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Abstract

Rate coefficients for the dissociative recombination ¢f &d NH; (NH,), with electrons have been measured using the
high pressure flowing afterglow (HPFA) technique. The electron energy distribution function, effective temperature, and
electron number density of the recombination dominated plasma have been measured by a Langmuir probe at pressures ug
11 Torr. The measured value of the recombination rate coefficient;ofv@s used for validation of the Langmuir probe
measurements at medium pressures. It is found that the recombination rate coefficient of the recombination of the gluster NH
(NH,), ion is 1.4 X 107° cm® s™* at 600 K. (Int J Mass Spectrom 189 (1999) 103-113) © 1999 Elsevier Science B.V.
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1. Introduction ature plasmag ., is usually equal to the temperature
of the neutral gas Ty), and the electron energy
distribution function (EEDF) is close to Maxwellian

|t||ve moleculgr.lons_s aln |mp(7rtant IIOSS procTehss f(l)r distribution. In general’, # T and very ofteril, >
electrons and lons in electron/ion plasmas. The ele- T, . The recombination rate coefficient in such non-

mentary process of recombination occurs in a single thermal plasmas are then given as a functior gf
collision of electron and molecular cations in a certain au(T.). The difference betweena (T.) and «(T) is

guantum state and, at a given relative velocity i6
characterized by the cross sectio(v). Recombina-

Dissociative recombination of electrons with pos-

sensitive to the dependence of the recombination
o _ - " process on the internal energy of the recombining
tion in mu|t|plg CO||ISI9H §ystems under condmops of ions. In the case of an experimental determination of
thermodyham|c equilibrium qt tgmperaturé’)(|_s_ « it is important to consider how close we are to these
characterized by the recombination rate coefficient sideal conditions.” This is also important for applying

a(T). This definition in experimental studies is quite ) o, (T) to describe processes occurring in a real
often extended by an assumption that “electron gas” plasma

and *ion gas” are in quasiequilibrium characterized by The electron ion recombination has been studied

temperature§, andT_, respectively. In low temper- for many years by a variety of techniques. These
studies can be divided into two types of experiments:
* Corresponding author. E-mail: juraj.glosik@mff.cuni.cz single and multiple collision systems. In the single
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collision techniques the cross section is usually mea- pressure of the buffer gas to enhance three-body
sured at a particular kinetic energy of the recombining association reactions in which these clusters are
particles. These techniques usually use beams offormed. Because of this lack of data on the recombi-
monoenergetic electrons (or negative ions) and posi- nation of cluster ions we have built the flow tube
tive ions (in a defined quantum state if possible). In working at pressures of the buffer gas ranging from 1
the multiple collision plasma techniques, usually af- to over 20 Torr (HPFA= high pressure flowing
terglow techniques, the recombination rate coefficient afterglow [9]). The main problem connected with the
is determined from a decay of the recombination relatively high operational pressure is that there is no
dominated plasma of a particular composition. The simple theory that would be easily applicable for the
majority of available recombination rate coefficients calculation of n, from the probe characteristic at
and cross sections were obtained using experimentspressures higher than 1 Torr (in this context we will
from one of these two groups. In a few cases the call these pressures “medium pressures”).

products of the recombination and their internal en- Because of the large ratio of the masses of the ions
ergy are also determined [1-4]. The most productive (m_) and the electrons,), “electron gas” and “ion

of the afterglow techniques are the stationary after- gas” thermalize (relax) in the afterglow with different
glow method (SA, see, e.g. the review by Johnsen [5]) time constants. It was demonstrated several times that

and the flowing afterglow method (FA, see e.g. [6]).
To obtain the recombination rate coefficient from an
afterglow experiment it is necessary to know the
absolute value of the electron number density) (
and the ion number densityi() in the recombining
plasma. The plasma is usually quasineutral,rige=

n. = n, at number densities of the charged particles
used in these experiments. A variety of methods for
determination of the absolute value of the electron

the afterglow plasma is not necessarily completely
thermalyzed and the EEDF often departs from Max-
wellian distribution in the beginning of the recombi-
nation region. Slow relaxation in Ar was successfully
used in the study of the electron temperature depen-
dence of attachment [10]. The recombination coeffi-
cient is sensitive to the collision energy of the
recombining electron and ion. For small molecular
ions the rate of the recombination generally decreases

number density were used in SA studies, e.g. micro- with increasing collision energy (temperature), and as
wave cavity, Langmuir probe, detection of the emis- a consequence the slow electrons are selectively
sion of the photons, etc. The experiments using removed from such recombination dominated plasma.

microwaves usually give the data averaged over a If the re-Maxwellianization is not effective enough,

certain volume of plasma and in order to obtajnit
is necessary to know the geometrical configuration of
the electric field and to assume a particular spatial
distribution of charged particles. A Langmuir probe
measures the local value of and, usually, both time
and spatial distributions af, can be obtained. A very
successful technique for studying recombination work
involves the use of a FA equipped with a Langmuir
probe, denoted as FALP (flowing afterglow Langmuir
probe) and its extension, FALP-MS (with movable
mass spectrometer [7]).

Many recombination rate coefficients have been

the EEDF can then be different from the Maxwellian
distribution. In the flowing afterglow plasma the
electron gas can also be influenced by the high value
of the gradient of the plasma potential corresponding
to the fast decrease of the number density of the
charged patrticles along the flow tube due to their
recombination. Particularly, this can happen in an
afterglow dominated by very fast recombination of
cluster ions and sufficient concentration of the plasma
(>10° cm~3). Because of that possibility, the EEDF
and T, (if the EEDF is Maxwellian or very close to
Maxwellian) have to be measured. We have studied

measured during the last 30 years but there is still a the plasma relaxation in the Ar buffered flowing

lack of experimental data concerning recombination
of the cluster ions [8]. The fast formation of the
cluster ions prior to recombination requires a high

afterglow and we found that it can take several
milliseconds forT, to approach 300 K at 0.5 Torr
[11]. This means that the electron gas is not fully
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The goal of the present study is to measure the
recombination rate coefficients of cluster ions with
electrons with a precise specification of the plasma
parameters. In the present study the well established
value of« for dissociative recombination of Owith
electrons and its electron temperature dependence
[19] is used for “calibration” of the probe at helium
pressures from 3-11 Torr. Calibration validation of
the probe reduces inaccuracies in determining the
electron number density and thus improves accuracy
in determining the recombination rate coefficients.

Fig. 1. HPFA—High pressure flowing afterglow; CG—carrier gas;
A—Ar entry port; MWC—microwave cavity; DT—discharge tube;
FT—flow tube; C—capillary; RG—reactant gas entry ports;
QMS—quadrupole mass spectrometer; PC—probe control; LP—
Langmuir probe; RP—Roots pump; DP—diffusion pump.

2. Experiment

The FALP technique and its HPFA variation have
thermalized during the recombination controlled de- been described previously [9], so only a short descrip-
cay of the plasma. The slow relaxation in Ar buffer is tion will be given. A diagram of the HPFA apparatus
a consequence of the low cross section for the elasticis given in Fig. 1. The actual flow tube is made from
collisions of near thermal electrons with Ar due to the stainless steel (internal diameter is 18 mm) with a
Ramsauer effect [12] and a large ratio of the masses of short glass upstream section. High purity He (grade
Ar and electrons. The relaxation of an electron gas is 5.0) was used as a buffer. The carrier gas in the
relatively faster in the He buffer because of the higher present experiment is further purified in the liquid
cross section of elastic scattering and smaller mass ofnnitrogen trap filled with molecular sieves. The impu-
helium atoms [13]. Simultaneous measurements of rities (O,, N,, H,O) are thus reduced to a few parts per
plasma number density and EEDF were reported in million. The mass spectrometer at the downstream
several recent publications [10,14-17]. The relaxation part of the flow tube, coupled via a capillary and a
of the afterglow plasma can also be influenced by the differentially pumped chamber, is used to monitor the
presence of very energetic neutral particles—atoms in relative number densities of the ions. The ions flowing
metastable electronic states. This problem is usually from the capillary are attracted by a small negative
solved by the addition of a small percentage of gas potential through the differentially pumped chamber
that removes the metastables by Penning ionization, towards a conical input electrode with a sampling
e.g. addition of Ar to He buffered FA [18]. In the orifice. The applied potential difference is very small
Appendix we demonstrated how energetic electrons in order to exclude collisional dissociation of the
produced in Penning ionization can disturb the relax- detected cluster ions. The axially movable Langmuir
ation process and the EEDF in the flowing afterglow. probe (used for measurement of the electron number
The presence of the reactant gases used for formationdensity) is 14 micrometers in diameter and 4 mm
of particular ions can also influence the EEDF. Usu- long. The probe characteristics are measured using a
ally, the relaxation is faster in the presence of molec- 12 bit A/D convertor in the equidistant steps of the
ular gases due to inelastic collisions that absorb the probe voltage provided by a 12 bit D/A convertor.
energy of the electrons with higher efficiency. There From these probe characteristics the ion part of the
is a lack of experimental studies of the parameters of probe current| ., is first calculated by extrapolation
these processes (see e.g. the study of the relaxation obf the ion “saturated current” towards plasma poten-
the EEDF in flowing afterglow in the presence of tial. The electron current to the probk, is then
n-hexan and benzene in [16]). obtained by subtractind, from the total probe
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Fig. 2. Upper panel: the measured probe characteristic. From the
slope of the linear part (dashed line) of the semilogarithmic plot of
the second derivative of the electron current the effective temper-
ature,T.g, is calculated. Plasma potentM}, is given by the inflex
point of the probe characteristity, is changing its sign at this
potential of the probe. The floating potent\d! is the potential at
which the probe current changes its sign. The probe curréfy &t

V; (“saturated ion current”) is plotted with the same sign as the
electron part in order to plot it in the logarithmic scale. Lower
panel: the plot of the square of the probe currdlﬁ) {/s. probe
potential {,,). The electron number density is calculated from the
slope of the linear increasing part of the plot (saturated electron
current). The pressure of the buffer gas= 5 Torr.

current. A second derivative against probe potential
(Vp) is then calculated frorh,, which finally leads to
the EEDF [17,20]. The plasma potent\&l, is deter-
mined from the inflection point of the probe charac-
teristic. If the EEDF is Maxwellian, the semilogarith-
mic plot of d?l /dV3 againstV is for (Vp—Vp) < 0
linear and from the slope of this plot the electron
temperatureT,, can be calculated (see Fig. 2 for an

example). The electron temperature can also be ob-

tained from the slope of the semilogarithmic plot of
the probe characteristic (see dashed line in Fig. 2). In
the case of a deviation of the EEDF from the Max-
wellian distribution, these two “experimental” tem-
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peratures can differ because they characterize differ-
ent parts of the energy distribution of the electrons. In
the present work the electron number densities were
obtained from the “saturated part” of the probe current
at positive voltage on the prob&/ (V) > 0 [20],

see lower panel of Fig. 2. We will demonstrate that
this method gives valid data on the measurement of
the rate coefficient of recombination of ;Owith
electrons. The plasma is generated by microwave
discharge in the upstream glass part of the flow tube
and it is carried along the flow tube by the flow of He.
Because of the high buffer gas pressure, thé idas
formed in the discharge are converted in the three-
body association to Heimmediately after the dis-
charge region. Ar is added to the flow tube shortly
after the discharge in order to remove metastables. In
the fast dissociative charge transfer (with the rate
coefficient 2x 10 *°cm?® s ) the Heg ions are then
reacting with Ar forming Af" ions, which are thus the
dominant ion specie in the flow tube downstream of
the Ar entry port. The rate coefficients of the ion
molecule reactions taking part in this post-discharge
and “pre-reaction” part of the flow tube are known
and hence it was possible to calculate plasma compo-
sition by solving balance equations using the initial
value of then, at L = 0. The evolutions thus ob-
tained are plotted in Fig. 3. The number density of the
helium metastables is obtained from the measured
increase of the electron number density due to Pen-
ning ionization after the addition of Ar (see Appendix
for details). The evolutions of the electron concentra-
tion (n.) and electron temperaturg ) along the flow
tube in the mixture of He and Ar~1% of Ar) are
plotted in Fig. 4. HereL = O corresponds to the
second entry port where the second reactant O
NH; in the present experiment) is added. The recom-
bination of the atomic ions is very slow and the
plasma is diffusion dominated. Note thgf = 0.03—
0.04 eV(corresponding te-300 K). The linear decay

of ng in the semilogarithmic plot indicates that the
diffusion is governing the decay of the plasma.
Because of the destruction of the He metastables the
electron temperature is already relaxed to buffer gas
temperature, but without addition of Ar, is 600 K.
The obtained’, ~ 300 K shows high accuracy of the
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Fig. 4. The measured evolution of the electron number density,

Fig. 3. The calculated evolution of the composition of the flowing (closed symbols), and the electron temperatligg,along the flow
afterglow plasma. The solution of the balance differential equations 1 ,pe in the He afterglow with the addition of Ar(L%) atL =

is fitted to the measured, atL = 0. The number density of the  _ 10 ¢m. The open symbols indicate data obtained after addition of
helium metastables is &t = —20 cm, correlating to the increase o, The full lines correspond to the values calculated by the
of the electron number density due to the Penning ionization after go|ytion of the balance differential equations. The decay measured
the addition of Arat. = —10. The calculations are made for He yithout addition of Q corresponds to the decay due to diffusion
buffer at pressurg = 9.5 Torr with the addition of Ar{-1%). losses at a measured temperature. These are “zero” conditions for

recombination studies. The buffer gas pressure 9.5 Torr.
measurements and demonstrates that the probe can be

successfully used to study recombination in the flow-
ing afterglow plasma in HPFA. than 1 Torr by measuring the rate coefficient of

The plasma velocity (required for conversion of dissociative recombination of a simple diatomic ion.
the axial position to time) was measured by pulse We have chosen 9 for which the recombination
modulation of the discharge from the delay of the coefficient is well established [19], and there is no
perturbation of the afterglow plasma for different €vidence of any pressure dependence of its valge. O
positions along the flow tube. The plasma velocity is 10ns can be formed simply by adding,(nto the
constant along the flow tube and has the value 50—80 "elaxed plasma dt = 0. The binary reaction of the
ms* dependent on the actual diameter of the output atomic ions (predominantly Ap with O, (k = 5 X
capillary and pressure of He. The correlation between 10 cn™ s~ * (see compilation in [21]) then ensures
the plasma velocity and the bulk gas velocity of He that, in the conditions of our experiment, 98% of the
was in agreement with previous flow tubes measure- i0ns are converted to Owithin 1 cm (the limitation
ments. The accuracy of the measured recombinationis due to the finite rate of the mixing of Qith the

rate coefficient is=30% as usual for the flowing buffer). The formed @ ions then undergo dissocia-
afterglow experiments. tive recombination with the plasma electrons. The

electron number density measured along the flow tube
after addition of Qis plotted in Figs. 4 and 5. The flat

3. Results and discussion part at the beginning of the slope corresponds to the
transition region, where Ois entering the flow tube
3.1. Validation of the probe measurements and the atomic ions are converted to moleculdgr O

ions, but the recombination is already substantial. The
Before measuring the recombination coefficients full line in Fig. 4 represents,, calculated by solving
of the cluster ions it was necessary to validate the the balance equation when recombination and diffu-
Langmuir probe measurements at pressures highersion is considered (witlx = 2 X 10~ cm® s * and
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Fig. 5. Upper panel: the evolution of the electron number density which desprlbes losses of E|eCtrons_by _bOth diffusion
after addition of QatL = 0. The dashed line is the best fit of the ~ (Characterized byp) and by recombination (charac-
experimental data according to Formula (1) for= 1.5-10 cm. terized bya). ny, is the electron number density at

The open circles show evolution of thg; along the flow tube (see _ : ; _ ;
explanation in the text). The pressure of the buffer gas 11.2 L 0 (corresponding to time = 0). The Function

Torr, the plasma velocity = 88 ms ™. Lower panel: the evolution (1) is the analytical solution of the balance equation

of the plasma potential/y, and of the floating potentiaV;, in the with diffusion and recombination loss terms only. The

rgcombmauon controlled flowing gfterglow plasma after the addi- fit of the data is pIotted by a dashed line in Fig. 5

tion of O, at L = 0. Both potentials are measured against the . .

potential of the metal body of the flow tube. (upper panel). Because of the rapid change.oh the
regionL = 0-1.5 cm, theplasma potentiaV/y, and

the floating potentiaV; change very rapidly and the

T. = 0.03eV). Again, the calculation is normalized ~intensity of the electric fieldE, is very high (1-2

to the measured value of atL = 0. The agreement ~ V/cm), see lower panel of Fig. 5. This high

of the measured and calculated data is very good. Theinfluénces the EEDF, as is indicated by the measure-
deviation al_ > 15 cm can be caused by the presence ments of the EEDF in this region, showing substantial
of negative ions or by the increase of the ambipolar deviation from the Maxwellian distribution. The

diffusion due to the increase @f. In order to obtain EEDT relaxe'\(/jl W|th|::.1.51c_rr]n~(0.2 mj)dto .a d'_smb?'h
the recombination rate coefficient, the experimental tion close to Maxwellian. The second derivative of the

i . electron part of the probe current versus the probe
data forL = 1.5 cm were fitted by the function . . o
y potential taken aL = 3 cm is plotted in Fig. 6. The
1 -1 linear part of the semilogarithmic plot (fitted by the
+ n—exp(th) (1) apparent linear fit) indicates that the body of the
€0

e

explvpt) — 1
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EEDF is close to Maxwellian, but the high energy part
of the EEDF is distorted. Effective temperaturg
was calculated from the low energy part of the EEDF,
which is close to Maxwellian. Similar behavior of the

EEDF was also observed for other positions in the -«

flow tube and for other pressures of He. The deviation
of the measured data from the straight line at very low
(VpV,) is caused by effects on the surface of the
probe and by fluctuation of the potential of the
plasma. These effects influence probe current at probe
potential very close to plasma potentiak@.1 V).
There is an excess of electrons in the high energy part
of the EEDF, indicating the presence of a source of
energetic electrons. The energy is “flowing” from the
high energy part of the EEDF to the low energy part,
thus eventually elevatingl,; above 300 K. The
effective temperatureT 4, obtained from the mea-
sured EEDF is plotted in Fig. 5. Note the low value
Te = 0.03 eV before the recombination region (at
L = 0) and the increase df.; up to 0.06 eV at. =

1.5 cm. We assume that the increase is related to the
high value ofE and to fast removal of slow electrons
by recombinationE is decreasing dt = 1.5 cm and

the temperature is also decreasinglig ~ 0.04 eV

atL ~ 2.5 cm for the data plotted in Fig. 5. At >

10 cmn, is very small and accuracy of the determi-
nation of T is low, also due partly to increasing
deviation of the EEDF from the Maxwellian distribu-
tion. Usually it is assumed that plasma in the He
buffer is relaxed within a few microseconds and that
in the recombination regioi, = 300 K. From data
plotted in Figs. 5 and 6 it is evident that in the real
conditions, the relaxation of the recombination dom-
inated plasma is not so simple. Two sets of the
recombination rate coefficients are plotted in Fig. 7. In
the first set (open symbols) the measured recombina-
tion rate coefficients were obtained with the assump-
tion, commonly used in He FALP studies, that =
0.03 eV(assuming that the electron gas is relaxed in
the collisions with He atoms to the temperature of the
buffer gas) are plotted. The second set (closed sym-
bols) represents the recombination rate coefficients
obtained with the assumption that the electron tem-
perature can be characterized By; obtained from
the measured EEDF. The recombination gf @ith

ass Spectrometry 189 (1999) 103-113 109
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Fig. 7. The measured recombination rate coefficient ¢f the
recombination of ions @ with electrons. The open symbols
indicate the data if temperature of the electrons is assumed to be
300 K. The closed symbols indicate the recombination rate coeffi-
cient if T obtained from measured data is taken as the temperature
of electron gas. The full line represents summarization of “thermal”
«a(T) and the dashed line represents “nonthermal(T.) data
obtained in other experiments (see data and references [19]).

electrons and its temperature dependence was mea-
sured in many independent experiments; the obtained
results can be summarized by the formua=
2.10 7 (300/T,)°-°% plotted by the full line in Fig. 7
[19]. Note the good agreement of our data with
previous studies [22,23]. The present experiment
utilizes this well established value ok for the
validation of the probe at medium pressures. In both
sets the accuracy of obtained recombination rate
coefficients is within an~30% limit. This indicates
that the determination of the electron number density
by the described method and the applied probe is in
the pressure range 3—11 Torr correct to withiB0%.

3.2. Recombination of NH(NH,),

The ion—-molecule reactions taking place in the
formation of the NH. (NHj), ions are very fast [24]
and in a very short time the ions reach equilibrium
concentrations. The ionic composition depends only
on the flow of ammonia. The results of our previous
study of the reaction kinetics of the clustering reac-
tions in the presence of ammonia in the flowing
afterglow at 300 K [9] allow us to choose such a flow
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Fig. 8. The evolution of the electron number densityalong the
flow tube after addition of NKl The different flow rates of Nkland
different pressures of the buffer gas are indicated by different
symbols. The dotted line is the best fit of the all data points by
Formula (a). The values i/ for the same data are plotted in the
insert. The full lines represent apparent linear fits.

of ammonia via the reactant port, that JHNH,),

are the dominant ions in the upstream part of the flow
tube (from 0.5 cm). Because the conversion from the
atomic Ar" ions to NH; (NH,), cluster ions takes
place at charged particle number densitie40'®
m~—3, the recombination

NH,. (NH), + e — neutral products

(2)
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Fig. 9. Upper panel: the evolution of the plasma potentig|, and
intensity of the electric fieldE, along the flow tube in the
recombination dominated plasma. Lower panel: the evolution of the
effective temperature of the electrons along the flow tube; the data
are obtained from the probe characteristic and also from the EEDF.
The plots correspond to the data given in Fig. 8 takep &t 9

Torr = 0.72 sccm.

four different flows of ammonia. Note that decays are
independent of the pressure and the flow of ammonia.
The linear part of the semilogarithmic plot of (for

starts to be the dominant loss process in this regionL > 3.5 cm) corresponds to the region where

immediately after the formation of the cluster ions.
NH;. (NH,), ions are formed within 1 cm from the

diffusion is the dominant process. The recombination

coefficienta = 1.4 X 10 ®cm®s * was obtained by

ammonia entry inlet. The measurements were made using Eq. (1) to fit the data; the best fit is indicated by

for NH; flows from 0.17-1.4 sccm, which cover a
broad range of NK number densities, where NH
(NHy), is the dominant ion in the recombination

a dotted line. The deviation dt < 0.5 cm corre-
sponds to the introduction of the reactant gas and to
the formation of the ionic clusters. The reciprocal

region. The estimation made on the basis of our study values (1h,) as a function of the position in the flow

of the equilibrium concentrations of the ions is that tube are plotted in the insert of Fig. 8. The linear part
there is>80% of NH,. (NH,), ions in the recombi-  of the reciprocal plot corresponds to the region where
nation dominated region. We assume that plasma is recombination is the dominant process. The change of
quasineutral anah, characterizes both electron and the electron number density due to the recombination
positive ions number densities. The experimentally is very dramatic as the electron number density falls
obtained evolution of the electron number density to within 2 cm (corresponding decay time<€.2 ms)
along the upstream part of the flow tube is plotted in by nearly one order of magnitude. The evolution of
Fig. 8. The decays of the electron number densities the plasma potential and the intensity of the electric
were determined at two different pressures and for field are plotted in the upper part of Fig. 9. The
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Fig. 10. The evolution of the EEDF along the flow tube. In the
upper panel the EEDF in the recombination controlled region are
plotted. The EEDF are normalized to the electron number density
and are plotted in arbitrary units. The plots correspond to the data
given in Figs. 8 and 9.

electron temperatures as determined from the probe
characteristics and from the EEDF are plotted in the
lower part of Fig. 9. The measured EEDF are plotted
in Fig. 10. Note that in the region where recombina-
tion is dominant L = 0.5-2.5 cm) thentensity of
the electric field is close to zero and the electron
temperature is nearly constamt ~ 0.05 eV. The
EEDF in this region is close to a Maxwellian distri-
bution and thél, obtained by both methods are nearly
the same. Fot > 2.5T_ starts to increase. The probe
current is decreasing with, as was already men-
tioned, due to the rapid decreasemfby the recom-
bination and therefore the probe measuremeritssat

4 cm are less accurate than in the recombination
controlled region at. < 4 cm.

The observation thak, is elevated above 0.03 eV
can be explained by preferential removal of the slow
electrons from the distribution and possibly also by
the influence of the relatively intense electric fields in
the recombining plasma. Thus the measured value of
the recombination coefficient = 1.4 X 10°® cm®
s ! for the NH;. (NH,), ions corresponds td, =

111

0.06 eV (equivalent to 600 K) and this has to be
considered when comparing this value to the value
from a previous stationary afterglow study af=

2.7 X 10" ° cm® s * that was obtained &f, = 300

K (see [25] and compilation in [8]). This can indicate
that the rate of the recombination of the cluster ions is
decreasing with increasing.. Previous data on tem-
perature dependence of recombination coefficients of
recombination of cluster ions are not very accurate
[25,26] and their accuracy was later criticized [27].
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Appendix when a microwave discharge is used. Ar has been
added to the flow tube approximately 10 cm down-
Metastable atoms Het8) and He(3S) are pro- stream of the DC discharge region; this position is

duced together with the charged particles produced in denoted in related figures &s, = 0 (corresponding

a He discharge (both DC and microwave) of the to timet = 0). The measured evolution of the elec-
plasma source. More energetic H& are converted  tron number densityr(,) is plotted as a function of the
in superelastic collisions with electrons to HE$2 position in the flow tube in Fig. 11. The fast increase
[28]. Metastable He@5) atoms are then carried along  of n, is due to the production of the electrons by
the flow tube from the discharge region and represent Penning ionization:

an important source of energy that influences relax-
ation of the decaying plasma. Ar gas is usually added

in the post-discharge region to quench these meta- The corresponding decay curve of the number density
stables. Although this technique is commonly used, of the metastable atoms HEE) along the flow tube
we present its detailed analysis in this Appendix to can be calculated from the increase of the electron
demonstrate that it is also applicable in the conditions nymber densityn,, plotted in the upper panel of Fig.
of the HPFA apparatus. 11. The lower panel of Fig. 11 shows this decay
The measurements presented here have been carcurve, which provides the rate coefficient of Reaction
ried out using the DC discharge. However, there is no (1), k = 7.10 ** cm® s (in good agreement with
reason to expect very different results in the case the previous study by Lindinger et al. [18]). The
production of the Penning electrons and correspond-

He(2S)+ Ar > Ar" + e + He (3)
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Fig. 12. The variation of the plasma potenti®ly), the intensity of E[eV]

the electric field E), and the effective electron temperatufie)

along the flow tube. The effective temperature is used because the Fig. 13. The evolution of the electron energy distribution function
EEDF is not purely Maxwellian. The sample of data taken in pure (EEDF) in the flow tube after the addition of Ar. Note the
He are indicated by the solid symbols and by the dotted lines; the production of high energy electrons by Penning ionizatiori_for
data taken after the addition of Ar are indicated by the open 0.5-1 cmcorresponding to the increase of the electron number
symbols. density (see Fig. 12).
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