1 = 6 x 10713cm®. From this
value, it will be possible to calculate the lifetime of
Hs*, 7_1 = 1/k_1, if ko can be measured or estimated.

In the similar way, from the plot ifrig. 21, k1 =
7x 10 8cm?s ! andko/k_1 = 1.5x 10~ 12 ¢cmd were
obtained for recombination of4¥. Note that for B+
value ofkj is approximately two times higher then for
D3™. The ratiosky/k_1 differ by factor 0.4, higher is
the value for R+.

At [H2] > 5 x 108 cm 3 aeff is again increasing
with increasing [H]. Similar increase was observed
also for deuterium. To explain the increasexgf, we
considered that the loss of;H ions proceeds via for-
mation of KT ion and its successive recombination
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(scheme B). In the channel B3 is the rate coefficient
of the three-body association reactioy (= 4.6 x
10-30cmP st at 210K with H as a third body22)),
and k_3 is the rate coefficient for collision-induced
dissociation of H* in collisions with He. Thexs is
the rate coefficient for the recombination of Hwith
electrons¢s = 3.6 x 10-% cm?® s~1 see[46)). For loss

of Hs* we can write: d[H*]/dr = —ag[H3][e];
naturallyag can depend on [He], [{] and [e"]. By ap-
plication of the steady state approximation we obtain:

k3 1

= M e e

s 9)

oB

From Eqg. (9) it follows that the contribution of the
channel B is proportional to [{] and it is influenced
by values of [e], [He] (for more details of calculation
seg[91]). Fromkz and AG [92] we calculated (for our
experimental conditions) relatiomg ~ 8 x 1023
[Ho]em3s~1, where [H] is given in units cmS. This
contribution is identical for hydrogen and for deu-
terium. The calculated values ofs relevant to our
experiment are indicated by the dotted lingFig. 21
The calculated is in very good agreement with ob-
served increase ofgf at [Hp], [D2] > 5x 1013 cm3.
Note thatap can be neglected at i [D2] <

5 x 10'3cm=3. The increase due to the channel B is
more pronounced for deuterium becausesaturates
on lower value and at [B} ~ 1 x 10*®cm~2 contribu-
tions from both channels are comparablg,= aa.

The dependence efeff smaller on He pressure is
negligible particularly in comparison with very strong
dependence on partial pressure of Hwe realise that
the number density of He is six orders of magnitude
higher than the number density obHHe]/[H>] ~
108, then the fact that blis more efficient in promoting
recombination might seem surprising. There are, how-
ever, other examples of such differences in efficiency
of stabilisation in kinetics of three-body elementary
processes, e.g., the vibrational quenching probability,
which varies also over many orders of magnitude in
dependence on complex bond energy (see discussion
and compilation by Lindinger if93]).

Now we can look back t&ig. 1and toFigs. 17 and
1 for results and we can speculate. Majority from re-
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cent afterglow experiments measuring recombination wish to thank to our dear friend late Werner Lindinger
of ground state ions were carried out in high-pressure for encouraging discussions and support of our work.
limit of reaction channel A and obtainegy is equal We thank to the Faculty of Mathematics and Physics
or close to the ratdg (of formation of H*, D3*), that financially supported the construction of AISA in

i.e., they obtained for ki rate ~2 x 10~ cm?s™1 the company Vakuum Praha. Thanks for financial sup-
[30—32,35] it is in agreement with our results. We can port are due to GACR (202/00/1689, 202/99/D061,
also speculate that if dissociation ogH D3* is en- 205/02/0610, 202/02/0948), GAUK (146/2000 and
hanced by strong electric field (see, e.g., discussion in 171/2000 B FYZ MFF) and MSM 1132000002. The

[94]) or internal excitation it is possible thathr” ob- experiments were carried out with support of EU in
tained in some beam experiments is in fact rate of the frame of the ETR network (HPRN-CT-2000-00142)
formation of H*, D3*. This can be supported by the and with support from EURATOM. The construction
observation of the influence of ion source conditions of AISA was supported in part by the VW foundation
on the measured rate of recombination by Mitchell (Schwerpunkt Intra- and inter-moleculare Electro-

and co-workerg95].

9. Conclusions

We measured the rate coefficients of the overall
recombination of Bt and D3t with electrons ¢ef)
in decaying plasma with addition of Hor Do, re-
spectively. Since only three-body recombination has

been observed we concluded that the binary chan-

nels (dissociative recombination) are negligible in
our experimental conditions. From our study follows
that for astronomy fundamental binary dissociative
recombination of H* ions with electrons is very
slow process (at-260+ 40 K) with rate coefficient
apr < 3 x 10 9cm3s L. For the rate coefficient of
dissociative recombination of 45 ions with elec-
trons (at~230+ 40K) we obtained limitapr <
6x10~2cm?s 1. These results are in accordance with
theoretical predictions for the dissociative recombina-
tion (see recerjd2]). We also made estimation of con-
tribution of “effective recombination” proceeding via
formation of Hs™ (Ds™) that is only important at large
H» (D2) and He densities. This can be important for de-

scription of processes in atmospheres of large planets.
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