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Resonant charge exchange and the transport of ions at high electric-field to gas-density ratios
(E/N) in argon, neon, and helium
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Translational kinetic-energy distributions of singly and doubly charged ions have been measured at high
electric-field to gas-density ratio€(N) up to 5.0< 10" " V m? (50 kTd in diffuse, parallel-plate Townsend
discharges in Ar, Ne, and He using an ion energy analyzer-mass spectrometer."ForArand Ne" in Ne
whenE/N <2.0x10" 1"V m? and for He" in He whenE/N<1.0x 10" 1"V m?, the energy distributions are
Maxwellian and consistent with predictions based on the assumption that resonant symmetric charge exchange
is the dominant ion—neutral-species collision process. At higtbl values, the kinetic-energy distributions
for Ar*, Ne*, and He" show departures from the Maxwellian form that are indicative of deviations from the
charge-transfer model. The mean ion ener@ééfective ion temperaturggre consistent in the lo&/N range
with the available drift-velocity data, and in the case of'Awith recent results of Radovanat al. [Phys.

Rev. E51, 6036(1995] from Townsend discharge experiments. The charge-exchange cross sections derived
from Maxwellian fits to the energy distribution data for Ar+ Ar, Ne* + Ne, and Hé + He agree with
available data. The relative contributions of the doubly charged ior$ AXe?*, and HE" to the total ion

flux were found to be smallless than 3%and tend to decrease initially with increasiggN. The mean
energies of the doubly charged ions are higher than those for the corresponding singly charged ions, and the
results suggest that double charge transfer could be the dominant process affecting the transpgoraobiAr

Ne?* for E/N below about 1.% 10~V m?2. The observed H&" kinetic-energy distributions are not consis-

tent with a charge-transfer mod¢51063-651X96)10711-X

PACS numbgs): 52.80.Dy, 34.70te, 82.30.Fi, 51.56-v

[. INTRODUCTION measured ion-energy distributions are susceptible to distor-
tions arising from low-energy ion discrimination, ion absorp-
Resonant symmetric charge exchange is presumed to B®n, and ion-surface interactions at the metal sampling
the predominant type of ion-atom collision that determinesPlate [15,16]. _ _ o
the kinetic-energy distributions of singly charged positive Very little experimental data exist on the kinetic-energy
ions in the cathode fall region or sheath of low-pressure glovflistributions f’Ig positive ions in rare gases at higiiN
discharges in rare gasé&—9]. Recent experimental work of (@bove 1X107"* V'm?). In order to obtain data aE/N
Radovanov and co-workeffid 0] has shown that the kinetic- abpye the breakdown strength of the gas where drift tupes
energy distributions of At in a diffuse Townsend discharge fail, it has been necessary to resort to the use of low-density,

are Maxwellian and consistent with predictions of a simpIe?.Lf)uﬁzenﬂaé?;LeA;ﬂlaéi Ad;?g\?vi;geensd d?secmzrflgcot?;swgn dassto
charge-transfer model derived by Wann[drl] (also se€][9] ges. 9 P

o . . conditions immediately above breakdown inception near the
and [12]) fo[ f:7lectr|c2-f|eld to gas-den3|ty7r2?t|osE(2I\l) UP 10 paschen minimum where the voltage drop across the elec-
about 2<10" "V m*® (20 kTd, 1 Td=10"""Vm®). HOW-  yqes is nearly independent of the discharge curféft
ever, there_l;':lre |2nd|cat|ons from this work that atjg) |n this type of discharge, the charged-particle densities
E/N=2x10"""V m?, the charge-transfer model begins t0 are too low to significantly perturb the electric-field strength
fail. Mase and co-worker$13] have clearly shown from petween parallel electrodes, and therefore, assuming a uni-
low-pressure drift-tube experiments that at sufficiently highform gas density, the discharge region can be characterized
effective E/N, the kinetic-energy distribution of Arin Ar  as having a constant and unifoiN. The positive ions are
will exhibit significant deviations from Maxwellian behavior initially produced throughout the discharge volume by elec-
with a high-energy tail or peak indicative of “runaway” or tron impact, and because of the nature of electron multipli-
“beamlike” ions that experience few if any collisions in cation in the discharge, the ion density is expected to be
traversing the drift tube. It should be noted that departuregionuniform and peaked near the anode.
from Maxwellian behavior have also been seen for'Ha In an earlier work, Hornbeck20] used a pulsed
He, Ne" in Ne, and Ar" in Ar from the measured ion- Townsend discharge to measure the drift velocities of ions in
velocity distributions of Ong and Hogafl4] for relatively  helium, neon, and argon fd&/N up to about 210 8 v
low E/N, below 3.2<10" 'V m? (320 Td. Atlow E/N, the  m2. The measurements mentioned above by Radovanov and

co-workers[10] of ion kinetic energies in argon at high
E/N were performed using self-sustained Townsend dis-
“Permanent address: Institute for Plasma Research, Bhat, Gandigharges, as were the measurements in the present work. Al-
nagar, 382 424 India. though the experimental approach is similar to that taken in
"Electronic address: vanbrunt@EEEL.nist.gov our earlier work[10], the apparatus used here, including the
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discharge cell and mass selectable ion-energy measuremenbus work [10], the apparatus used in the present investiga-
system, is completely different. Significant improvementstion is completely different. The much higher ion detection
have been made in the design of the systenfijtgorovide  sensitivity and the extension of the ranges of both ion energy
much higher sensitivity(ii) extend the ion-energy range (up to 1000 eY andE/N allow a more reliable and complete
from 120 eV to 1000 eV(iii) increase the maximum attain- investigation of the ion-kinetic-energy distributions and rela-
able E/N by more than a factor of 2, an@v) improve the tive contributions to the total fluxes of the minor doubly
uniformity of the discharge. Measures have also been takecharged ions.
to reduce previously observed discrimination of low-energy
ions below 20 eV. With the present system it has been pos-
sible to measure also the kinetic-energy distributions of the A. lon-energy analyzer-mass spectrometer
minor doubly charged ions A, Ne*', and HE". _ A diagram of the experimental setup is shown in Fig. 1.
The primary purpose of the work presented here is torpe differentially pumped ion energy analyzer-mass spec-
extend the previous investigatidd0] on argon to higher yometer system is, except for minor modifications in the
E/N and to the gases neon and helium to ascertain the rangfsign and operation of the ion extractsee the inset of
of validity of the charge-transfer model for predicting ion- Fig. 1), the same as that used for recently reported measure-
kinetic-energy distributions. A preliminary report of the re- ments of ion-kinetic-energy distributions in rf dis-
sults from this work has previously been giveal]. charges[2,22). Briefly, it consists of a 45° electrostatic ion-
energy selector coupled to a quadrupole mass spectrometer.
lons are extracted through a 0.1-mm-diam circular orifice in
the cathodggrounded electrode After extraction, the ions
Although, as noted in the preceding section, the experiare accelerated and then deccelerated and focused at the en-
ment described here is conceptually the same as in our prérance aperture of the energy seledtoens 2 in Fig. 1, so

II. EXPERIMENTAL ARRANGEMENT
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that they pass through the selector with a constant energy 0-5000V
regardless of their initial energy at the sampling orifice. In
this mode of operation, the energy resolution, defined as the
full width at half maximumAe, , is independent of the ion
energye. The results reported here were obtained using a
resolutionAe,=4.0 eV. Because of the finite resolution, re- 100 kQ
liable data could not be obtained at ion energies below about
5.0 eV. Proper operation and performance of the system
could be verified using accelerated thermal ions produced in
the electron-impact source.

The ion transmission of the instrument can be affected by
the focusing conditions that are selected. Uncertainties due to
an energy dependence of the ion transmission were assessed 1kQ
both by ion trajectory calculationg2] and by performing
measurements using different voltages and voltage ratios on
the ion-lens elements. The procedure required to ensure uni- L
form transmission becomes more complex as the energy
range of the observed distributions increases. When the
maximum lon energy exceeded 200 eV, it was NECESSaNY, rent (, andl,) and voltage V4) were measured. The occur-
.(due to limitations of the control elgctronbcto_ !’ecord data rence of transients or the onset of oscillations and instabilities was
in 200 eV segments under operating conditions where thg,c,ded with the oscilloscope connected to the cathode. The cath-
data in all segments matched continuously without adjustyge was grounded through the ©kresistor and maintained at

ments of relative ion-lens voltages. It was found that theypproximately the same potential as the walls of the vacuum cham-
most uniform(energy-independenion transmission was ob- e,

tained using a voltage on the extractonmediately behind

the samplmg aperature shown in Fig. that was held con- .path breakdown” or discharges that occurred from the back-
stant during an ion-energy scan. By proper adjustment of thi

. i . ide of the anode as was sometimes observed in our previous
voltage and corresponding relative lens voltages, it was pos:

sible to achieve nearly uniform ion extraction and transmis-eXperimentS[lo]' Nonuniformities in the discharge emission
. e y . appeared sometimes for interelectrode gap spacings less than
sion efficiency down to the lowest measurable energies de- o h
. . ; about 1.0 cm, where small deviations from parallelism of the
termined by the energy resolution of the instrument.

At the lowest energies, errors due to contact potential electrodes can become significant. Nevertheless, provided

e . The discharge was operated in the Townsend regime, the
zﬂgrz?rlmgs dltr;rmg gﬁgﬁg%g%ggﬂ:&g#i;ngigﬁztasﬁzriﬁg:n easured ion-kinetic-energy distributions did not appear to
[22,23. In general, the ion-energy-distribution data for all of change significantly when these nonuniformities occurred,

the gases investigated were found to be less re roducibfgus suggesting that the nonuniformities in emission are not
9 9 X : > Tep associated with significant changes of the electric-field
below 10 eV than at higher energies. To minimize low-

strength in the discharge gap, i.&/N is still well defined.

energy 1on ('jlscnm'mauon, most of the data prese_nted herg\lthough measurements were made using different interelec-
were taken immediately after the electrodes had either beetn

: S . rode gap spacings, all of the results presented here were
polished or cleaned by sputtering in a continuous argon glow, .~ . . ;
discharge. ](c)bta[rl_ed ywth a gap of 2.0. cm for which obsgrvable nonuni-
ormities in the optical emission were not evident.
] Discharges between the backsiade edge$ of the anode

B. Discharge cell and the grounded walls of the vacuum chamber were pre-

The discharge cell consisted of two flat, parallel, 11.0-cm-vented by using the combination of insulators and glass tub-
diam stainless-steel electrodes surrounded by a cylindricaing shown in Fig. 1. The use of thin electrodes with rounded
quartz tube that was uniformly separated from the outeedges was also found to be effective in reducing nonunifor-
edges of the electrodes by a space of 1 mm to allow gas flowities in the fringing field and the concomitant probability
through the interelectrode gap. The bottom electrode in Figfor inception of long-path breakdown. Although it was
1 served as the cathode and was grounded through@ 1-kshown in our earlier wor 10] that the occurrence of dis-
resistor shown in the circuit diagram of Fig. 2. The 0.1-mmcharges behind the anode does not necessarily prevent attain-
orifice through which ions were extracted was located at thenent of a uniform Townsend discharge of well-defined
center of the cathode. The upper electréaeode could be E/N between the electrodes, all of the data reported here
moved via a mechanical feedthrough to vary the interelecwere acquired under conditions where no detectable dis-
trode gap spacing between 0.0 and 4.0 cm. charges occurred outside of the region between the two elec-

Optical emission from the discharge was observed in twdrodes. To ensure that the discharge was confined to the re-
perpendicular directions with respect to the center of thegion between the electrodes, the currentsandl, to the
electrodes through separate windows mounted on sideporésiode and cathode, respectively, were measured as shown in
of the vacuum chamber. Visual observations of the emissiofrig. 2. Measurements of ion energies were always made un-
were used to verify that the discharge was reasonably unider conditions wheré; =1, to within the uncertainties in the
form between the electrodes and that there was no “longmeasurement of current.

Discharge Cell

Oscilloscope

FIG. 2. External circuit indicating the locations at which the
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The maximum attainablé/N for each gas was limited by 700 [
the combined conditions of lowest gas pressure and smallest i Townsend
gap spacing that could be used to maintain a stable, self- (@)
sustained discharge. The gas pressure within the cell was
regulated to within+=0.1% with a flow controller. Thus er-
rors in definingE/N due to fluctuations in gas pressure were
deemed to be negligible. The gas number denkityvas
determined from the pressure using the ideal gas law, which 550 [
was assumed to be valid for pressures in the range 6.58— T
100.0 Pa(50—760 mTory that were required for the present 1 10 100 1000
experiments. The gas pressure was measured with a capaci- Current (pA)
tive manometer(baratron. The highest pressure that could :
be used was limited by the requirements of the ion-energy 700
analyzer-mass spectrometer, which was always maintained at
a pressure below 6:510 % Pa (~5x107° Torr). High-
purity gas samples>99.99%) were used for all of the ex-
periments. Prior to introducing the gas at the desired pres-
sure, the cell was pumped down to a high vacuum. The base
pressure of the cell was typically on the order of 6B) ©
Pa (~5x10 8 Torr). The most significant contaminant ob- i
served mass spectrometrically during operation of the dis- 550 T
charge was HO. The H,O content was found to be highest 1 10 100 1000
immediately after the discharge cell was evacuated. Mea-
surements of ion-energy distributions were not made until Current (nA)
the relative intensity of the D' peak was an order of
magnitude or more below that of the minor doubly charged FIG. 3. Examples of the voltage-current characteristic measured
ions Ar?", Ne?*, and H&". Possible effects due to inter- for an argon discharge &N=5x 1018V m2 (5 kTd). (a) shows
actions of rare-gas ions with contaminant molecules aré¢he results for three different indicated electrode-gap spacings and
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therefore expected to be insignificant. (b) shows the results obtained after three different times during
which a Townsend discharge was operated starting with cleaned
C. Electrical characteristics and polished electrodes &t 0. The gap spacing for the data i

o ) ) was 2.0 cm. The Townsend region corresponds to currents between
The electric-field strength in the discharge gapvas as- 1 and 50uA.

sumed to be given by4/d, whered is the gap spacing and
V4 is the voltage across the gap measured with the voltmetefnergy distributiongbelow about 20 eYbecame suppressed
indicated in Fig. 2. For the discharge currents that were usedglative to the rest of the distribution, thus indicating the
the voltage drop across the 100tkresistor in Fig. 2 was onset of possible low-energy ion discrimination associated
typically much less than 1% of the voltage across the gapwith discharge-generated contamination or modification of
Uncertainties in the measurement\Gf, and therefore in the the electrode surface. As noted above, this effect was largely
determination of, due to the combined effects of possible eliminated by cleaning and polishing the electrode or signifi-
power-source drift and/or fluctuations, contact potentialscantly reduced by running a relatively high-current (5
and charging of the electrode surfaces were estimated to /A) argon glow discharge in the cell for many minutes.
less than+3%. Of these, the effect of surface charge is theArgon ions are evidently very effective in “cleaning” the
least known and may represent the major contribution to thelectrode surface by sputtering. It was generally found that
uncertainty. the most rapid changes in the voltage-current characteristics
Examples of voltage-current characteristics that were deeccurred immediately after freshly cleaned electrodes were
termined for argon aE/N~5x10 * Vv m? are shown in exposed to the discharge. The curve fer0 in Fig. 3b)
Fig. 3. Figure 8a) showsVy versusl| for three different corresponds to electrodes that had just been polished and
indicated gap spacings and FighBshowsV, versusl ob-  cleaned. It should also be noted that electrode surface effects
tained at different times after the discharge was initiated foare thought to be an important source of low-energy ion
the same gap spacing of 2.0 cm. It is clear from these resuliscrimination in the earlier work of Radovanov and co-
that the voltage-current characteristic of the discharge exhibworkers [10]. All of the data reported here were obtained
ited changes with both gap spacing and time. As discusseander relatively clean electrode conditions in order to mini-
below, it is reasonable to expect that such changes couldize this effect.
occur. For the results shown in Fig. 3, the Townsend discharge
Despite the difficulty in controlling the electrical behavior region corresponds to the relatively flat part of the voltage-
of the discharge, it was found that, for a fix&lN, the current curves froml <1.0 uA to 1=50 uA. Within this
measured ion-energy distributions were not particularly senrange, whereE/N is expected to be well defined, it was
sitive to either gap spacing or time of operation. Howeverfound that the measured ion-energy distributions were not
after the discharge had been in operation for many hours, gignificantly dependent on the discharge current. At currents
was often found that the low-energy part of the kinetic-above the limit of the Townsend region, the voltage across
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the electrodes appears to drop rapidly and go through a mirenced by the voltage-current characteristics provided that the
imum. The region around this minimum is associated with ardischarge is operated in the Townsend regime. Because the
unstable pulsating or oscillatory-type discharge that is théons were sampled at the center of the gap far from the quartz
well-known [17,18,24,25 transition to a stable glow dis- walls, nonuniformities or perturbations of the local field due
charge. For the cases represented in Fig. 3, the stable gldi@ possible surface-charge accumulation on the walls were
appears at about 1 mA. Because the voltage across the eldtat important. This assertion is supported not only by the
trodes was observed to have a time dependence in the trafict that the interelectrode gap spacing was small compared
sition region, the values for the voltage in this region giventC the diameter of the electrode, but also by the lack of ob-
by the curves in Fig. 3 actually represent averages over the€rvable dependence of the results on the gap spacing.
measurement time, which was always much longer than the

period of the discharge oscillations. It was also found that the Ill. DATA ANALYSIS THEORY

observed ion-energy distributions changed dramatically with |, analyzing the measured ion-kinetic-energy distribution

the onset of' oscillations in the dischargg current ancj theredata, it is important to know the appropriate form of the
fore precautions were taken to avoid this region during thejistrinytion that should be used in making comparisons with
recording of energy distributions by continuous monitoringe oy The theory that applies to the cases considered here
of the current using an oscilloscope shown in Fig. 2. Th&,here nositive-ion transport is governed by symmetric reso-
onset ar_u;i nature of the_ dlscharge oscillations are known tRant charge-transfer collisions has previously been
be sensitive to the ponf!gurathn of the external cwc[@d]. discussed9—17] and is briefly reviewed in the Appendix.
The circuit shown in Fig. 2 differs from that used in our 6 one-dimensionatharge-transfer model for ion transport
earlier work [10], and has been redesigned to optimally €x-;seq here applies at sufficiently high ion energies where the
tend the usable Townsend region. angular distribution is strongly peaked in the direction of the

Variations in the electrical characteristics of the discharggyectric field. i.e.. the velocity components perpendicular to
with time such as that seen in Fighi3 are expected and can ¢ fie|d are assumed to be negligibly small compared to the

be attributed to discharge-induced modifications of the elecéomponent in the field direction. Although one can question
trode surface that in turn change the secondary ionizatiog,q range of validity of the one-dimensional model, it is ex-

coefficient assigned to the release of secondary electrons . cteq that breakdown of the model would primarily occur at
photon, ion, and metastable species impact on the surface. jto very low-energy end of the ion kinetic-energy distribu-

is known that the behavior of a self-sustained Townsend disgon5 pelow the energy range within which most of the data
charge is critically dependent on the secondary io”izatiorbresénted here are considered to be reliable.

coefficient [19,26|: Because of the relatively short times * Aq giscussed in the Appendix, what is actually measured
(typically 1-10 min, depending on the energy rangeeded i, the experiments described here is thex-energy distribu-

to accumulate the data for a kinetic-energy distribution, disyjor, i e. the number of ions per second with energy between

tortions of the distributions due to slow changes in the elec;, ;4. + de that strike a particular area of the cathodes)
trical characteristics of the discharge were not observable. 115 is in contrast to thérue energy distributionwhich is

Under most conditions, the voltage-current curves exhiby

ior, which was initially reported by Schad®7] and recently = is rel h tpiag
reviewed by Phelp$28] (also see Ref[19]), is believed to Egre(gzll (f) rebstter?etgxtprczst;lijsnenergy distribution, denoted

be due in part to field-enhanced photon- and positive-ion-
induced electron yield at the cathode that is affected by local F(s)=Ce % (g) 1)
space charge. Although collisions of metastable species that '

result in ion formation may aIso_contributel to tr_]is eﬁeCt'where, in generalC is a factor proportional to the number
there are reasons to doubt that this process is as important 88nsity of ions incident on the sampling orifice. In the fol-

originally presumed20,28. It was found in the present |q,ing discussion, the flux energy distribution is defined to
work, as illustrated by the data at 1.5 cm in Figg)3that the satisfy the normalization requirement

negative differential voltage-current behavior was not always

evident. Failure of the discharge to exhibit this behavior usu- o

ally occurred for small gaps and was often correlated with f F(e)de=1, (2

the appearance of nonuniformities in the optical emission 0

from the discharge. The reason for the absence of a negative i )

differential voltage-current behavior at some relatively smallSO thatC is determined by

gap spacings is not clear, but may be related to the onset of

constrictions in the discharge that are known to be the pre- Cfm81/2f(8)d8:1. 3)

lude to the oscillatory behavior mentioned abd,2§. 0

When the gap is reduced, slight nonuniformities in the inter-

electrode spacing are expected to have an enhanced influenssues concerning the proper choice of the energy-

on the behavior of the discharge. distribution function have been discussed, for example, by
The fact that the measured rare-gas ion-energy distribuAllen [29] and Skullerud and Holmstroril5].

tions did not depend on either gap spacing or current implies The experimental results obtained here for the singly

that the results for a giveE/N are not significantly influ- charged ions Af, Ne*, and He" are compared with pre-
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dictions based on a solution of the Boltzmann transport equa-
tion at highE/N assuming that symmetric resonant charge 10° E/N=1.1x 1078 vm?
transfer is the dominant process and has a total cross section o 10%- Vy =202V
of the form = 4
c 1077
_ [}
Qcr(e)=Qpe 77, (4) £ 10
whereQy is a constant ang@ is also a constant that satisfies 102
the condition |g|<1. It has been showpl0] that the 10" .
form given by Eq.(4) is an acceptable representation of the o 10 20 30 40
Ar "+ Ar cross section recommended by Phe[a$] in the
relevant energy range. 106 -
As discussed in the Appendifalso see[31]), the func- s E/N =20.4 x 1078 vm?
tion F(e) obtained using Eq4) assumes the form o 107 Vy= 1252V
F(8)=(1—B)F(m) L 10%
1 [glB 10%
% — B)1MB-Dexg —— | N
[kT+(1 ﬂ)] ex kT+ 1_B ’ (5) 101 e — X e el e
0 100 200 300 400 500 600
wherek is the Boltzmann constant; is the usual gamma
function, andT ;. is the effective “ion temperature.” For the . e 2
cases considered in this work, as will be shown below, it is 10”7 E/N =50.6 x 107" Vm
generally a good approximation to assume t8atO0, i.e., > 10t Vg=2272V
that the charge-transfer cross section is a constant. In this @
approximationF () assumes a Maxwellian form 2 0%
c N\
_ _ 102 N e
F(e)= T exp(—e/kT,) (6) “'\'»b )
101"'|"|'>'|"\'|'m
and 0 200 400 600 800 1000
e [E € (eV)
KT =—<—), (7) "
T Qo\N

FIG. 4. Examples of the measured kinetic-energy distributions
éor Ar ™ in Ar at the three indicated values BfN for a gap spacing

wheree is the electron charge. Note that the ion temperatur of 2.0 cm. The lines correspond to fits to the data based on the

is directly proportional t&/N and inversely proportional to charge-transfer model, where the solid line is a Maxwel[Ba.

the cross section. -
. . . . 6)] and the dashed line corresponds to E5j.
An apparent mean ion energy is defined here using thé ) P =

flux energy distribution by The acquired data consist of a set of ion intensities corre-

© sponding to F(¢) that are denoted here by
<£>=f eF(g)de. 8)  S(si,Ag,),i=1,2,3...,imax The value forS; correspond

0 to the numbers of ions per second recorded for equal dwell
times and the same energy resolution at the nominal energies
g; such that the spacing between successive energies was
always the same, i.e.gj,;—¢;=constant for alli

Note that this differs from the “true” mean based on the
distributionf (&) (see the AppendixUsing Eq.(5) in Eq.(8)

gives (1=<i<ipa—1). The data foiS; versusg; (si>sic) were fit
2 to both of the forms given above by Eq%) and (6), i.e.,
F(m) aexp(—be) or a’exg—b'e'"#], wherea,b, a’,b’, and 8
(e)= —1[kT+(1—ﬂ)]1’(1*/”, (9  were treated as adjustable parameters. Herds a lower
F(m) limit of the energy below which discrimination effects were

considered to be important.
In the case of the Maxwellian approximatiog£€0), the
mean energy is simply given from the fit to the data by the
(e)=kT, (10) parameteb 1, where it is seen that b is the slope of the
energy-distribution curve when plotted on a semilogarithmic
for the approximatior8=0. It should be noted that this defi- scale as in Figs. 4—6. In the more general césk,s deter-
nition differs by a factor of 1.5 from that used in R¢fL0],  mined by using the paramete@sandb’ obtained from the
where a different form for the energy-flux distribution was fits in the form of Eq.(9). The mean energies were also
assumedsee the Appendijx computed directly from the numerical data using

which reduces to



54 RESONANT CHARGE EXCHANGE AND THE TRANSPORT ... 5647
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FIG. 5. Examples of the measured kinetic-energy distributions e (8V)

for Ne* in Ne at the three indicated values BfN for a gap
spacing 2.0 cm. The lines correspond to fits to the data based on the
charge-transfer model, where the solid line is a Maxwelli&q.
(6)] and the dashed line corresponds to E5).

FIG. 6. Examples of the measured kinetic-energy distributions
for He" in He at the three indicated values BfN for a gap
spacing 2.0 cm. The lines correspond to fits to the data based on the
charge-transfer model, where the solid line is a Maxwelligg.

E:'fi‘xﬁlsisi +E:C=18i8i’ (6)] and the dashed line corresponds to E5).
(e)= Tmax e o ° (11)
20 STELS where
i ax ic
In the above equation, the valu& (i<i.) are from an Ar2t)= 3 2+ e
) r<7)= Ar<T)+ Ar<T), 13
extrapolation to the recorded data based on the form of Eq. S )= 2 S( ) izl Si( ) a3

i=i
e+l

(6), i.e., some or all data far>i. were first fit to the form
aexp(—be) and then the recorded values fegi, were re-  gnd
placed with the values given tBexp(—be;). The use of this _ _
extrapolation avoids errors due to low-energy ion discrimi- max e
nation provided it can be assumed that the Maxwellian ap- S(Arf)= 2 S(Arf)+ 2> S/(Ar). (14)
proximation is valid. et =t

Extrapolations_at I_ow energies were also used_to estimatg i, S/(Ar2*) and S/ (Ar*) are from extrapolations based
the relative contributions of the doubly charged ions to the

total ion flux. For example, in the case of argon, the relativelOn the Maxwellian form and, in generdl; #ic, i.e., the
contributionR(Ar2*), of Ar2* was estimated using the for- ow-energy discrimination effect need not extend over the

mula same range for both singly and doubly charged ions. Also,
because the maximum recorded energies are not the same for
the singly and doubly charged iorig,,,# i max- At E/N val-
Si(Ar*") (12 ues where the energy distributions of the doubly charged
S(Ar’Y)+S(Art)’ ions exhibit significant deviations from a simple Maxwellian,

R(Ar?")=
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S’ merely represents a linear extrapolation of the low-energy
portion of the distribution fore <5.0 eV in the calculations
of (¢) andR.

IV. RESULTS
A. Kinetic-energy distributions

Examples of measured ion-kinetic-energy distributions
(S; versuse;) are presented in Figs. 4, 5, and 6, respectively,
for Ar*, Ne™, and He". Shown in each case are the distri-
butions at three widely separated valuesEIN together
with fits using the form of Eq(5) (dashed linesand Eq.(6)
(solid lineg. The intensitiesS; correspond to the total num-
ber of counts/s that were recorded at each energy, i.e., the
distributions, as shown, have not been normalized. As seen
from the data fore;>60 eV in the top graph of Fig. 6, the
contribution of noise counts to the recorded signals is typi-
cally much less than 1% over the observed energy ranges.
All of the data displayed in Figs. 4—6 were obtained for a
gap spacing of 2.0 cm. No data points are shown for energies
below 5.0 eV, where effects due to the finite energy resolu-
tion are known to distort the energy distribution. In some
cases, energy discrimination effects appeared to extend
somewhat above 5.0 eV as evident by the appearance of
maxima in the distributions. The distorting effects noted by
Skullerud and Holmstronj15] due to ion-electrode interac-
tions, most evident &&/N below about X 107 °V m?, are
not expected to be important here for energies above 5 eV.

It is seen that, in all cases, the difference between the two
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fits to the data are barely noticable, especially at the lower
values ofE/N. In general, if a good fit to the data is obtained
using the model based on E®), then an equally good fit is
obtalngd_usmg the Ma).(welllap approximation given by Eq. FIG. 7. Examples of the measured kinetic-energy distributions
(6). This implies, as indicated in Tables I-I1l, thatis small ¢ e doubly charged ions AF, Ne2*, and HE" for a gap spac-
and the assumption of constant charge-transfer cross sectiop§ of 2.0 cm and for the indicated values BfN. The solid lines
for Ar* + Ar, Ne™ + Ne, and HE + He is reasonable. It e Maxwellian fits to the data.

should be noted that, in fitting the forms of E¢S) and (6)
to the data, maxima that appeared $ versuse; for
€;>5.0 eV were ignored.

t (eV)

2.0x10 ¥V m? (20 kTd) because of the inability to main-
tain a stable self-sustained Townsend discharge.

Above about X 10”17V m? (20 kTd) for argon and neon Examples of measured ion-energy distributions for the
and above about1 1017V m? (10 kTd) for helium, devia-  doubly charged ions A, Ne?", and HE" are shown in
tions from the Maxwellian form appeared. As seen in Fig. 4,Fig. 7. The data presented in this figure were obtained for a
the energy distributions for At develop an enhanced high- gap spacing of 2 cm and at the indicated valueiidy. The
energy tail forE/N>2x 1017V m?2. This deviation from a  solid lines are fits to the data of the foraexp(—be). For
Maxwellian form was not evident in the earlier Aresults E/N<1.5x10 1"V m?, the Maxwellian form provides rea-
of Radovanov and co-workedl0] because of a lack of de- sonable fits to the distributions for Ar and N&* ions. In
tection sensitivity and severe limits on the maximum enerthe case of H&", the measured kinetic-energy distributions
gies that could be observed in that work. For Neand cannot be described adequately by a Maxwellian even at
He", the deviations from Maxwellian behavior are initially relatively low E/N values. Below about 1010 17 V m?,
manifested by decreases in the ion flux at the low-energyhe He?" distributions exhibit a two-temperature character-
ends of the distributions. istic as seen by the dataBtN=0.2x 10 'V m? in Fig. 7.

It is clear from the present results that, at sufficiently highAt high E/N, the energy distributions for all three doubly
E/N, the charge-transfer model fails to provide an adequateharged ions tend to develop maxima at energies signifi-
prediction of the kinetic-energy distributions for singly cantly greater than 5 eV, below which the flux is lower than
charged ions. It will be shown in Sec. IV B that the mean ionexpected for a Maxwellian. The extent to which the maxima
energies also begin to fall below the model predictions baseth the observed energy distributions for doubly charged ions
on Eqg. (9) or (10) when deviations from the Maxwellian are real, e.g., are due to a breakdown of the one-dimensional
form become evident. It should be noted that, in the case aiipproximation for ion transport, or are the consequence of
helium, it was not possible to obtain reliable data on the ionnstrumental effects due to low-energy ion discrimination is
kinetic-energy distributions for E/N above about not known. However, from the results obtained for singly
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TABLE I. Summary of the results for Af. Listed for each
value ofE/N are the mean enerdy) calculated using Eq11), the
mean energk T, from fits to the data using E@6), the 8 param-
eter from fits to the data using E¢b), and Qct=Q, calculated
from Eq. (7) usingkT, from Maxwellian fits. Values fokT, in
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TABLE Ill. Summary of the results for He. Listed for each
value ofE/N are the mean energy) calculated using Eq11) the
mean energk T, from fits to the data using E¢6), the 8 param-
eter from fits to the data using E¢p), and Q.r=Q calculated
from Eq. (7) usingkT, from Maxwellian fits.

parentheses, apply only to the high-energy tail.

E/N () KT, Qcr
E/N (&) KT, B Qcr (107 v m?) (eV) (ev) B (107*°cm?)
(107 v m?) (eV) (eV) (10" cm?)
0.54 2.22:0.40 2.26 0.030 24.3
1.0 1.90:0.50 2.30 —0.020 57.9 1.0 4.56-0.25 4,20 0.020 219
2.0 4.10:0.54 4.61 —0.015 48.8 2.0 9.63-0.40 10.1 0.010 20.7
5.0 11.62:0.59 12.50 0.010 43.0 5.0 27.2:1.2 26.6 0.015 18.4
10.1 25.0:2.8 26.0 —0.036 40.4 7.5 37.5-1.0 37.4 0.026 20.0
15.2 34.7%3.0 37.0 —0.021 43.8 10.0 51.325 51.3 0.011 19.5
20.4 38.5-6.0 43.0(51.0 -0.010 47.4 15.0 70.%5.0 69.0 0.030 21.4
30.5 50.9-7.5 52.0(69.0 —0.040 58.7 20.0 91.0-6.4 87.3 0.040 22.0
50.6 70.4-10.6 70.0(106.0 72.3

_ _ ~ energy tails of the A¥ distributions forE/N>2.0x 10 %’
charged ions, it would appear that effects of ion discrimina+/ m2 are significantly greater than the temperatures associ-
tion are not likely to extend up to energies greater than 50 e\4ted with the low-energy parts of the distributions. Neverthe-
as would be required to account for the deviations fromess pecause only a small fraction of the ion flux is repre-
Maxwellian behavior evident from the data in Fig. 7 at high gented by the high-energy tail, it is found that, at&IN, the
E/N. values fork T, from the low-energy parts of the distributions
are in good agreement with the corresponding values for
() calculated directly from the data using EqJ).

For each of the singly charged ions Ar Ne*, and Shown in Figs. 8—_10 are yalues f&iT, (solid circleg
He*, no significant differences were found in the mean en-estimated from the drift velocitie$V,. , measured by Horn-
ergies determined from fits to the measured energyPeck [20] in 61198U|563dz Townsend discharge experiment for
distribution data using Eq$9) and(10). Mean energies that E/N<3.0x10""V m®. The estimates are based on the re-
were obtained from the use of Eq4.0) and (11) are pre- lationship
sented in Figs. 8—10 and also in Tables I-VI. For the data at
high E/N that deviate from the Maxwellian form, the values
for KT, were extracted from fits to the low-energy portions
of the distributions as shown in Figs. 4—6. Maxwellian fits to
the high-energy tails of the Ar distributions yielded values WhereM is the ion masgsee Ref.[10]). Also shown for
for kT, indicated by the open diamond symbols in Fig. 8Ar" and Ne" are values fokT, calculated from the drift
and the numbers enclosed in parentheses in Table I. It is seaglocities measured by Hegerberg and co-work@&2] in a
that the effective ion temperatures associated with the highdrift-tube experimentsolid inverted triangles Although the
drift-velocity results appear to be consistent with the mean
ion energies determined here, in all cases, the values from
Hornbeck’s data for Af, Ne™, and He" tend to fall some-
what below the present values. The results for* Aand

B. Mean energies

™ 2
KT, ==MW? ,

5 (15

TABLE Il. Summary of the results for N&. Listed for each
value ofE/N are the mean enerdy) calculated using Eq11), the
mean energkT, from fits to the data using E@6), the 8 param-
eter from fits to the data using E¢b), and Qct=Q, calculated

from Eq. (7) usingkT, from Maxwellian fits. TABLE IV. Summary of the results for A". Listed for each

value ofE/N are the mean energy ) calculated using Eq11) and

E/N (&) KT, B Qcr the fractional contribution to the total ion fILR(Ar2*) calculated
(10718 v?) (eV) (eV) (10 cm?) using Eqs(12)—(14).

0.36 1.53-0.30 1.47 -0.001 24.5 ot
0.50 210:0.10 2.09  0.002 23.8 (10,'%':'/m2) () (@V) R(Ar)
0.75 3.24£0.15 3.20 0.003 23.1

1.0 3.81-0.40 3.95 0.040 26.2 1.0 9.5:2.7 0.015-0.005
2.0 7.60+0.90 8.00 0.011 26.3 2.0 19.2£2.0 0.016-0.005
5.0 18.3:3.0 18.8 0.030 27.3 5.3 66.3-9.1 0.0070.002
10.0 42.0:3.4 42.9 —0.020 23.8 10.1 125.17.0 0.0070.002
15.0 57.%-4.8 56.3 —-0.012 26.3 15.2 162.a-24.0 0.01:0.003
20.0 71.8:5.3 73.0 —0.040 27.9 20.4 178.:22.0 0.00&:0.002
30.0 90.6:9.1 92.0 —0.050 33.1 30.0 224.x34.0 0.01:0.003
50.0 106.:10.0 1.09 47.2 50.0 245.@¢:37.0 0.01&:0.003
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TABLE V. Summary of the results for N& . Listed for each T ——

value of E/N are the mean energye) calculated using Eq(11); 3
and the fractional contribution to the total ion fll{Ne?*) calcu- < o
lated using Eqs(12)—(14). 2 o2k 4
g g
o
E/N (1078 Vvm?) (g) (eV) R(Ne?") 3
w
0.36 7.8-0.8 0.01%0.002 S 10 E
0.50 10.81.1 0.014£0.003 2
0.75 14.8-0.8 0.0170.004 |
1.0 20.9-0.9 0.020- 0.006 P . o S L
2.0 41.5:2.1 0.022:0.006 1 10 100
5.0 82.7:4.1 0.012:0.010 E/N (107'% vm?)
10.1 180.@25.0 0.015-0.003
15.2 210.@-33.0 0.016-0.004 FIG. 8. Mean kinetic energy versi&N for Ar ™ and A" in
20.0 270.6:30.0 0.018:0.007 Ar. The crosses are values fRTT, obtained from Maxwellian fits
30.0 294.:44.0 0.01%0.006 to the energy distribution data and the open triangles are values for
50.0 326.0:49.0 (e) calculated using Eq11). The open diamonds correspond to fits

to the high-energy tails of the distributions in those cases where
there was a significant deviation from Maxwellian behavior. The
Ne" from Hegerberg and co-workers show better agreemerfesults for Ar are compared with the data of R€fLO] (open
with the present data fde/N below 1x 1078 vV m?. squares and estimates from the drift velocity data in R¢20]
Figure 8 also shows the mean energies fof Areviously (solic_l circles and in Ref.[32] (solid inverted t_riangle)s The_ Iine_s
reported by Radovanov and co-workdtk0] (open squarés are fits to the data basedyon an assumed dlrec't proportionality be-
which have been multiplied by the factor 0.65te the Ap- tween_(s) andE/N. For_Ar , the open inverted _tnangles are mean
pendi® to make them consistent with the definition of mean€nerdies calculated using Ed.1) and the open circles are ion tem-
energy used here. Except at the highest valueE6 E_ertgtéjr?s from Maxwellian fits to the high-energy part of the energy
(2.0x 10717V m?), the earlier results agree with the present” ' UO"S:
data to within the estimated uncertainties. The uncertainties
in the present data are given in Tables 1-VI and are Compato the data that are consistent with the direct proportionality
rable in most cases to the sizes of the data points that afetweenkT. andE/N implied by Eq.(7), i.e., they have a
shown. The uncertainties given in the tables reflect the rangglope of 1.0 on a log-log plot. It is seen, especially for" Ar
of values extracted from energy distributions measured a&nd Ne, that above 2.8.107'" V m?, where the kinetic-
different times using different ion focusing and discharge€nergy distributions become non-Maxwellian, the values for
conditions. The values listed in the tables and also plotted i T+ and(e), indicated respectively by the crosses and open,
Figs. 8—10 are those obtained under conditions for which
there was greatest confidence in the uniformity of the ion
transmission. The uncertainties in mean energy are less than - ——— —
+15% in most cases. The main source of uncertainty in the - 7Yy 8
data of Radovanoet al. [10], as reflected in the error bars
shown in Fig. 8, was attributed to uncertainties in fitting the
data. Because the presé&htversuse; data exhibit much less
statistical scatter, this source of uncertainty has been signifi-
cantly reduced.
For the singly charged ions, the solid straight lines are fits

Mean Energy (eV)

TABLE VI. Summary of the results for He . Listed for each
value ofE/N are the mean energy) calculated using Eq11) and 10
the fractional contribution to the total ion fluR(He?") calculated
using Eqs(12)—(14).

ol 0 e L

1 10 100
E/N (1078 vm?)

E/N (107 **Vvm?) (e) (eV) R(He*") FIG. 9. Mean kinetic energy versi&N for Ne™ and N&™ in
0.536 20.0-3.1 0.012+0.006 Ne. The crosses are \(alues fof . obtained from Maxwellian fits
10 25 5:2 5 0.014+ 0.009 to the energy dlst_rlbutlon data and the open triangles are values for
(e) calculated using Eq(11). The results for N& are compared
2.0 44.5:8.0 0.013-0.008 with estimates from the drift velocity data in Rdf20] (solid
5.0 113.60-28.0 0.01@-0.006 circles and in Ref.[32] (solid inverted triangles The lines are fits
7.5 156.G-31.0 0.016-0.006 to the data based on the assumption of a direct proportionality be-
10.0 194.@35.0 0.01G-0.006 tween(e) andE/N. For Ne?*, the open inverted triangles are mean
15.0 276.@50.0 0.01@:0.006 energies calculated using Ed.1) and the open circles are ion tem-
20.0 320.2:63.0 0.016-0.006 peratures from Maxwellian fits to the high-energy part of the energy

distributions.
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FIG. 10. Mean kinetic energy vers&N for He" and HE™ in FIG. 11. Dependence of the relative contribution ofArto the

He. The crosses are values #o0F.. obtained from Maxwellian fits  total ion flux in argon or&/N.
to the energy distribution data and the open triangles are values for

(e) calculated using Eg(11). The results for H& are compared D. Charge-transfer cross sections
with estimates based on the drift velocity data in ReD] (solid
circles. The solid line is a fit to the He data based on a direct
proportionality betweexis) andE/N. For HE", the open inverted
triangles are mean energies calculated using &d), the open . .
circles are ion temperatures from Maxwellian fits to the high-energ)p"’lr"’lmeteb using Eq.(7), i.e.,

part of the distributions, and the solid diamonds are temperatures E
from Maxwellian fits to the low-energy part. Qct=Qp= eb(N

From fits to the kinetic-energy distribution data using the
Maxwellian form given by Eq(6), effective constant charge-
transfer cross sections can be extracted from the adjustable

. (16

upright triangles, begin to fall below the line. However, for
Ar ™", the drop in mean energy is not as great as implied b

the earlier _dl";‘ta Og Radovanov and co-worketS] at  yhe ayailable information about the total resonant charge-
E/IN=2x10"""V m=. ) o transfer cross sections in the relevant range of energies cen-
The mean energies for the doubly charged ions indicateghreq about the experimentally determined mean energies.
by the open inverted triangles in Figs. 8—10 and given inyg|yes for Qcr determined from Eq(16) for Ar* + Ar,
Tables IV-VI are derived from the data using Effl). The Net + Ne, and Hé + He are given in Tables I-IIl. These
open circles correspond to the ion temperatures implied bygjues are also plotted vers(s) in Figs. 12—14 together
Maxwellian fits to the high energy portions of the energy-ith selected cross-section data from numerous
distribution data as seen in Fig. 7. In the case of He, the 50"@0urces[30,33—4] that were extracted from the compila-
diamonds correspond to the temperatures implied by thggng published by Phelpg30], Sakabe and Izaw#33], and
low-energy portions of the energy distributions. For all threey;artinez and Dheandhand®4]. The values forQ¢r that
gases, the mean energies of the doubly charged ions are sigs )y o the data at lovE/N where the Maxwellian form
nificantly greater than the mean energies of Erhe singhadequately describes the entire energy distribution are indi-
chaiged ions at any giveR/N. The data for AF* and  cated by the closed circles in Figs. 12—14. The closed tri-
Ne?* show a dlrect_plgoportlgnallty betweefz) and E/N  4ngles correspond to the cases at Highl where the distri-
below about 1.X10"*" Vm*, as indicated by the large ptions deviate from the Maxwellian form. In these cases,
dashed lines in Figs. 8 and 9 that have a slope of 1.0. Qcr were derived from fits to the low-energy parts of the
distributions as discussed above. The data from other sources
are indicated by lines or open symbols.
In those cases where the Maxwellian form accurately de-
The relative contributions to the total flux of ions hitting scribes the measured energy distributions fo¥ ANe™, and
the cathode from the doubly charged speciedArNe?™, He™, it is seen that the cross-section values derived from the
and HE " were estimated at ea®/N using Eqs(12)—(14). data are consistent with the available data and do not vary
The results are given in Tables IV-VI together with esti- significantly with(e). The cross sections obtained from dis-
mated uncertaintiegtypically less than+30%) based on tributions that deviate from Maxwellian form tend, in all
data obtained using different ion focusing conditions. Thecases, to have values that increase with and lie above
results forR(Ar?*) are also shown in Fig. 11. There is a those reported in previously published works.
tendency in all three gases for the contributions from the
doubly charged ions to initially decrease wi#N and then V. DISCUSSION AND CONCLUSIONS
remain relatively constant. THe(Ar?") data are also con-
sistent in magnitude with the values reported by Radovanov It is possible from the present experimental results to de-
and co-workerg10]. In no case were the ions Af, termine the range oE/N within which the simple charge-
Ne?*, and HE™ found to constitute more than 3% of the transfer model for ion transport is valid. F&N below
total ion flux. about 2x10°Y vm?2 for Ar* and Ne" and below

The question can therefore be raised about the extent to
Xvhich the values derived from E@L6) are consistent with

C. Abundances of doubly charged ions
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FIG. 12. Values foiQqr from Maxwellian fits to the Af data
versus(e) (closed symbolscompared with the Af + Ar charge-
transfer cross sections from the following sources: R88], solid
line; Ref.[30], dashed line; Ref.34], open circles; Refl35], open
squares; Ref[41], open triangles; Ref[37], open inverted tri-
angles; Ref[38], open diamonds; and Ref39], open hexagons.

The closed circles correspond to cases where the energy distrib
tions were Maxwellian and the closed triangles to cases where ther

were deviations from Maxwellian behavior.
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FIG. 13. Values folQt from Maxwellian fits to the Né data
versus(e) (closed symbolscompared with the N& + Ne charge-
transfer cross sections from the following sources: R88], solid
line; Ref. [34], open circles; Ref[35], open squares; Ref40],
open triangles; Ref[41], open inverted triangles, Ref42], open

1x10 1"V m? for He", the charge-transfer model provides

a reasonably accurate description of the ion kinetic-energy
distributions. The fits to the energy-distribution data within
the E/N region where the charge-transfer model is valid gen-
erally yield small values for the exponential paramegein

the assumed form of the cross section given by (Bf.thus
indicating that the assumption of a constant cross section is
reasonable and the ion-kinetic-energy distributions are essen-
tially Maxwellian. Values for the total resonant charge-
transfer cross section obtained from fits to the data using the
Maxwellian approximation were found in all cases to lie
within the range of previously published data.

At E/N values greater than those indicated above, the
measured ion-kinetic-energy distributions begin to deviate
from the Maxwellian form predicted by the charge-transfer
model. These deviations are manifiested in the case 6f Ar
by the appearance of enhanced high-energy tails and for
Ne* and He" by suppressions in the low-energy end of the
distributions. It is also significant that when the energy dis-
tributions deviate from Maxwellian form, the cross sections
determined from the Maxwellian fits take on values for all
three ions that are significantly greater than suggested by the
available data. This means that the ion temperatures are
lower than would be predicted by the charge-transfer model.
This trend is reflected in the data on mean ion energies that
exhibit significant departures from the simple proportionality
g)E/N implied by the model aE/N values where the
energy distributions are non-Maxwellian.

It is not presently known why the observed ion-kinetic-
energy distributions depart from the predictions of the
charge-transfer model at higg/N. Although it can be
speculated, at least for Ar, that the non-Maxwellian behav-

5

He* + He

0 | Lol | I T T I
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Energy (eV)

FIG. 14. Values foiQqt from Maxwellian fits to the Hé data
versus(e) (closed symbolscompared with the H& + He charge-
transfer cross sections from the following sources: R@8], solid
line; Ref. [44], open circles; Ref[36], open triangles; Ref[47],
open squares; Ref45], open inverted triangles, Reff37], open

diamonds, and Ref[43], open hexagons. The closed circles corre-diamonds, and Refl46], open hexagons. The closed circles corre-
spond to cases where the energy distributions were Maxwellian anspond to cases where the energy distributions were Maxwellian and
the closed triangles to cases where there were deviations from Maxhe closed triangles to cases where there were deviations from Max-

wellian behavior.

wellian behavior.
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ior at highE/N is attributable to deviations from equilibrium The mean kinetic energies of the doubly charged ions
conditions in the transport of ions, there is neither unequivoAr?*, Ne?*, and H&" were found to be much higher than
cal experimental evidence nor theoretical arguments to sughe mean energies of the corresponding singly charged ions.
port this speculation. The measured ion-energy distributionghis trend suggests that charge-transfer or inelastic collisons
did not, for example, depend significantly on the electrodeare comparatively less important as energy-loss mechanisms
gap spacing and the maximum observable ion energies faildd affecting the transport of doubly charged ions. From the
to come close to the upper lim&V, imposed by voltage experimental results of Hubdb0], it appears that the cross
drop across the electrodes as recently seen in the case ¥ction for the double electron transfer process
H* transport in H, dischargeg48].
The mean free path of the ions is estimated, in all cases, Or2+(3323p4) +Ar(3s%3p°)
be small compared with the electrode gap spacing. For ex- —Ar(3s?3p®) +Ar?*(3s?3p%) 17
ample, in the case of Ar in Ar, the mean free path varies . i i
from about 3<10°3 cm at the lowestE/N to about @t collision energies below 1000 eV is nearly an order of
4x10"2 cm at the highesE/N. Because the mean free path magnitude below the cross se_ction for "Ar+ Ar charge
is generally more than an order of magnitude smaller thaffansfer.(Also see [4] for a review of the double charge-
the gap spacing, it can be argued that there should always BEnSfer Processes in argoif the charge-transfer model ap-
a sufficient number of collisions to ensure equilibrium. plies to Ar"™ + Ar, i.e., if process(17) above dominates,
Of course, arguments based on mean free path considdflen, based on Edy), the lower cross section for double
ations or possible changes in the energy distribution with gagN@rge transfer compared to single charge transfer inAr
spacing must necessarily also consider the energy depeﬁ‘-r collisions wogld a_ccount for the_ higher mean energies
dence of the cross section and the density distribution of ion@Pserved for Af*. It is found experimentally{50] that in
in the gap. The resonant charge-transfer cross sections for tifae energy range relevant to t&eN values considered here,
ions Art, Ne*, and He" decrease only relatively slowly the cross sections for the competing processes
with energy up to about £0eV, at which point they drop 24 2o nd 2006 4/ mDm 5 2
precipitously [33]. A slow decrease in the cross section with Art(3s73p%) + Ar(3s73p”) — 2Ar (3s°3p°,°P) (18
energy presents an unfavorable condition for the occurrencgnq
of deviations from equilibrium that are manifested by the
appearance of high-energy “runaway” ions. Ar?*(3s23p*) + Ar(3s23p®) — Ar*t* (3s%p®,25) + Ar*
It is conceivable that apparent deviations from equilib- (19
rium could be reflected in the data if a significant fraction of
the ions were formed within one mean-free-path distanc&re more than an order of magnitude below that of process
from the cathode. However, because of the electron avdl7). Thus the present results appear to be consistent with a
lanching effect in a Townsend discharge, the ion densitiesimple charge-transfer model for transport of?Arin Ar.
are expected to be the highest near the anode. It has bedhis presumes, of course, that the kinetic-energy distribu-
argued[49] that even aE/N as high as £10° "V m? (40 tions are really Maxwellian and that the deviations from
kTd), the rate of ion formation by electron impact in an Maxwellian form that appeared here at low energies are as-
argon discharge is nearly independent of position within thesociated either with instrumental ion-discrimination effects
electrode gap. or a possible breakdown of the one-dimensional approxima-
Although inelastic collisions that result in electronic exci- tion assumed in the model. The mean energy data 6 Ar
tation or ionization begin to occur at energies above 20 eV, ith Table IV, when used in the simple charge-transfer model,
is found [31,49, at least in the case of Ar + Ar, that the  Yield total cross sections for proceds) that lie in the range
cross sections for these processes are an order of magnitu@k 9.0x 107 to 10.6< 10 '® cm?. This range of values
or more below that for charge transfer, even for energies upgrees, to within the stated uncertainties, with extrapolations
to 500 eV. It was previously shown by Radovanov and co-to low energies of the data from Hubgs0] and from Cosby
workers [10] that ion-energy loss by processes other tharand Moran[51].
charge transfer are not likely to affect significantly the trans- From an examination of available cross-section d&i2—
port of Ar™ in Ar for E/N up to 2<10° 1"V m?2. The extent ~ 55], it would appear that similar arguments could be made
to which inelastic ion-atom collisions resulting in excitation for the other doubly charged ions Rie and HE*. However,
or ionization cause a breakdown of the charge-transfer modeinlike Ar?* and Né&*, the energy distribution data for
at E/N above 2 10~ 17 V m?2 remains unclear. Collisions of He?** are not consistent with the charge-transfer model
ions with long-lived metastable excited atoms may also bavithin the E/N range covered in this work. In the case of
important at highE/N, but little or nothing is known about Ne?*, the data given in Table V imply a total double charge-
the cross sections or rates for these processes. transfer cross section in the range %10 1°-6.7x 10 1®
Deviations from Maxwellian behavior at low ion energies cm?,
may reflect in part a failure of the one-dimensional approxi- The relative contributions of the doubly charged ions to
mation. This approximation neglects effects due to momenthe total ion fluxes impinging on the cathode were found to
tum transfer and angular distributions of the ions that may bde small(less than 3% at alE/N). The tendency for the
characteristic of the relevant ion-molecule interactions. It isdoubly charged ion contributions to decrease and become
expected that angular scattering will be most significant atonstant with increasing/N is not understood. This trend
the lowest energies and could lead to an apparent suppregould seem to be contrary to expectations based on the rates
sion or reduction in the ion flux at these energies. for ion formation by electron impact. Whd&/N increases,
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the mean energy of electrons in the discharge should increasharge transfer is the only collision process with a velocity-
and thereby cause a corresponding increase in the relatidependent cross sectioQqt(v,), it can then be
rate for doubly charged ion production consistent with theshown[10,11,3] that the one-dimensional velocity distribu-
known energy dependences of the cross sections for singteon assumes the form

and double ionization by electron impal&6]. There is no

evidence based on the energy dependence of the cross sec- )du, = Crextl — e_E Lo, , Ndo' |
tions [50] that the rates for destruction of doubly charged 9(v,)dv,=Cqe MN o v,Qcr(vz)dv, |dv,,
ions, such as by processds)) and(19), should significantly (A1)

increase with increasing/N. Collisions involving meta-

stable excited species, e.g., He+ He(2 3S), could become WhereM is the ion mass andl, is the velocity component in

important at highE/N due to an increase in the metastablethe direction of the electric field. Considering first the ap-

density; however, nothing is known about either the densitiegroximation of a constant cross section, one obtains from Eq.

of metastable species or the effectiveness of these types th1) the Maxwellian form

collisions in destroying doubly charged ions. It might be ’

speculated that processes such(B8 and (19), above in g(vz)=Ciexp(—muy/2KT,), (A2)

which doubly charged ions are converted to singly charged

ions, could influence the shapes of the energy distribution

for Ar", Ne*, and He". In particular, this source of singly

charged ions in the discharge might contribute significantly o

to the high-energy tails seen in the Adistributions at rela- f(e)de=g(v,)——de, (A3)

tively high E/N. Je
It is also of interest to point out that the dimer ions

Ar,”, Ne, , and He" were sometimes observed, albeit at

very low abundances, for values d&/N below about f(e)de=Cy(2Me) Y2exp — /KT, )de. (A4)

1.0x10 ' v m2. At higher E/N, these ions were not de-

tected. Although the dimer ions can presumably be formedNote that the transformation given by Ed.0) in Ref. [10]

even at low pressures and higiN by the associative ion- contains an error in the omission of the factor'/2.

ization mechanisn{57], e.g., From the normalization requirement

herekT, is defined by Eq(7). The equivalent energy dis-
tribution f(&) is obtained from the transformation

which gives

He* +He—He, +e, (20 rf(s)dszl (A5)
the failure to see them implies that either the rates for for- 0
mation are very low and/or they are readily destroyed bylt is found thatC,=(2M)Y%(=kT,)Y2 The “true” mean

collisions [58]. energy(e); obtained using the distributiof(¢) is given by
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energy or velocity analysis that is employed. The experi-
ments discussed in the present work were performed under
Consideration is given here to the problem of selectingconditions where the ions pass through an electrostatic en-
the correct functional form to fit measured data on ion-ergy selector with a fixed energy spread, that is indepen-
energy distributions in order to make proper comparisonslent of the recorded nominal energy. Therefore, the sig-
with the predictions of theoretical models such as based onals S(Ag,,¢;) recorded at each; represent a differential
solutions of the Boltzmann transport equation. In the discusflux that corresponds to the numbers of ions with kinetic
sion that follows, it will be assumed that the correct one-energies in the range;,—Aeg,/2 to g;+Ag,/2 that cross a
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of ions in a high, uniform electric field. The approximation sion function is assumed, for simplicity, to be rectangular. In
considered is one-dimensional in the sense that angular scaeality the transmission function is more likely to be Gauss-
tering and motion of the ions in a direction perpendicular toian as discussed below.
the electric-field direction are neglectésee, for example, Allowing that, in velocity space, the flux is proportional
Ref. [59]). If it is also assumed that resonant symmetricto v,g(v,)dv, (see Ref.[15]), it can be shown that for a
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rectangular transmission function and an assumed Maxwell- If the measurements are performed usingebocity selec-

ian form for f(¢) [Eq. (A4) abovd, one obtains

2 1/2
Si(Asrasi):noA("TkT+)7llzf (_8> e 12

ei—Ag,/2 M
o -

.

wherenyA is an intensity-geometrical factor proportional to

ej+Ag 2

&

(A7)

the area of the sampling orifice and the density of ions at the

orifice. Integration of this equation gives

2 112 g
Si(Asr ,Si)ZHOA(m) G(AS,)GXF{ — ﬁ), (AS)

where
Ag, —Ag,
G(Asr):ex%ZkTJr) —exp( 2kT+) (A9)
or
Ae, 1[Ag\3
G(Asr)zﬁ-’-é(kh) +... (A10)

if Ag, /kT,.<1. Itis seen that the signal is roughly propor-
tional to Ae, as expected. The signal given by E¢A8)-
(A10) has the formaexp(—be) for the flux-energy distribu-
tion [Eqg. (6)] that was used to fit the measured kinetic-
energy-distribution data in the present work.

tor with a rectangular transmission function, then the re-
corded signals are given by

Ui+AU/2

Si=C2f
Ui—AU/Z

whereC, is a constant andv is the constant velocity reso-
lution centered about a recorded veloaity In the case of a
Maxwellian form, integration of this equation yields

v, 9(v,)dv,, (A13)

T
Si:C2< m+>G’(vi,Av)exp(—va/Zkh), (A14)
where
o Ap)e MAv? Muv;Av
(vi,Av)=exy — g7 ]| eXH ST,
Muv;Av ALE
e L (AL5)

For sufficiently high velocity and velocity resolution such
thatv;Av/kT, <1, one obtains, after appropriate change of
variable, a flux-energy distribution of the form
as%exp(—be). This is the form that gave the best fit to the
data in Ref.[10] and gives a mean flux energy ok3, /2.

This is also the form obtained for a standard three-
dimensional Maxwellian distributiofi29]. Although reason-
able fits to the present data were sometimes obtained using
this form, it was found that this happened under conditions
where effects of low-energy ion discrimination were most

In the more general situation of an arbitrary transmissionigent. In any case, this is not the proper form to use for

functionp(e,e;,Ag,) of “width” Ae,, Eq. (A7) should be
replaced in the Maxwellian case with

S(Ag,,e) =N, A(27kT, /M)~ 12

X jwp(s,si ,As,)exp<
0

If the transmission function is Gaussian, then

€
- ﬁ) de. (A1l

p(e,si,Ae)~exd —a(e—&)?Ae?],  (A12)

wherea=2.771 is the appropriate factor required fos, to
be the full width at half maximum. Providegi>Ae,, the

transmission function does not significantly distort the flux-

energy distribution and the formexp(—be) should still pro-

comparing the present data with the model predictions.

It should also be pointed out, as discussed by All28],
that if an energy analyzer is used for which the ratio
Ae, /e is a constant instead dfs, (see Ref.[50]), then the
recorded flux will be proportional te;. In this case the
appropriate fit to the data for a Maxwellian should be of the
form asexp(—be). In no case were the present data ad-
equately represented by this form.

Finally, if the charge-transfer cross section has the energy
dependence given by E@}), it is found after performing the
integration in Eq(Al) and making the transformation to the
energy variable that

1-8

to
KT.(1-p)| %

(A16)

f(s)ds=C’(2Ms)_1/2exp{—

vide an acceptable representation of the data. However, &he form given by Eq(5) is obtained using EJA16) in Eq.

g; becomes comparable to or smaller thas, , the shape of

(1) and requiring the normalization implied by E@). The

the measured distribution becomes increasing governed HactorC’ is determined by the normalization requirement for

the form ofp(e,e;,A¢g,).

f(e).
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