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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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Department of Physics and Astronomy, and Rice Quantum Institute, Rice University, 6100 Main Street, Houston, Texas 77005

~Received 28 November 2001; published 1 April 2002!

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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I. INTRODUCTION

Electron-impact ionization of atoms and molecules is
fundamental collision process that occurs in a wide variety
natural and man-made plasmas and accurate ioniza
cross-section data are required to quantitatively unders
these environments. Furthermore, as calculation of th
cross sections is difficult, a precise experimental determ
tion is needed to provide a benchmark against which to
current theories@1#. The importance of such experiments h
long been recognized and a large number of experime
studies of the rare gases have already been conducted.
unfortunate, therefore, that from this large body of work
consensus as to the correct values has emerged.

The measurement of electron-impact ionization cross s
tions for gaseous targets has a very long history@2#. Pioneer-
ing experiments in the 1930s by Smith@3#, Tate and Smith
@4#, Bleakney@5#, and Bleakney and Smith@6# were subse-
quently extended by studies, using superior techniques
equipment. Work in this area has continued steadily and
ing the past decade much progress has been made tow
establishing accurate electron-impact ionization cross
tions for molecules. The cross sections for the rare gase
the other hand have received relatively little attention des
their considerable intrinsic interest and the fact that they
often used to normalize other measurements. Disagreem
between the available absolute measurements and the
nitude of the uncertainties associated with some of th
have prevented the confident assignment of precise va
even to the total cross sections@7#. The absolute total charg
production cross sections of Rapp and Englander-Golden@8#
have, however, been widely accepted as thede factostan-
dard, despite the fact that no single, comprehensive, inde
dent study has been performed to confirm their accuracy.
partial cross sections are even less well established than
total cross sections and there remain many discrepan
both in form and magnitude, between the rare-gas pa
cross sections measured by various investigators@9,10#.

A variety of experimental techniques have been emplo
to measure electron-impact cross sections but only a
1050-2947/2002/65~4!/042713~8!/$20.00 65 0427
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truly independent absolute ionization-cross-section meas
ments have been reported. The most frequently cited wor
that of Rapp and Englander-Golden@8# who used a static
gas, parallel-plate technique and measured absolute
charge production cross sections. This method is straigh
ward and should lead to reliable data. Their basic experim
tal technique was later augmented by the inclusion of a m
spectrometer and was utilized by a number of other exp
menters including Schram@11#, Schramet al. @12–14#, Gau-
din and Hagemann@15#, Nagy, Skutlartz, and Schmidt@16#,
and Straubet al. @10# for the measurement of partial as we
as total cross sections. The inclusion of a mass spectrom
inevitably increases the complexity of the experiments a
has been the major factor responsible for the large disc
ancies between the results of different workers.

An alternative technique, incorporating a fast neutr
target beam, obtained by charge transfer, was used by P
son and McDowell@17#, Brooke, Harrison, and Smith@18#,
Montague, Harrison, and Smith@19#, and Wetzelet al. @20#.
This approach, however, while well suited to the study
chemically unstable neutrals, is less attractive for the st
of stable species because of the need to determine the b
overlap function from the beam-intensity profiles. This is
difficult procedure that can lead to relatively large uncerta
ties in the final data. Furthermore, there is the possibility
contamination of the target atom beam by long-lived exci
neutrals formed in the charge transfer process.

A number of other studies have been conducted in wh
relative cross sections were measured and subsequently
malized with the aid of previously published absolute da
Adamczyk et al. @21#, Stephan, Helm, and Ma¨rk @22#,
Stephan and Ma¨rk @23#, Krishnakumar and Srivastava@24#,
Ma, Sporleder, and Bonham@25#, Syage@26,27#, McCallion,
Shah, and Gilbody@28#, and Almeida, Fontes, and Godinh
@29#, and Almeida, Fontes, and Pontes@30# all normalized
their data using the absolute electron impact measurem
of others, frequently those of Rapp and Englander-Gold
@8#. Shahet al. @31#, on the other hand, normalized their da
to a charge-transfer cross-section@32#; while Sorokinet al.
@33# normalized their data using rare-gas absolute photo
ization cross sections. In principle, if the normalization sta
©2002 The American Physical Society13-1
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FIG. 1. Schematic diagram of the apparatu
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dards used in such studies are accurate, and if the system
errors associated with the normalization procedure are r
tively small, the resultant cross sections should be accu
Notwithstanding their contribution to our general unde
standing of these processes, absolute cross sections de
in this manner are, however, of somewhat limited utility.

This unsatisfactory situation provided the stimulus for t
present study which reports an independently absolute m
ern determination of the partial and total cross sections
electron-impact ionization of helium, neon, argon, krypto
and xenon from their respective ionization thresholds
1000 eV@34#. The experimental technique used embodies
simplicity of the parallel-plate arrangement used by Ra
and Englander-Golden@8# coupled with an extremely shor
path length mass spectrometer together with a detector
which it is possible to demonstrate complete collection of
product ions. This approach overcomes many of the lim
tions of other techniques and is capable of providing v
accurate absolute cross sections@35#.

II. APPARATUS AND EXPERIMENTAL METHOD

The apparatus is shown in Fig. 1 and consists of an e
tron gun, a time-of-flight mass spectrometer with a positio
sensitive detector~PSD!, and an absolute capacitance d
phragm pressure gauge~not shown!. It has been described i
detail previously@10,36#. Briefly, during a cross-section mea
surement the entire vacuum chamber is filled with the tar
gas at a pressure of the order of 331026 Torr. The electron
gun produces 20-ns-long pulses at a repetition rate of
kHz. These pulses of electrons are directed through an in
action region, located between two plates maintained
ground potential, and are collected in a Faraday cup.
proximately 250 ns after each electron pulse, a fast 3
pulse is applied to the top plate to drive any positive io
formed by electron impact toward the bottom plate. So
ions pass through a grid-covered aperture in the bot
plate. They are then accelerated and subsequently they
pact a PSD@37# that records their arrival times and position
The ion arrival times are used to identify their mass-
charge ratios while their arrival positions are used to de
mine the effectiveness of product ion collection. Under co
ditions in which very few of the incident electrons produ
an ion, the partial cross sections(X) for production of ion
speciesX is given by

s~X!5
Ni~X!

Nenl
, ~1!
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whereNi(X) is the number ofX ions produced by a numbe
Ne of electrons passing a distancel through a uniform gas-
eous target of number densityn. s(X) is then determined by
measuring the four quantities on the right-hand side of
~1! @10,36#. Technical details concerning the PSD detecti
efficiency calibration and use of the capacitance diaphra
gauge may be found in Straubet al. @38# and Straubet al.
@39#, respectively.

The total~counting! cross section is the sum of the parti
cross sections. The total charge production cross section
casionally referred to as the gross cross section in the lit
ture, is obtained as the weighted sum of the partial cr
sections, i.e.,

s total5s112s2113s3114s411••• . ~2!

A discussion of the experimental uncertainties was giv
previously@10,36#. In the present study the uncertainties
the single-, double-, triple-, and quadruple-ionization cro
section are given in the captions to Tables I–IV and
typically 65%, 65%, 67%, and610%, respectively, ex-
cept near the thresholds for these processes. The ele
energy was established to better than60.5 eV by observing
the single-ionization threshold for each gas.

III. RESULTS: TOTAL CROSS SECTIONS

When presenting new results it is common practice
include all previously published data for the purposes
comparison. However, there is a considerable body of to
cross-section data available for these targets and uncri
direct graphical comparison of all the measurements tend
suggest they are all of equal reliability and, in this instan
would certainly add more confusion than clarity. A more d
criminating approach is taken here. Specifically, total-cro
section data that were normalized to the work of othe
sometimes by circuitous routes, are not considered bec
the normalization process itself typically forces agreem
between different data sets, generally without adding a
thing new. ~The problems inherent in presenting such d
are evident in Sec. IV!. Also, it seems clear that the earlie
studies~e.g., Smith@3#, Tate and Smith@4#, Tozer and Craggs
@40#, Asundi and Kurepa@41#! were compromised due to
inaccurate pressure measurements@42# and they also are no
discussed here.

The later and presumably more reliable studies, howe
still quite often disagree with each other, occasionally ma
edly so, and it is difficult to distinguish the correct from th
incorrect data. Clearly, when the results of two laborator
of apparently equal reliability agree for some reactions,
3-2
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TABLE I. Absolute helium and neon partial cross sections. The uncertainties ins(He1) ands(He21) are
65% and 67%, respectively, unless otherwise indicated. The uncertainties ins(Ne1), s(Ne21), and
s(Ne31) are65%, 65%, and67%, respectively, unless otherwise indicated.

Energy s(He1) s(He21) s(Ne1) s(Ne21) s(Ne31)
~eV! (10217cm2) (10219cm2) (10217cm2) (10218cm2) (10219cm2)

22.5 0.060
25 0.03760.004 0.250
27.5 0.29060.020 0.507
30 0.56860.040 0.805
32.5 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 0.12460.009
90 3.28 0.04260.013 5.73 0.30960.019
100 3.37 0.14360.012 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 0.11460.034
170 6.75 2.46 0.16860.030
180 3.24 0.980 6.72 2.64 0.25560.033
190 6.68 2.72 0.36660.040
200 3.14 1.08 6.65 2.85 0.46260.042
225 3.03 1.17 6.53 3.07 0.69960.049
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
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disagree for others, neither set of data can be accepted
complete confidence. What is desired is a situation where
totality of the data from two or more laboratories cons
tently agree, since, while it is possible that two laborator
could consistently arrive at identical but incorrect results t
is highly unlikely. This is the premise for the followin
analysis@43#. It is logical to start by considering the work o
Rapp and Englander-Golden@8#, whose absolute uncertaint
is 67%, and which is the most widely quoted. These d
are generally thought to be accurate but no independent
firmation of this work in its entirety has heretofore been pu
lished. Thus in comparison with the data of Rapp a
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Englander-Golden@8#, Schramet al. @12,14#, whose mea-
surements are limited to energies above 100 eV, agree
argon, krypton and xenon, but not for helium and neon wh
differences of up to 25% exist. The data of Gaudin a
Hagemann@15# agree within the combined uncertainties f
neon and argon but are lower than those of Rapp
Englander-Golden@8# by approximately 40% for helium
The data of Fletcher and Cowling@44#, whose uncertainty is
64%, but which only encompass neon and argon meas
ments, are generally consistent with the work of Rapp a
Englander-Golden@8#. The data of Sorokinet al. @33#, which
are limited to energies above 140 eV and whose repo
3-3
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uncertainty is less than63%, agree well with those of Rap
and Englander-Golden@8# for argon, krypton, and xenon, bu
deviate by approximately 20% for neon. The fast-beam w
of Wetzelet al. @20# agrees with that of Rapp and Englande
Golden @8# to within the quoted615% uncertainty. Thus
with the exception of the limited measurements of Fletc
and Cowling@44# and the imprecise data of Wetzelet al. @20#
none of the work from other laboratories is in consiste
agreement with the work of Rapp and Englander-Golden@8#
or indeed with the work from any other laboratory.

TABLE II. Absolute argon partial cross sections. The uncerta
ties in s(Ar1), s(Ar21), s(Ar31), and s(Ar41) are 65%,
66%, 67%, and612%, unless otherwise indicated.

Energy s(Ar1) s(Ar21) s(Ar31) s(Ar41)
~eV! (10216cm2) (10217cm2) (10219cm2) (10219cm2)

17 0.15960.011
18.5 0.419
20 0.604
21 0.769
22.5 1.00
25 1.25
27.5 1.58
30 1.75
32.5 2.07
35 2.21
40 2.41
45 2.49 0.0045
50 2.53 0.121
55 2.53 0.392
60 2.51 0.806
65 2.51 1.14
70 2.52 1.37
75 2.51 1.47
80 2.54 1.60
90 2.55 1.74
100 2.51 1.80 0.978
110 2.48 1.81 2.10
120 2.42 1.78 3.07
140 2.33 1.68 4.71
160 2.25 1.58 5.32
180 2.17 1.51 5.44
200 2.09 1.38 5.30
225 2.01 1.26 5.09
250 1.91 1.21 5.03
275 1.80 1.09 4.91
300 1.73 1.05 4.86
350 1.58 0.923 5.80 0.163
400 1.47 0.846 6.13 0.426
500 1.27 0.662 6.79 1.04
600 1.13 0.562 7.24 1.29
700 1.01 0.513 7.08 1.31
800 0.914 0.448 6.83 1.47
900 0.850 0.412 6.40 1.31
1000 0.783 0.368 6.47 1.30
04271
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Figure 2 shows the weighted sum of the partial cross s
tions obtained in the present investigation together with
total charge production cross sections of Rapp a
Englander-Golden@8#. It is seen that in every case the tw
sets of data agree to within the combined experimental

- TABLE III. Absolute krypton partial cross sections. The unce
tainties ins(Kr1), s(Kr21), s(Kr31), and s(Kr41) are 65%,
65%, 68%, and67%, unless otherwise indicated.

Energy s(Kr1) s(Kr21) s(Kr31) s(Kr41)
~eV! (10216cm2) (10217cm2) (10218cm2) (10219cm2)

15 0.10260.016
16 0.36760.026
17 0.52960.034
18 0.732
20 1.17
22 1.48
24 1.76
26 2.14
28 2.34
30 2.55
35 2.99
40 3.24
45 3.38 0.24760.027
50 3.45 0.82560.091
55 3.48 1.37
60 3.45 1.87
65 3.49 2.26
70 3.45 2.53
75 3.45 2.80
80 3.43 2.98
90 3.40 3.07 0.3560.09
100 3.33 3.08 0.6960.14
110 3.25 3.04 1.1960.19
120 3.20 3.02 1.6360.18
130 3.11 2.92 2.0060.19
140 3.05 2.73 2.0960.19
150 2.98 2.67 2.25
160 2.91 2.55 2.49
170 2.86 2.50 2.59
180 2.78 2.36 2.75
190 2.72 2.29 2.81 0.8060.28
200 2.68 2.21 2.91 1.1860.15
225 2.54 2.07 3.08 2.1460.23
250 2.42 1.90 3.30 3.2060.29
275 2.29 1.79 3.33 4.0460.33
300 2.19 1.66 3.49 4.85
350 2.01 1.47 3.63 6.27
400 1.85 1.37 3.74 8.01
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
800 1.16 0.814 3.45 9.49
900 1.07 0.754 3.35 9.39
1000 0.984 0.670 3.18 9.01
3-4
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TABLE IV. Absolute xenon partial cross sections. The uncertainties ins(Xe1), s(Xe21), s(Xe31),
s(Xe41), s(Xe51), ands(Xe61) are 65%, 65%, 67%, 69%, 611%, and615%, unless otherwise
indicated.

Energy s(Xe1) s(Xe21) s(Xe31) s(Xe41) s(Xe51) s(Xe61)
~eV! (10216cm2) (10217cm2) (10217cm2) (10218cm2) (10218cm2) (10219cm2)

12 0.1760.05
14 0.7360.05
16 1.3760.08
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 0.1060.01
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 0.09760.049
140 3.97 4.91 1.88 0.3360.17
150 3.89 4.65 1.87 1.0260.17
160 3.78 4.39 1.77 1.5460.20
170 3.67 4.15 1.72 1.9960.25
180 3.58 3.97 1.66 2.74 0.01360.006
190 3.51 3.90 1.66 3.58 0.06360.026
200 3.44 3.73 1.58 4.26 0.1860.07
225 3.25 3.45 1.50 4.81 0.3860.15
250 3.06 3.25 1.42 4.83 0.6260.19
300 2.77 3.05 1.40 4.21 1.0160.26 0.3660.18
350 2.48 2.94 1.37 4.25 1.13 0.8260.25
400 2.31 2.67 1.29 4.09 1.06 1.2860.26
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
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certainties. Indeed, the greatest difference between
maxima of the respective cross sections is only 7%. Gi
that the precision of both data sets is65 –7 %, that the mea
surements are entirely independent, and that data are a
able for five different targets, this is quite a stringent co
parison. It should also be noted that this level of agreem
was previously observed between the data from this lab
tory and that of Rapp and Englander-Golden@8# for mol-
ecules studied by both groups@35#. In fact for every atom
04271
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and molecule studied by the two laboratories agreemen
observed to within the combined uncertainties. These con
erations indicate that a high level of confidence should
accorded to these two data sets.

IV. RESULTS: PARTIAL CROSS SECTIONS

Examination of the previously published data for the p
tial cross sections reveals once again that there is no clea
3-5
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FIG. 2. Total charge production~gross! cross sections for he
lium, neon, argon, krypton, and xenon: present results (d); Rapp
and Englander-Golden@8# (2).
04271
FIG. 3. Partial cross sections for production of Ar1, Ar21,
Ar31, and Ar41.
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DETERMINATION OF THE ABSOLUTE PARTIAL AND . . . PHYSICAL REVIEW A65 042713
consensus as to the correct values. Both absolute mea
ments and relative measurements that have been norma
to other absolute data are considered because these
measurements can in principle yield useful accurate d
There have been quite a few measurements of both ty
reported and the majority of them have already been
viewed by Wetzelet al. @20# and Krishnakumar and Srivas
tava @24#. The typical scatter between the various measu
ments is well illustrated in Fig. 3 which shows the prese
argon partial cross sections together with prior measu
ments. For Ar1 the cross section appears to be establishe
within 610%, although note that the agreement between
many different workers is, in part, due to the fact that no l
than four of these studies@22,24,26,28# were normalized to
the work of Rapp and Englander-Golden@8#. The partial
cross sections for production of Arn1 multiply-charged ions
are much less well established than that for production
Ar1 and the agreement between those studies normalize
the work of Rapp and Englander-Golden@8# is considerably
worse for multiply charged ions than for Ar1. This latter
observation is largely a consequence of the fact that norm
ization procedures based on comparison to known total c
sections are relatively insensitive to the multiply charged
cross sections given that the total cross section is domin
by the cross section for the singly charged ions. Anot
point worth noting is that the reported uncertainties for
partial cross sections tend to be greater than for the t
cross sections, which of course further hampers their c
parison@45#.

In an effort to distinguish the correct from the incorre
data we take as a starting point the conclusion we drew in
last section, namely, that the sum of the partial cross sect
reported in this study give the correct values for the to
cross sections. From this it may be argued that the individ
partial cross sections must themselves be correct. Howe
because the cross sections for the multiply charged ions
much smaller than those for the singly charged ions, sign
cant errors in their values could be present without seriou
affecting the magnitude of the weighted sums. To addr
this possibility it is appropriate to review a few key featur
of the present experimental method. First we note that i
of all species are collected contemporaneously so that
electron beam intensity and the target gas number density
identical during the determination of all partial cross se
tions. Clearly, the collision path length is the same for
product ions. From Eq.~1! it is then apparent that the relativ
magnitudes of the cross sections for the different prod
ions are given solely by the relative magnitudes of the c
responding ion signals. It has been previously demonstr
that the various product ions are both collected and dete
with the same efficiency@10,36,38#. Finally, the count rates
are maintained at a few hundred hertz and tests have sh
no variation of the cross sections with count rate. These c
siderations collectively ensure that, apart from uncertain
due to counting statistics, all partial cross sections are m
sured with the same accuracy. Thus if one partial cross
tion is measured correctly, then all the partial cross secti
are measured correctly. Given the fact that their weigh
sum leads to the correct value for the total cross sectio
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follows that the partial cross sections themselves are corr
We examine this conclusion in light of the previous

published data and in this regard we again look, as we di
the case of the total cross sections, for consistency betw
the entire set of data from two or more laboratories. On
again it is found that very little agreement of this type
observed. In fact, for all five rare gases, only the pres
study, the work of Stephanet al. @22,23#, and the work of
Wetzel et al. @20# consistently agree with one another~Fig.
3!. These comparisons, while perhaps not quite as com
ling as they were in case of the total cross sections beca
the data of Stephanet al. @22#, Stephan and Ma¨rk @23#, and
of Wetzel et al. @20# have significantly larger uncertaintie
than those of Rapp and Englander-Golden@8# and do not
cover as large an energy range, are nevertheless clearly
supportive of the accuracy of the present results.

V. CONCLUSION

Electron-impact ionization of the rare gases has b
studied very extensively over many decades. Many differ
experimental approaches have been utilized but no clear
sensus has heretofore emerged as to the correct value
these cross sections. The problem is that when the data
any two laboratories are compared it is typically found th
while they may agree for one process they may well disag
for another. In these circumstances there is no satisfac
way to distinguish the correct from the incorrect data. In
effort to establish a set of cross sections that may be acce
with confidence, we have performed a comprehensive
perimental study and reviewed our measurements in the
text of the other available data giving credence only to d
sets that are replicated in their entirety by two or more la
ratories. This approach is based on the premise that
extremely unlikely that two or more laboratories could o
tain identical, and yet incorrect, results for a wide range
processes. It is observed that, for all five rare gases,
present total cross sections are in very good agreement
the work of Rapp and Englander-Golden@8#, long considered
the de facto standard. The partial-cross-section measu
ments of Stephanet al. @22#, Stephan and Ma¨rk @23#, and
Wetzel et al. @20#, although of lower precision than thos
reported here, are also in agreement with the present va
for every ionization process studied. The data reported h
therefore, represent a precise modern determination of
partial and total rare-gas cross sections and are uniquely
sistent with both thede facto total-cross-section standard
and other comprehensive, though less precise, studies.
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