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Determination of the absolute partial and total cross sections for electron-impact ionization
of the rare gases
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Accurate values of the electron-impact ionization cross sections for the rare gases are needed in a variety of
contexts. However, despite numerous investigations over many decades, uncertainty as to the correct values
has persisted. The pioneering total-cross-section measurements of Rapp and Englander-Golden are generally
regarded as the most reliable but no comprehensive study has independently verified their correctness. In this
paper, measurements of electron-impact ionization cross sections of helium, neon, argon, krypton, and xenon
are reported for energies ranging from the first ionization threshold to 1000 eV. These data confirm the essential
correctness of Rapp and Englander-Golden’s total measurements and at the same time provide a complete set
of consistent absolute partial cross sections.
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[. INTRODUCTION truly independent absolute ionization-cross-section measure-
ments have been reported. The most frequently cited work is
Electron-impact ionization of atoms and molecules is athat of Rapp and Englander-Gold¢8] who used a static
fundamental collision process that occurs in a wide variety ofjas, parallel-plate technique and measured absolute total
natural and man-made plasmas and accurate ionizatiogharge production cross sections. This method is straightfor-
cross-section data are required to quantitatively understanfard and should lead to reliable data. Their basic experimen-
these environments. Furthermore, as calculation of thes@l technique was later augmented by the inclusion of a mass
cross sections is difficult, a precise experimental determinaSPectrometer and was utilized by a number of other experi-
tion is needed to provide a benchmark against which to tedf'enters including Schrafiil], Schramet al.[12-14, Gau-
current theorie§l]. The importance of such experiments has®" and Hagemanfil5], Nagy, Skutlartz, and Schmi16],

long been recognized and a large number of experimentzﬂnd Strauket al.[10] for the measurement of partial as well

studies of the rare gases have already been conducted. Itﬁlg total cross sections. The inclusion of a mass spectrometer

. inevitably increases the complexity of the experiments and
unfortunate, therefore, that from this large body of work NOp o< been the maijor factor responsible for the large discrep-
consensus as to the correct values has emerged.

Th t of elect ) ¢ ionizati ancies between the results of different workers.
€ measurement of electron-impact lonization Cross Sec-- An ajternative technique, incorporating a fast neutral-

tions for gaseous targets has a very long hisf@fyPioneer-  5,yat heam, obtained by charge transfer, was used by Peter-
ing experiments in the 1930s by Smit8], Tate and Smith g5 and McDowel[17], Brooke, Harrison, and Smitf.8],

[4], Bleakney[5], and Bleakney and Smitf6] were subse- \jontague, Harrison, and Smifi9], and Wetzekt al. [20].
quently extended by studies, using superior techniques anthis approach, however, while well suited to the study of
equipment. Work in this area has continued steadily and durchemically unstable neutrals, is less attractive for the study
ing the past decade much progress has been made towargisstable species because of the need to determine the beam
establishing accurate electron-impact ionization cross se®verlap function from the beam-intensity profiles. This is a
tions for molecules. The cross sections for the rare gases dfifficult procedure that can lead to relatively large uncertain-
the other hand have received relatively little attention despitgies in the final data. Furthermore, there is the possibility of
their considerable intrinsic interest and the fact that they areontamination of the target atom beam by long-lived excited
often used to normalize other measurements. Disagreemermisutrals formed in the charge transfer process.
between the available absolute measurements and the mag-A number of other studies have been conducted in which
nitude of the uncertainties associated with some of themmelative cross sections were measured and subsequently nor-
have prevented the confident assignment of precise valuasalized with the aid of previously published absolute data.
even to the total cross sectiofid. The absolute total charge Adamczyk et al. [21], Stephan, Helm, and Nia [22],
production cross sections of Rapp and Englander-Gdl@en Stephan and M [23], Krishnakumar and Srivastaya4],
have, however, been widely accepted as deefactostan- Ma, Sporleder, and Bonhaf@5], Syage 26,27, McCallion,
dard, despite the fact that no single, comprehensive, indepeshah, and Gilbody28], and Almeida, Fontes, and Godinho
dent study has been performed to confirm their accuracy. Thg29], and Almeida, Fontes, and Pontgg0]| all normalized
partial cross sections are even less well established than tlhieeir data using the absolute electron impact measurements
total cross sections and there remain many discrepanciesf others, frequently those of Rapp and Englander-Golden
both in form and magnitude, between the rare-gas partidl8]. Shahet al. [31], on the other hand, normalized their data
cross sections measured by various investigd@0]. to a charge-transfer cross-secti82]; while Sorokinet al.

A variety of experimental techniques have been employedl33] normalized their data using rare-gas absolute photoion-
to measure electron-impact cross sections but only a fewzation cross sections. In principle, if the normalization stan-
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dards used in such studies are accurate, and if the systematitiereN;(X) is the number oKX ions produced by a number

errors associated with the normalization procedure are relaN, of electrons passing a distantéhrough a uniform gas-

tively small, the resultant cross sections should be accurateous target of number density o(X) is then determined by

Notwithstanding their contribution to our general under-measuring the four quantities on the right-hand side of Eq.

standing of these processes, absolute cross sections derividd [10,36]. Technical details concerning the PSD detection

in this manner are, however, of somewhat limited utility.  efficiency calibration and use of the capacitance diaphragm
This unsatisfactory situation provided the stimulus for thegauge may be found in Strawt al. [38] and Straubet al.

present study which reports an independently absolute mod39], respectively.

ern determination of the partial and total cross sections for The total(counting cross section is the sum of the partial

electron-impact ionization of helium, neon, argon, krypton,cross sections. The total charge production cross section, oc-

and xenon from their respective ionization thresholds tocasionally referred to as the gross cross section in the litera-

1000 eV[34]. The experimental technique used embodies theure, is obtained as the weighted sum of the partial cross

simplicity of the parallel-plate arrangement used by Rappsections, i.e.,

and Englander-Golde[8] coupled with an extremely short

path length mass spectrometer together with a detector with o=t + 202" +30% + 40+, 2

which it is possible to demonstrate complete collection of all

product ions. This approach overcomes many of the limita- A discussion of the experimental uncertainties was given

tions of other techniques and is capable of providing verypreviously[10,36. In the present study the uncertainties in
accurate absolute cross secti¢8s]. the single-, double-, triple-, and quadruple-ionization cross

section are given in the captions to Tables I-IV and are
typically =5%, 5%, 7%, and*=10%, respectively, ex-

Il. APPARATUS AND EXPERIMENTAL METHOD cept near the thresholds for these processes. The electron
energy was established to better thaf.5 eV by observing

The apparatus is shown in Fig. 1 and consists of an eleghe single-ionization threshold for each gas.
tron gun, a time-of-flight mass spectrometer with a position-

sensitive detectofPSD), and an absolute capacitance dia-
phragm pressure gaug@eot shown. It has been described in
detail previously10,36. Briefly, during a cross-section mea-  When presenting new results it is common practice to
surement the entire vacuum chamber is filled with the targejnclude all previously published data for the purposes of
gas at a pressure of the order 0k30™° Torr. The electron  comparison. However, there is a considerable body of total-
gun produces 20-ns-long pulses at a repetition rate of 2.gross-section data available for these targets and uncritical
kHz. These pulses of electrons are directed through an intettirect graphical comparison of all the measurements tends to
action region, located between two plates maintained auggest they are all of equal reliability and, in this instance,
ground potential, and are collected in a Faraday cup. Apwould certainly add more confusion than clarity. A more dis-
proximately 250 ns after each electron pulse, a fast 3 k\eriminating approach is taken here. Specifically, total-cross-
pulse is applied to the top plate to drive any positive ionssection data that were normalized to the work of others,
formed by electron impact toward the bottom plate. Somesometimes by circuitous routes, are not considered because
ions pass through a grid-covered aperture in the bottonthe normalization process itself typically forces agreement
plate. They are then accelerated and subsequently they imietween different data sets, generally without adding any-
pact a PS[}37] that records their arrival times and positions. thing new. (The problems inherent in presenting such data
The ion arrival times are used to identify their mass-to-are evident in Sec. IV Also, it seems clear that the earliest
charge ratios while their arrival positions are used to deterstudies(e.g., Smith 3], Tate and Smith4], Tozer and Craggs
mine the effectiveness of product ion collection. Under con{40], Asundi and Kurepd41]) were compromised due to
ditions in which very few of the incident electrons producejnaccurate pressure measuremgnfd and they also are not
an ion, the partial cross sectier(X) for production of ion  discussed here.
speciesX is given by The later and presumably more reliable studies, however,
still quite often disagree with each other, occasionally mark-
edly so, and it is difficult to distinguish the correct from the
o(X)= Ni(X) 1) incorrect data. Clearly, when the results of two laboratories
of apparently equal reliability agree for some reactions, but

Ill. RESULTS: TOTAL CROSS SECTIONS
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TABLE I. Absolute helium and neon partial cross sections. The uncertaintiegHe™) ando(He?") are
+5% and =7%, respectively, unless otherwise indicated. The uncertaintias(fe’), o(Ne?*), and
o(Ne*) are 5%, =5%, and=7%, respectively, unless otherwise indicated.

Energy o(He") o(He) a(Ne") a(Ne?) a(Ne’t)
(eVv) (10" Ycn?) (10" %) (10" Yen?) (10" 8cn) (10 ¥%cn?)
22.5 0.060

25 0.037-0.004 0.250

27.5 0.29@-0.020 0.507

30 0.568+0.040 0.805

325 0.851 1.09

35 1.09 1.41

40 1.52 2.02

45 1.90 2.50

50 2.24 3.05

55 2.47

60 2.69 3.96

70 2.96 4.75

80 3.16 5.35 0.1240.009

90 3.28 0.042-0.013 5.73 0.3020.019

100 3.37 0.1430.012 6.08 0.571

110 3.41 0.249 6.40 0.928

120 3.45 0.399 6.49 1.18

130 3.47 0.527 6.61 1.51

140 3.44 0.608 6.67 1.82

150 3.38 0.735 6.75 2.09

160 3.35 0.818 6.77 2.33 0.110.034
170 6.75 2.46 0.1680.030
180 3.24 0.980 6.72 2.64 0.25%.033
190 6.68 2.72 0.3660.040
200 3.14 1.08 6.65 2.85 0.462.042
225 3.03 1.17 6.53 3.07 0.699.049
250 2.90 1.23 6.38 3.06 1.01
275 6.18 3.06 1.22
300 2.69 1.31 6.00 2.92 1.34
350 2.46 1.27 5.68 2.82 1.51
400 2.32 1.21 5.32 2.61 1.53
500 2.03 1.06 4.82 2.36 1.39
600 1.79 0.916 4.40 2.05 1.28
700 1.62 0.821 4.03 1.79 1.17
800 1.47 0.736 3.71 1.59 0.993
900 1.36 0.649 3.43 1.43 0.826
1000 1.24 0.579 3.21 1.30 0.719

disagree for others, neither set of data can be accepted withnglander-Golderi8], Schramet al. [12,14], whose mea-
complete confidence. What is desired is a situation where theurements are limited to energies above 100 eV, agree for
totality of the data from two or more laboratories consis-argon, krypton and xenon, but not for helium and neon where
tently agree, since, while it is possible that two laboratoriedifferences of up to 25% exist. The data of Gaudin and
could consistently arrive at identical but incorrect results thisHagemanr{15] agree within the combined uncertainties for
is highly unlikely. This is the premise for the following neon and argon but are lower than those of Rapp and
analysig43]. It is logical to start by considering the work of Englander-Golder{8] by approximately 40% for helium.
Rapp and Englander-Goldé¢8], whose absolute uncertainty The data of Fletcher and Cowlig4], whose uncertainty is

is =7%, and which is the most widely quoted. These datat+ 4%, but which only encompass neon and argon measure-
are generally thought to be accurate but no independent coments, are generally consistent with the work of Rapp and
firmation of this work in its entirety has heretofore been pub-Englander-Goldef8]. The data of Sorokiet al.[33], which
lished. Thus in comparison with the data of Rapp andare limited to energies above 140 eV and whose reported
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TABLE II. Absolute argon partial cross sections. The uncertain- TABLE Ill. Absolute krypton partial cross sections. The uncer-
ties in o(Ar"), o(Ar?"), o(Ar®"), and o(Ar*") are £5%, tainties ino(Kr"), o(Kr?"), o(Kr®"), and o(Kr*") are £5%,

+6%, £7%, and+12%, unless otherwise indicated. +5%, £8%, and+ 7%, unless otherwise indicated.

Energy a(Art) a(Ar?h) a(Arh) a(Ar*h) Energy  o(Kr™) a(Kr?t) a(Kr3) a(Kr*h)

(ev) (107 %cn?) (10 Yem?) (10 ¥cn?) (10 %cn) (ev) (10 *¥c?) (10 Yen?) (10 Een?) (10 %cn)

17 0.159-0.011 15 0.102:0.016

18.5 0.419 16 0.3670.026

20 0.604 17 0.523:0.034

21 0.769 18 0.732

225 1.00 20 1.17

25 1.25 22 1.48

27.5 1.58 24 1.76

30 1.75 26 2.14

325 2.07 28 2.34

35 2.21 30 2.55

40 241 35 2.99

45 2.49 0.0045 40 3.24

50 2.53 0.121 45 3.38 0.247%0.027

55 2.53 0.392 50 3.45 0.825:0.091

60 2.51 0.806 55 3.48 1.37

65 2.51 1.14 60 3.45 1.87

70 2.52 1.37 65 3.49 2.26

75 2.51 1.47 70 3.45 2.53

80 2.54 1.60 75 3.45 2.80

90 2.55 1.74 80 3.43 2.98

100 2.51 1.80 0.978 90 3.40 3.07 0.350.09

110 2.48 1.81 2.10 100 3.33 3.08 0.690.14

120 2.42 1.78 3.07 110 3.25 3.04 1.190.19

140 2.33 1.68 4.71 120 3.20 3.02 1.680.18

160 2.25 1.58 5.32 130 3.11 2.92 2.060.19

180 2.17 1.51 5.44 140 3.05 2.73 2.090.19

200 2.09 1.38 5.30 150 2.98 2.67 2.25

225 2.01 1.26 5.09 160 2.91 2.55 2.49

250 1.91 1.21 5.03 170 2.86 2.50 2.59

275 1.80 1.09 491 180 2.78 2.36 2.75

300 1.73 1.05 4.86 190 2.72 2.29 2.81 0.890.28

350 1.58 0.923 5.80 0.163 200 2.68 2.21 2.91 1.180.15

400 1.47 0.846 6.13 0.426 225 2.54 2.07 3.08 2.140.23

500 1.27 0.662 6.79 1.04 250 2.42 1.90 3.30 3.200.29

600 1.13 0.562 7.24 1.29 275 2.29 1.79 3.33 4.040.33

700 1.01 0.513 7.08 1.31 300 2.19 1.66 3.49 4.85

800 0.914 0.448 6.83 1.47 350 2.01 1.47 3.63 6.27

900 0.850 0.412 6.40 131 400 1.85 1.37 3.74 8.01

1000 0.783 0.368 6.47 1.30 500 1.60 1.15 3.76 8.98
600 1.43 1.02 3.67 9.73
700 1.28 0.912 3.64 9.60

uncertainty is less thart 3%, agree well with those of Rapp 800 1.16 0.814 3.45 9.49

and Englander-Gold€fi8] for argon, krypton, and xenon, but 900 1.07 0.754 3.35 9.39

deviate by approximately 20% for neon. The fast-beam workL000 0.984 0.670 3.18 9.01

of Wetzelet al.[20] agrees with that of Rapp and Englander-
Golden[8] to within the quoted+15% uncertainty. Thus

with the exception of the limited measurements of Fletcher Figure 2 shows the weighted sum of the partial cross sec-
and Cowling[44] and the imprecise data of Wetzslal.[20] tions obtained in the present investigation together with the
none of the work from other laboratories is in consistenttotal charge production cross sections of Rapp and
agreement with the work of Rapp and Englander-Golddn Englander-Golde8]. It is seen that in every case the two

or indeed with the work from any other laboratory. sets of data agree to within the combined experimental un-
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TABLE IV. Absolute xenon partial cross sections. The uncertainties(Ke'), o(Xe?"), o(Xe"),
a(Xe*), o(Xe®"), ando(Xe®") are 5%, +5%, 7%, =9%, +11%, and+15%, unless otherwise

indicated.

Energy o(Xe™) a(Xe?") a(Xe®h) a(Xe*h) a(Xe’t) a(Xebh)
(ev) (107 %c?) (10 Yem?) (10 Yen?d) (10 Eend) (107 %¥cn?) (10 *¥cn?)
12 0.17:0.05

14 0.73:0.05

16 1.370.08

18 2.01

20 2.43

22 2.90

24 3.33

26 3.62

28 3.80

30 4.01

35 4.48

40 4.59 0.688

45 4.60 1.74

50 4.58 2.57

60 4.62 3.63

70 4.67 3.86

80 4.64 3.98 0.1680.01

90 4.53 4.61 0.324

100 4.44 5.03 0.764

110 4.33 5.34 1.22

120 4.19 5.30 1.58

130 4.05 5.17 1.83 0.0970.049

140 3.97 491 1.88 0.330.17

150 3.89 4.65 1.87 1.020.17

160 3.78 4.39 1.77 1.540.20

170 3.67 4.15 1.72 1.990.25

180 3.58 3.97 1.66 2.74 0.0£3.006

190 3.51 3.90 1.66 3.58 0.063.026

200 3.44 3.73 1.58 4.26 0.38.07

225 3.25 3.45 1.50 4.81 0.38.15

250 3.06 3.25 1.42 4.83 0.620.19

300 2.77 3.05 1.40 4.21 1.610.26 0.36:-0.18
350 2.48 2.94 1.37 4.25 1.13 048D.25
400 2.31 2.67 1.29 4.09 1.06 128.26
500 2.00 2.40 1.18 3.95 1.09 1.53
600 1.75 2.20 1.07 3.69 0.98 1.71
700 1.58 2.04 1.02 3.48 0.89 1.88
800 1.42 1.90 0.921 3.39 0.78 1.82
900 1.32 1.75 0.844 3.19 0.73 1.91
1000 1.21 1.70 0.825 2.94 0.69 1.88

certainties. Indeed, the greatest difference between thand molecule studied by the two laboratories agreement is
maxima of the respective cross sections is only 7%. Givermbserved to within the combined uncertainties. These consid-
that the precision of both data setsi$—7 %, that the mea- erations indicate that a high level of confidence should be
surements are entirely independent, and that data are ava#decorded to these two data sets.

able for five different targets, this is quite a stringent com-
parison. It should also be noted that this level of agreement
was previously observed between the data from this labora-
tory and that of Rapp and Englander-Goldé for mol- Examination of the previously published data for the par-
ecules studied by both group85]. In fact for every atom tial cross sections reveals once again that there is no clear-cut

IV. RESULTS: PARTIAL CROSS SECTIONS
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consensus as to the correct values. Both absolute measufellows that the partial cross sections themselves are correct.
ments and relative measurements that have been normalized We examine this conclusion in light of the previously
to other absolute data are considered because these latfrblished data and in this regard we again look, as we did in
measurements can in principle yield useful accurate datdahe case of the total cross sections, for consistency between
There have been quite a few measurements of both typdke entire set of data from two or more laboratories. Once
reported and the majority of them have already been reagain it is found that very little agreement of this type is
viewed by Wetzekt al. [20] and Krishnakumar and Srivas- observed. In fact, for all five rare gases, only the present
tava[24]. The typical scatter between the various measurestudy, the work of Stephaat al. [22,23, and the work of
ments is well illustrated in Fig. 3 which shows the presentwetzel et al. [20] consistently agree with one anoth@ig.
argon partial cross sections together with prior measure3). These comparisons, while perhaps not quite as compel-
ments. For A the cross section appears to be established ting as they were in case of the total cross sections because
within £10%, although note that the agreement between Sghe data of Stephaet al. [22], Stephan and W& [23], and
many different workers is, in part, due to the fact that no lessf wetzel et al. [20] have significantly larger uncertainties
than four of these studig®2,24,26,28 were normalized' 0 than those of Rapp and Englander-Gold&h and do not

the work of Rapp and Englander-Gold¢8]. The partial  cqyer as large an energy range, are nevertheless clearly very

cross sections for productipn of Ar multiply-charged io_ns ?upportive of the accuracy of the present results.
are much less well established than that for production o

Ar* and the agreement between those studies normalized to

the work of Rapp and Englander-Goldg8] is considerably

worse for multiply charged ions than for Ar This latter V. CONCLUSION

observation is largely a consequence of the fact that normal-

ization procedures based on comparison to known total cross glectron-impact ionization of the rare gases has been

sections are relatively insensitive to the multiply charged iong;,gied very extensively over many decades. Many different
cross sections given that the total cross section is dominated, herimental approaches have been utilized but no clear con-
by the cross section for the singly charged ions. Anotheggng5 has heretofore emerged as to the correct values for
point worth noting 1s that the reported uncertainties for theyose ¢ross sections. The problem is that when the data from
Eforgglscercotisosnsesyrﬁgs (t)?ncdos?sg?‘u?trﬁ:rter:angr.I,Otrhg;? Ctgrt‘n_ny two laboratories are compared it is typically found that
parison[45], ' while they may agree for one process they may well disagree

In an effort to distinguish the correct from the incorrect for another. In these circumstances there is no satisfactory

data we take as a starting point the conclusion we drew in thyay to d|st|ngl_ush the correct from _the incorrect data. In an
last section, namely, that the sum of the partial cross sectiorfnsﬁort o e_stabllsh a set of cross sections that may be a_ccepted
reported in this study give the correct values for the totalVith confidence, we have performed a comprehensive ex-
cross sections. From this it may be argued that the individudP€rimental study and reviewed our measurements in the con-
partial cross sections must themselves be correct. Howeve€xt of the other available data giving credence only to data
because the cross sections for the multiply charged ions age€ts that are replicated in their entirety by two or more labo-
much smaller than those for the singly charged ions, signifiratories. This approach is based on the premise that it is
cant errors in their values could be present without seriouslgxtremely unlikely that two or more laboratories could ob-
affecting the magnitude of the weighted sums. To addrestain identical, and yet incorrect, results for a wide range of
this possibility it is appropriate to review a few key featuresprocesses. It is observed that, for all five rare gases, the
of the present experimental method. First we note that ionpresent total cross sections are in very good agreement with
of all species are collected contemporaneously so that thée work of Rapp and Englander-Goldgd], long considered
electron beam intensity and the target gas number density atee de facto standard. The partial-cross-section measure-
identical during the determination of all partial cross sec-ments of Stephamt al. [22], Stephan and M& [23], and
tions. Clearly, the collision path length is the same for allwetzel et al. [20], although of lower precision than those
product ions. From Eq21) it is then apparent that the relative reported here, are also in agreement with the present values
magnitudes of the cross sections for the different producfor every ionization process studied. The data reported here,
ions are given solely by the relative magnitudes of the cortherefore, represent a precise modern determination of the
responding ion signals. It has been previously demonstrategirtial and total rare-gas cross sections and are uniquely con-
that the various product ions are both collected and detectesjstent with both thede facto total-cross-section standard,

with the same efficienc10,36,38. Finally, the count rates and other comprehensive, though less precise, studies.
are maintained at a few hundred hertz and tests have shown

no variation of the cross sections with count rate. These con-

siderations collectively ensure that, apart from uncertainties

due to counting statistics, all partial cross sections are mea- ACKNOWLEDGMENTS

sured with the same accuracy. Thus if one partial cross sec-

tion is measured correctly, then all the partial cross sections We gratefully acknowledge support by the Robert A.
are measured correctly. Given the fact that their weightedVelch Foundation and by the National Science Foundation
sum leads to the correct value for the total cross section itinder Grant No. 9726498.
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