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The chemical composition of a low-pressure hydrogen dc plasma produced in a hollow cathode discharge
has been measured and modeled. The concentrations of H atoms ahd®f ldnd H* ions were determined

with a combination of optical spectroscopic and mass spectrometric techniques, over the range of pressures
(p ~0.008-0.2 mbar) investigated. The results were rationalized with the help of a zero-order kinetic model.

A comparatively high fraction40.1+ 0.05) of H atoms, indicative of a relatively small wall recombination,

was observed. Low ionization degreeslQ #) were obtained in all cases. In general, the ionic composition

of the plasma was found to be dominated by Hexcept at the lowest pressures, whege tWas the major

ion. The key physicochemical processes determining the plasma composition were identified from the
comparison of experimental and model results, and are discussed in the paper.

Introduction are the usual choice for plasma-enhanced chemical vapor
. deposition (PECVD) reactors (see refs 6, 18:-38 and the
Low-pressure plasmas of hydrogen and hydrogen mixtures \oterences cited in these works). For lower pressures and other
play a key role in a variety of environments including planetary types of discharge, studies have not been so frequent.
ionospheres and interstellar media, controlled fusion devices, " |, 4 recent work, Hollmann and Pigafvhave reported

and technological processes. Hydrogen atoms, atomic andyeasyrements of molecular ion concentrations in a hydrogen
molecular ions, and excited molecules determine the chemistry .ofiox-arc discharge. The experimental setup was designed for

and energy transfer in all these plasmas, but the relative jhe simylation of plasmas occurring at the divertor of fusion
importance of the different physicochemical processes, and thusyeices?233 A plasma, generated with high electron densities
the concentrations of the various unstable species, depend onyng temperatures in the arc region, and consisting mostly of
the particular plasma conditions. The primary'tdnd Hions, i+ ons "enters a neighboring chamber where it hits a target
formed in the direct or dissociative ionization of the molecular gas (in this case also hydrogen). The plasma in the target
precursor, are usually accompanied by"Hwhich is often  chamber corresponds to gas pressures of8.2 102 mbar,
dominant. This ionic species is basic for the generation of a gjectron densities of 0—102 cm-2 and electron temperatures
large number of the molecules observed in the interstellar o 37 oy Very high vibrational temperatures of, kvere
space’2 Since its landmark IR laboratory detection by T. Oka  ,ptained in all cases. The relative ion concentrations were seen
in the 1980, its ubiquity has been established in numerous 1, yary drastically within the experimental range. For the
observations (see ref 4 and references therein). Many studiesqngitions of the experiments, the measured ion concentrations
have also been devoted to the atomic hydrogen produced ingqyid he approximately modeled using a reduced set of rate
these plasmas, which is of relevance for film deposition equations and cross-section data from the literature.

processe8.® The dynamics of internally excited states P2 In this work, we have explored a different regime. We present
and its close relationship to the production of fbns by a detailed diagnostics and modeling of low pressure hydrogen
dissociative electron attachment have been also addressed b¥>lasmas generated in a hollow cathode reactor. The power
various groups:®2! density is appreciably smaller than that usual in MW and RF

Theoretical and experimental investigations over decades havegischarges. Gas pressures and electron temperatures are similar
provided much information on fundamental processes relevantto those of the just mentioned work of Hollmann and Pig&fov,
to H; plasmas (see for instance refs-227 and references  put the mechanism of initiation of the discharge is different and
therein), but there is still a dearth of basic data specially on the electron densities are much lower. The key physicochemical

state-resolved cross sections and on gas surface interactionsyrocesses determining the chemical composition of the plasma
and many uncertainties remain about the coupling between thegre identified and discussed.

plasma chemistry and the discharge dynamics. In general,
combined theoretical and experimental studies are needed inExperimental Section
order to validate many of the data and to identify key processes
in particular H plasmas. Most work thus far has centered on
moderate pressure>(0.5 mbar) MW or RF discharges, which

The experimental plasma reactor, shown in Figure 1, is
basically the same as in our previous works on air pladmas
and B + CH; + N, plasmas®36 It consists of a grounded
- - - cylindrical stainless steel vessel (10 cm diameter, 34 cm length)
__*Corresponding authors. Fax34.91.5645557. E-mail: (LT.)itanarmo@  anq a central anode. The vessel walls are provided with a
iem.cfmac.csic.es; (V.J.H.) vherrero@iem.cfmac.csic.es. . . . .

tInstituto de Estructura de la Materia, CSIC. number of ports for connection of gas inlets, diagnostics tools,
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the counting mode. For the detection of ions, the electron

C 1 :lasma bombardment ionizer was switched off and the ions were
an Monitor allowed to enter the detector directly from the plasma. The
— apparatus was installed in a differentially pumped chamber
Turbo . .
N Q Photo- connected to the reactor through a 108 diaphragm. During
multiplier operation, the pressure in the detection chamber was kept in
—Lﬂj the 1077 mbar range by means of a turbomolecular pump. The
fcf'r_',"g) El—l4 g:f;g't‘r’o ] ion flux ratio for eachm/q* ratio was obtained by integrating
PLASMA . meter its individual ion energy distributions. Absolute concentrations
of ions were obtained by scaling the total sum of the relative
Langmuir J5—, | == Gas ion densities to the measured mean charge density. The relative
i mpus sensitivity of the plasma monitor (including electrical filters and
I . Butterfly electron multiplier) for masses lower than 4 was checked by
Cathode Valve filling the chamber of the PPM421 with a small pressure of H
Turbo or He and comparing the PPM signal with the reading of a
[ pump Bayard-Alpert gauge. For mass 1, the spectra gf@&H, and

H,O were compared with known fragmentation patterns for
these substancé5To calibrate the relative sensitivity of the

The reactor was continuously pumped by a 450 L/s turbo- secondary electron multiplier to thQ;H_ions, t_he intensity ratio
molecular pump to a base pressure ofifbar. The desired ~ Petween H" and K™ was measured in a discharge of &hd
reactor pressure was selected by balancing the inptftoi compareq with that of a quaday cup available as secondary
with a needle valve in the gas inlet, and the output flow, with detector in the plasma monitor.

a butterfly valve throttled at the exit of the reactor. In general,  Internal temperatures of the ;Hnolecules and H atom
the position of the butterfly valve was kept fixed during the concentrations were derived from optical emission spectroscopy
experiments, and the chamber pressure was controlled with the(OES) measurements carried out with an assembly of a 1/4 m
needle valve at the entrance. Gas pressures in the 0028 monochromator (Oriel 77200 with a grating of 1200 grooves
mbar range, as measured with a capacitance manometer, werémm and slits of 120 or 1Qum) and a photomultiplier
used for plasma generation. Residence times of the gas in the(Hamamatsu R928). The spectral response of the spectrometer
reactor were always found to be410.1 s, independent of the ~ was checked with a calibrated tungsten lamp.

gas pressure. They were determined by quickly closing a shutoff  The vibrational temperature$,, of the H molecules were
valve at the entrance and measuring the time evolution of the obtained from emission lines of the Fulcherband of H,

2 amu peak in the plasma monitor (see below). These residencsstarting from molecules excited to thél#, state by electron
times are much longer than the characteristic times of all relevantimpact. In particular Q1 branchAJ = 0) lines corresponding
kinetic processes. The reactor was electrically fed by a 0.2 A, to a3yt v, J= 1 d°ll, v, J = 1 transitions were selected
2000V, dc source through a 1@Dballast resistor. At the lowest  for the temperature estimate. The collisional radiative model
operating pressures, an electron gun built in the labor&tory of Lavrov et al*2 was used to correlate tHg in the ground
was used for ignition of the plasma. Steady-state plasma (X, electronic state of kwith the measured emission lines.
currents,lp ~ 150 mA in the abnormal glow discharge mode, Franck-Condon factors for electron impactX;* , v — [,

with output source voltages400-460 V, were maintained ' excitation, radiative lifetimes of the®H,, v, J = 1 levels,
during the experiments. Under these conditions, the wall reactorand spontaneous emission transition probabilities were taken
reached a temperature of 48 4 °C, as measured with a  from ref 42. Estimates of, using the J-integrated density of

Figure 1. Experimental setup.

thermocouple. each vibrational level led to the same results.

The radial distribution of electron densitie, and electron The rotational temperatures of, tholecules in the ground
mean temperaturde, in the plasma volume were measured with  electronic state were also estimated from emission lines of the
a double Langmuir probe designed in our laboraté#ithough Fulcherew system as indicated in ref 43. Boltzmann rotational

double Langmuir probes are only sensitive to ion densities in distributions at the gas temperature were inferred from this
the saturation regions of their characteristic curve, charge analysis (see below) indicating an effective equilibrium between
neutrality of the plasma has been assumed in the negative glowtranslation and rotation in the plasmas.

to deduceNe. The ratio of the concentrations of atomic and molecular

For the evaluation of the data, the approximation of orbital hydrogen, [H]/[H], was determined from the quotient between
limited motion in a collision free probe sheath for electropositive the intensity of the emission linegd (656.5 nm) andyf (486.1
plasma was uset. “° This approximation holds when the mean nm) of the Balmer series of atomic hydrogen, following the
free path, is much larger than the Debye lengfly, and4p procedure indicated by Lavrov et al. (see eq 10 of ref 44).
is comparable to the probe radiug, In the present experiments,  Besides the measured line intensities, the method requires the
A~ 2-0.5cmp ~ 200-74um andrp = 65um. The average  knowledge of T, determined with the Langmuir probe as
ion mass was used in each case for the derivation of chargeindicated above, and the emission rate coefficients of the
densities. Note that the estimate Tf from double Langmuir  Balmer«, lines for direct and dissociative electron impact
probe measurements implies the assumption of a Maxwellian excitation processes, which were taken from refs 45 and 46.
electron energy distribution function. Emissions from dissociative recombination oftand H* have

A Plasma Process Monitor, Balzers PPM421, was used for been neglected in the evaluation of H concentration from
the detection of both neutrals and ions from the plasma. It spectroscopic data because the concentrations of these ions are
consists of an electron bombardment ionizer, an electrostaticmuch lower than those of +and H. An independent estimate
focusing system, a cylindrical mirror energy analyzer, and a of the [H] concentration was obtained from actinometric
guadrupole mass filter, with a secondary electron multiplier in measurements, for discharge pressures whgmas not too
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TABLE 1: Homogeneous Reactions Considered

reactions rate coeff expression (&s1?)
1L.H+e—H"+2e ki = 6.5023x 1079 x 489315 g 12.89365T,
2.H;+e—H"+H+2e ko = 2.9962x 1078 x (44456, g37.72836T,
3. H+e—~H" +H+e ks = 1.0702x 1077 x T0.04876 g~9.69028T,
4.Ht +e—H'+H' +2e ke = 2.1202x 1079 x T2313%x g 23298857,
5. Hy* + H—H, + H* ks=9.0x 10710
6. H,+ H* —H," + H ke =1.19x 1022
7.H+e—H;" + 2e k7 = 3.1228x 1078 x TD17156x g 20.07734T,
8. H*+e—~H; +H+e ks = 4.8462x 1077 x T¢ 004975 g 19165657,
9.H,"+e—H +H kP=a+bxTetcx TZ+dx TS+ ex T
10. bt + Ho— Hs™ + H kio=2.60x 107°
11. Hst +e—3H ki1=0.5x K¢
12. Kt +e—H,+H ki»=0.5x K¢
13.Hb+e—2H+e kiz=1.7527x 1077 x T 123668y g12.59243T,

aThe values of Tare in eV.Pa=7.51371x 109 b= —1.11516x 10°% ¢ = 1.03156x 10719 d = —4.14905x 10 !2, ande = 5.85916x
10714 ¢K = 8.39247x 1079 + 3.01631x 1079 x Te — 3.80439x 10710 x TZ + 1.31108x 101 x TS + 2.41631x 1013 x T4 — 2.29832
x 1071 x TP + 3.5472x 10716 x TGE.

TABLE 2: Heterogeneous Reactions Considered when possible to the convenient expressipr= a x T x
reaction rate coeff expression exp(/Te) cm? s~L. The expressions fde, ki1, andk;, are more
1-H+ wall — H, 7 = 0.03 (see text) gumbqrsome than those figr(i = 1, ..., 8, and ;3) but are also
2 _H' +wall— H y+=0.9 listed in Table 1. In all cases, the electron-impact rate coef-
3.-Hs" +wall—H,+H yt=0.9 ficients have been calculated under the assumption that the free

plasma electrons follow a Maxwellian electron energy distribu-
high, by comparing the intensity of theshransition with that  tion. To show the accuracy of the fitted expressions to the data
of the (2¢ — 1) transition of Ar (811.5 nm) in kiplasmas  taken from ref 31, we have plotted two representative rate
containing 5% of Ar. Rate coefficients for electron impact coefficients likek; andki; in the two panels of Figure 2. The
excitation of Ar were obtained from the cross sections of ref |gwer panel of this figure shows the rate coefficients for the
47. In previous publicatiorfs] the reliability of this procedure gjectron impact neutralization of4. In accordance with the
had been questioned, especially for high electron temperatures qqjits of ref 49, the two possible output channels{HH and
and low fractions of atomic hydrogen, due to the unfavorable H -+ H -+ H) are assumed to have equal probability over the

conjpeftltlon between emission fr.om' direct and dissociative range of energies relevant to the present work. The particle H*
excitation. However, the new excitation rate constant data of . . ) .
in Table 1 refers to electronically excited atomic hydrogen,

Lavrov and Pip&“8indicate that the range of applicability is hich i 4 to deactivate radiativel
larger than previously assumed. In addition, the comparatively which is assumed 1o .eac lvate radiative y.. o
large H fraction obtained in our experiments renders the method ~The balance equations solved to describe the kinetics of
more suitable. As shown below, consistent values of the H atomic hydrogen and ion concentrations are

concentration are obtained with the two different spectroscopic

methods. This agreement strengthens the confidence in thedN,

measured values. ot NHZ(Nek7 + NiKg) + N3Ngkg — No(Neks + Nk, +
N
Kinetic Model Neko + Nig Ko+ Nyks) — r_2 (1)
To model the nonequilibrium ion chemistry of our low- 2
pressure dc hollow cathode;lasma, we have developed a oNg N3
simple zero order kinetic model for solving the ion and atomic ot NZNszlo = NeNa(kg + kyy + kyp) — ,_3 )

hydrogen rate equations. It is based on the numerical integration

of a system of coupled differential equations accounting for the dN

time evolution of the various plasma species from the ignition g = 2NeNH2k13 F 3NeNgky; + NNk, + NZNszlo +

of the discharge to the steady state. The input parameters of 2N Nk, + N,Ngkg + NyN,, Kg + NNk + NNk, —
our model are the pressure in the plasma reactor, the measured ¢ e rH, €z ¢
values of the electron temperature and electron density as a NNk, — NN,k + +ﬁ1+ +l3 . 1 @3
function of the pressure and that of the vibrational temperature ¢ ™ 2 ¥ 7, ¥ T3 M\7gir T Twa

of H,. All these parameters have been experimentally determined
(see next section). Additionallyl. values were selected in the
model, within the limits given by the experimental error bars,
to get the best fit to the data. We have assumed that the value _

of the ion temperatureT(,,) is equal to that of the gas Ne =Ny + N, + Ny )
temperature Tgas = 300 K). Our goal is to calculate the )
concentrations of atomic hydrogen and of the iong H*, whergN.l, N2, N3, Ny andNe stand for the concentrations of the
and H*. The concentration of the latter species in the plasma atomic ions H, Hz*, and H*, hydrogen atoms, and electrons

is assumed to be controlled by the set of homogeneous andn the plasma, respectively. The magnitude stands for the
heterogeneous reactions shown in Tables 1 and 2, respectivelyprobability of H* and H* ions to recombine at the reactor walls
The (electron and ion) rate coefficients are the same as thoseproducing H atoms. We have also assumed that the ions are
used by Hollman and Pigaré{:3148For computational purposes,  lost to the reactor walls on different time scatgsharacteristic
most of the electron-driven rate coefficients have been fitted of each ion, which is inversely proportional to the square root

and the plasma electrical charge neutrality equation
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Figure 3. Dots: Experimental dependence of electron denbigywith

Rate Coefficient x 10° (cm®s™)

04 radial position, x, in the cylindrical hollow cathode reactor, measured
kK, e+H ->3H or H,+H with the double Langmuir probe for a 0.2 mbag Hischarge; error
0.0 0 5 10 15 20 25 30 bars indicate the uncertainties in the Langmuir probe results. Continuous
line: cosine function normalized to the experimental maximum; this
T, (eV) . . : : A
] o ) o is the approximate behavior expected for the plasma in a cylindrical
Figure 2. Rate coefficients for electron impact ionization of, H; geometryb!

(upper panel), and for the electron impact neutralization ©f, ki1

(lower panel). Dots: data from ref 31, lines: fitted expressions to the : : ; ;
data used in the present model (see Table 1). Note that the same rateatomlc hydrogen into the plasma with the same probabiity

coefficient has been used for the two output channels of reaction 11 — 0-9 (see Table 2).
(see text).

Results and Discussion
of its mass’* Thus, the ion lifetimest; are given by the

expressions Figure 3 shows a typical radial profile of electron density

for a 0.2 mbar discharge, measured with a probe placed at about
NN, + Ny, N(K, + k) 15 cm from the anode (see Figure 1). In fact the probe is
oy e T el T sensitive to the total positive ion concentration, but we have
o= 3 N ®) assumed that, for our plasmas, negative ions)(dan be
\/H Z _ neglected and thus the plasma electroneutrality guarantees equal
Fym

concentrations of ions and electrons. Under our conditions, this
is a reasonable assumption since tgns, mainly formed in
) ) ) ~ collisions of electrons with vibrationally excitedtholecules,
whereN; andm are the ion concentration and ion mass, which  5re not expected to have appreciable concentratior faalues
runs fromm, = 1 (H+).to mg = 3 (Hs"), respectively. The  |ower than 3000 K922as found in the present experiments (see
processes considered in the numerator of eq 5 are only thosgye|ow and lower panel of Figure 4).

that contribute to the creati_on of a net electrical charge in th_e In the central part of the reactor, the electron density presents
plasma. Therefore, mechanisms such as charge-transfer reactiong nearly constant value of about 3<5L0 cm~3 within a radius

are not taken into account. As can be noted in expression 3,4f ~.1 5-2 cm around the axis. Note that the resolution of these
the recombination of hydrogen atoms in the reactor walls and jeasurements is limited by the 8 mm active length of the
H atom diffusion have been considered as possible loss channels,;;‘,jmgmuir probe. Beyond this radius the electron density
of atomic hydrogen. To evaluatey and Ty, we have

- . ' decreases toward the walls. The plasma volume (negative glow)
considered the following expressions

can be only estimated in an approximate way since the location
of the sheath is not easy to determine. For the conditions

2
AT d _4av_ 1 6 depicted in the figure, the estimated radius of the pl&3nsa
it andz,, (6) O
D A y0 ~2.5-3 cm. At lower pressures, the curvature of the distribution
is somewhat more pronounced. The mean electron temperature
whereA is a characteristic diffusion length s the diffusion is approximately constant anywhere inside the glow.
coefficient of atomic hydrogery and A are the volume and The evolution of Ne and Te with discharge pressure is

area of the reactor consideredjs the H wall recombination  displayed in the upper and middle panels of Figure 4. The
probability to produce b and@yis the mean thermal speed  electron densities represented here correspond to the densities
of H at Tgas= 300 K, which is in fact a lower limit (the actual  averaged over the plasma volume. These are the values used
temperature of H atoms, produced initially with higher energies for the model calculations. At 0.008 mbar, the lowest pressure
in the electron impact dissociation of,Hs not known). As investigated, the measured electron density is closextd 0'°
indicated below, even for this limiting case the recombination cm~2 and the corresponding electron temperature is 8 eV. With
process is not determined by diffusion. The diffusion coefficient increasing gas pressuié, grows, wherea3. decreases. At the

considered for H iy = 1574/P (cris™1), and is valid for H highest pressure explored, 0.2 mbar, the electron density reaches
environments affgas = 300 K. Since we are dealing with a  a value of 3x 10 cm~2 and T, drops to 2.5 eV. In the same
cylindrical reactor with a radiuR =5 cm and a length = 34 figure the modelT, values giving the best fit to the measured
cm, the characteristic diffusion lengfris A = R/2.405 cm= ion concentrations are also shown. Note that they are always

4.32 cm. In solving the system of eqs-4, we have also  within the experimental uncertainty. The expected cathode
assumed that bothHand K™ hit the reactor walls and recycle  current could be calculated in principle from the measured ion



6064 J. Phys. Chem. A, Vol. 110, No. 18, 2006 Méndez et al.
4 ' ' 10" g ———
g < H
5 ° 510
o 2f g
= S 1014 H
~
= 1 2
=}
g 10,
0 1 1
0.01 0.1 £ 10
l I o 10
3 10
c
o
- 9
© 10
< 5
3 2 10°
[ g
2 1.0
S L
[$]
c L
0 ) . o L
. 0.01 0.1 2 0.5_ ]
N 5 A 1
X ) [ 1
= o L ]
mo 3.0+ B 00 il N T 1 —
e +/H\+ 0.01 0.1
;N H, Pressure (mbar)
250
E Figure 5. Upper panel: Absolute concentrations of the various species
— in the H plasma, as a function of pressure. Symbols: experimental
20 \ . data. Lines: model results. The closed circles in the H data correspond
0.01 0.1 to the estimate based on the quotient betweendhehd kLS emission
Pressure H2 (mbar) lines; the open circles are from the actinometric measurements with

Ar (see text). Lower panel: Relative concentrations of ions in the
plasma. Symbols and lines are also the experimental data and model
results, respectively.

Figure 4. Upper panel: average electron densities as a function of
pressure, for a 150 mA Hdischarge, measured with the Langmuir
probe. Middle panel: Electron temperatures. Black squares: Langmuir
probe data with error bars. Open circles: values used in the model for
best fit to the experimental concentrations of atoms and ions. Lower panel of Figure 5, together with the model simulations. The
panel: H vibrational temperatures obtained from optical emission |ower panel of this figure shows the relative concentrations of
spectroscopy (see text). The continuous lines are only to guide the eyejgns. As can be seen, the simulations are in good agreement
] . . with the measurements over the whole range of pressures
concentration and temperature and using Bohm'’s velSgity. investigated. Using the model calculations, we can now give a
However, given the uncertainty in the actual plasma size and physical interpretation of the most relevant results.
in the ion concentration at the “plasma edge” it is not easy t0 '~ Hydrogen atoms are produced basically in the electron impact
make a reliable prediction of the electrical current. Reasonable gissociation of H (reaction 13 of Table 1) and are lost in wall
estimates may range from 100 to 350 mA, as compared with cojjisions, where they recombine to kteaction 1 of Table 2).
the actual value of 150 mA. Other sinks of atomic hydrogen play only a minor role. Overall,
The lowest panel of Figure 4 shows the vibrational temper- the fraction of atomic hydrogen is found to be betweet7
atures measured for the;rholecules in the plasma. In all cases and 7%. The largest relative concentration of H ators7%)
they were found to be close to 3000 K. These temperatures areappears at the lowest pressure, where the electron temperature
consistent with an effective electron impact excitation and a is close to 8 eV and the dissociation of i$ more efficient.
relatively inefficient relaxation of the vibrationally excited, H For higher pressures, the decreas@otauses a reduction in
molecules, either at the walls or in gas-phase collisions. Recentthe dissociation rate coefficient, compensated only partly by
work by Hassouni et & shows that H atoms, though present the growth in electron density; as a consequence, the relative
in a relatively small concentration, may be more efficient than concentration of H atoms reduces te B0%. For the conditions
H2 molecules for the global quenching of the excited vibrational of the present experiment, wall recombination, rather than
states. As indicated in the previous section, some of the ratediffusion, is found to be the rate-limiting step in the transforma-
coefficients for processes involvinglolecules and bt ions tion of atomic hydrogen to HThere is a great disparity in the
may be very sensitive to the vibrational temperature of the literature values for the recombination coefficients of H on
molecules and although the dynamics of vibrational excitation stainless steel walls. For the simulation of the present experi-
and deexcitation is not explicitly included in the kinetic model, ments, a value ofy = 0.03 was use®? A much higher
the dependence of these rate coefficientsTens taken into coefficient ¢ = 0.2) was reported by Kae-Nune et & .but
account. The K rotational temperatures determined from the this value leads to much lower steady-state concentrations of
emission measurements are in the 3860 K range (not H and is incompatible with the results of the present study. To
shown), and they correspond to the gas temperature within thetest the contribution to H production of ions hitting the wall,
experimental uncertainty. the y* values (Table 2) were changed in the model between 0
The concentrations of the neutral and charged species in theand 1; nevertheless the predicted [H] did not change signifi-
plasma as a function of pressure are represented in the uppecantly, even at the lowest pressures, where only a slight decrease
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in [H] for y* = 0 was estimated. This [H] decrease was within There is always a 1820% fraction of H ions which are
the uncertainty of the experimental data. The same results wereformed mostly by collisions with electrons, either in the
also found when ions were not included in the model. This dissociative ionization of K(reaction 2 of Table 1) or in the

agrees with our previous work on air plasnisyhere the ionization of H atoms (reactionl of Table 1) previously produced
irrelevance of ions in the kinetics of neutral species was in the electron impact dissociation of hydrogen molecules. The
confirmed. two processes give comparable amounts dfdths at the lowest

In the weakly ionized plasma under consideration, the Pressure investigated, where the electron temperature is high
concentrations of ions are orders of magnitude lower than those(Te ~ 8 V). For higher pressures, i.e., lower electron temper-
of neutrals. The total ionization degrele(Ni1,) changes by an atures, the_ contnbutlo_n of reaction 2 beconr_les negligible.
order of magnitude over the range of pressures studied, but everpvfra”' H" ions do not influence the concentrations of Hor
at the smallest pressure studied, it is lower than 10-4. The H," and vice versa. As in the case ofHions, H" has no
significant changes observed in the relative ion densities with €fficient gas phase sinks and disappears essentially in collisions
increasing gas pressure, are worth noting (see lower panel ofWwith the walls (reaction 2 of Table 2). The absolute concentration
Figure 5). At the lowest pressures (below 0.01 mbar) the of H atoms grows by more than an order of magnitude over the
dominant ion is H*, formed directly in the electron impact ~Pressure range studied, in contrast, that oféhs only doubles;
ionization of the hydrogen molecules (reaction 7 of Table 1), this is due to the marked drop (nearly 2 orders of magnitude)

other processes leading also tg'Hike reactions 6 and 8, play in the rate coefficient for direct ionization of H between 8 and
a negligible role. At these low pressures, many of the formed 2:> €V, which is only partly compensated for by the growth in

ions can reach directly the wall without undergoing collisions. elegtro? dens(;t;; z?ndg b3y the increase of the ion lifetime, which
For higher pressures, the collision frequency increases and the/arnes rom~u.7 10 3.5us.
For some of the lowest pressure x 10-3 mbar) target

H,™/H3™ ratio is determined by the #HH," ion—molecule . ; et )
reaction (number 10 of Table 1). This barrierless process has aP'asmas investigated by Hollmar:; and Pig \lhde_ 'OT]
very large rate coefficient and transforms with great efficiency COMPosition was dominated by the"Hons generated in the
the primary H* ions into Hs* through collisions with the arc. In the present work, with different plasma production

prevailing b molecules. Through this mechanismy*Hbuilds mechanism and much weake.r ionization, this condition. was
up to a relatively high concentration. As mentioned above, a never apprqached a_nd+|—tonst|tuted always a small fraction
ionic temperature equal to that of the neutrals has been assumeé?'c the total ion density.

in the model simulations. This is a reasonable assumption for
the present plasma, formed basically by a negative glow with a
macroscopic electric field close to zero. Even if the temperature  The kinetics of the hydrogen plasma formed in a 150 mA,
of the ions were higher than that of the neutrals, it is never hollow cathode dc discharge has been investigated over the
expected to exceed 1 eV. For this energy range, the cross0.008-0.2 mbar range. The investigation is based on a detailed
sectior?® for the ion molecule reaction HA+H; — Hs™ + H is experimental diagnostics of the plasma, including the determi-
~(2—8) x 10~ cn?. At p=8 x 10 3mbar, the corresponding  nation of electron densities and temperatures, the vibrational
mean free path is-0.5-2 cm, comparable to the plasma radius. and rotational temperature of,Has well as the measurement

At this pressure, only 30% of the ions are in the form af'H of the concentration of the neutral and ionic species present.
Between 8x 1072 and 2x 1072 mbar, the concentration of A simple model of the plasma containing a reduced number
Hs* grows proportionally to the increase in pressure (i.e., to of processes including electron impact, ion molecule reactions
the collision frequency) until it reaches a relative concentration and heterogeneous recombination, can account satisfactorily for
of about 80%. The rates for reactions or charge-transfer the experimental observations using literature rate constants.
processes of t with other molecules or ions are thought to  The fraction of atomic hydrogen was found to vary between
be very small at the temperatures considered in the present work).17 and 0.07. A low recombination coefficient £ 0.03) of

and are ignored@ Collisions of H" with electrons have  H atoms on the stainless steel walls of the reactor is needed in
deserved much attention. In particular its electron impact order to justify the observed concentration of H atoms afid H
neutralization (reactions 11 and 12 of Table 1) is the dominant ions.

mechanism of destruction of this ion in diffuse interstellar ~ Between the lowest pressure and 0.02 mbar, significant
clouds, and although the results from different groups have variations in the ion composition are observed as the mean free
converged gradually, the neutralization mechanisms and ratepath of the ions becomes smaller than the glow dimensions.
coefficients are still under debate (see, for instance commentsThe plasma changes from a condition wherg" Hons are

in ref 54). As indicated above, the model uses the relatively dominant to another where mostlysHis observed, due to the
large rate coefficients given in ref 31 and shown in Figure 2, efficient H, + H," — Hz™ + H reaction. Beyond this pressure,
which correspond to the most recent experimental cross sec-the relative ion concentrations do not vary much. Theiéh
tions#25455An evaluation of these 1 destruction mechanisms is basically formed in the electron impact ionization of &hd

in our plasma shows them to be irrelevant as compared with H, and does not interconvert with the other two.

wall collisions (reaction 3 of Table 2), which is by far the The present work shows that the relevant processes considered
prevalent loss term. Because of the efficient transformation of by Hollmann and Pigard¥to explain the characteristics of their
H." into Hs* and to the lack of efficient gas-phase destruction reflex-arc discharge of #can account for the properties of this
processes, £t dominates the ion composition in the glow region different kind of plasma with comparable gas pressures, but
over most of the pressure range studied. For pressures higheappreciably lower electron density and much lower gas tem-
than 0.07 mbar, bt ions virtually disappear. In their work,  peratures.

Hollmann and Pigard¥ found that, overall, the ion composition

in the target region of their discharge is dominated hy for Acknowledgment. The technical advice of J. M. Castillo,
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