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Electron-capture and electron-loss cross sections are reported for a large number of combinations
of projectile species (C, Ar, Fe, Nb, and Pb), target gases (H,, He, N,, Ne, Ar, and Xe), projectile
charge states (6+ to 59+), and energies (310 keV/amu to 8.5 MeV/amu). These measured cross
sections are compared with published theoretical calculations and scaling rules.

I. INTRODUCTION

We report measurements of electron-capture and
electron-loss cross sections for a wide range of highly
charged ions with energies between 310 keV/amu and 8.5
MeV/amu, incident on gas targets. These measurements
are used to evaluate recent theoretical calculations and
empirical and semiempirical scaling rules in a charge state
and energy range where few experimental measurements
have been previously published.

The cross sections we have measured are o, ,_, for the
electron-capture process

X9t 4 Y >X9—"t 4 y™+ 4 (m —ne
and 04, ., for the electron-loss process

Xq++Y—>X(q+")++Ym++(m +ne .

The present measurements are primarily of single elec-
tron capture and single electron loss (n =1); some mea-
surements of double electron capture and double electron
loss (n=2) are also reported. Cross sections (Table I)
have been measured for a large number of combinations
of projectile species (C, Ar, Fe, Nb, and Pb), target gases
(H,, He, N,, Ne, Ar, and Xe), projectile charge states (6 +
to 59 + ), and energies (310 keV/amu to 8.5 MeV/amu).

The present discussion is limited to projectiles heavier
than C and energies greater than 300 keV/amu, i.e., the
intermediate to high velocity regime, v /vy > 3.5, where v
is the projectile velocity and v, is the Bohr velocity
(2.2 10% cm/sec). We compare the present results with
previous measurements reported for charge transfer with
fast projectiles.

Much of the current theoretical work on charge
transfer is for an atomic-hydrogen target. Experimental
data for charge transfer of fast multiply charged ions in
an H, target can be compared with theoretical calcula-
tions for an atomic-hydrogen target by use of approximate
factors based on limited experimental results in H, and H
targets. For target ionization! and projectile electron
loss,? cross sections calculated for an atomic-hydrogen
target can be multiplied by a factor of approximately 2 to
compare with measured cross sections in molecular hy-
drogen. The use of such a factor for electron capture pos-
sibly is not justified,>* hence the discussion of theoretical
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electron-capture cross sections will be restricted to rare-
gas targets.

Electron-capture cross sections at the present intermedi-
ate to high velocities (v /vy > 1) have been calculated us-
ing both quantum-mechanical and classical techniques.’
The present discussion will be limited to published calcu-
lations and scaling rules which can be applied directly to
the present experimental collision partners. Although it is
well-known® that the Oppenheimer-Brinkman-Kramers
(OBK) approximation considerably overestimates the ex-
perimental cross sections, several authors have used the
OBK approximation to estimate electron-capture cross
sections or deduce scaling rules theoretically. Rule and
Omidvar’ have used the OBK approximation, modified
by the empirical factor suggested by Nikolaev,® to calcu-
late electron-capture cross sections in Ar targets. Tawara®
has used similarly modified OBK calculations for a scal-
ing rule for He targets. Chan and Eichler’ have used the
classical-trajectory eikonal approximation, which takes
into account the interaction of the captured electron with
both the target and the projectile nucleus, to calculate
correction factors to be applied to cross sections obtained
by the OBK method; these correction factors can be used
for various projectile and target combinations. The full
first Born approximation was used by Janev et al.!° to
deduce a scaling rule for electron-capture cross sections
for multiply charged ion collisions with Ar.

Knudsen et al.!! have used the classical model of Bohr
and Lindhard'? combined with the statistical first-order
Lenz-Jensen atom model to calculate electron-capture
cross sections in various gas targets; their calculations
produced a target-Z scaling of electron-capture cross sec-
tions for different multiply charged ions. We determined
in a previous paper!’® an empirical expression for the
electron-capture cross sections for multiply charged iron
ions in a molecular hydrogen target; we subsequently*
found an empirical universal scaling rule for electron-
capture cross sections for multiply charged ions in a
variety of target gases.

In the case of electron loss the cross sections are
predicted to have a broad maximum as a function of pro-
jectile energy. According to the theoretical work of Bohr
and Lindhard,!? this maximum is expected when the pro-
jectile velocity is slightly greater than the velocity of the
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TABLE 1. Electron-capture and electron-loss cross sections in units of 10~'® cm?/atom (10~'® ¢cm*/molecule for H, and N, tar-
gets). Random standard uncertainties are +5% unless otherwise indicated. Systematic uncertainties contribute an additional +7% to
absolute magnitudes, except for electron-capture cross sections for H, and He targets where systematic uncertainties add —7%,

+ 14% to absolute magnitudes.

Energy Charge
Target Projectile (MeV) MeV/amu state Ogq—1 Ogq—2 Ogq+1 Ogq+2
(;H), 18AT 336 8.4 17 0.0052°¢
(;H), 32Pb 970 4.66 59 0.46° 0.14°
58 0.44* 0.029°¢ 0.143
57 0.48 0.023° 0.175
56 0.46* 0.023° 0.21*
55 0.39 0.017¢ 0.23*
54 0.38* 0.021¢ 0.25°
53 0.332 0.34* 0.023¢
52 0.32 0.015¢ 0.35%
51 0.31 0.015° 0.43
(;H), 4Nb 320 3.43 34 0.21 0.015¢ 0.040°
31 0.12 0.22 0.014°
28 0.10 0.0037° 0.32 0.023°
({H), 6C 13.7 1.14 6 0.17¢
3.7 0.31 6 62
,He s2Pb 970 4.66 54 0.89 0.28
»He «C 13.7 1.14 6 1.0
3.7 0.31 6 130
(4N), 32Pb 970 4.66 54 88 9.0 3.22
1oNe s2Pb 970 4.66 54 48 10.3 1.8° 0.23¢
C 13.7 1.14 6 17.0
18Ar 26Fe 470 8.4 26 6.0 1.3
25 5.7 0.98
18AT 340 8.5 18 2.4*
17 2.4 0.15 0.25
32Pb 970 4.66 54 83 21 2.54
4 Nb 318 34 31 60 16 1.2°
2Fe 190 34 25 45 9.8
24 43 9.4
23 39 8.0 0.34°
18AT 136 34 16 23 43
26Fe 60 1.07 21 143 53
20 150 46*
«C 13.7 1.14 6 33
seXe s2Pb 970 4.66 54 75 26* 3.9%

210% uncertainty.
15% uncertainty.
€20% uncertainty.
930% uncertainty.

electron about to be lost. The measurements presented
here are for energies which are at or slightly below the en-
ergy of the predicted maximum for the present projectiles.

Electron-loss cross sections have been calculated using
Bohr theory* and the Born approximation.!>~!® The Born
approximation has been used by Dmitriev et al.,'> Niko-
laev et al.,'® Gillespie,!” and Shirai et al.!® to calculate
electron loss for hydrogenlike ions in various gas targets,
while Rule and Omidvar’ have used it to calculate
electron-loss cross sections for Fe and O projectiles of
various charge states in atomic hydrogen. The results of

these various theoretical calculations and empirical scal-
ing rules will be compared with the present experimental
data.

I1I. EXPERIMENTAL APPROACH
A. Apparatus
The apparatus and experimental techniques used in the

present measurements have been previously described in
detail.'>!° Tons of the desired energy, mass, and charge
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state from the SuperHILAC accelerator at the Lawrence
Berkeley Laboratory were selected, after passage through
a foil, by momentum analysis and passed through a well-
defined target region. The methods used to ensure correct
charge-state identification and energy measurement are
discussed in Ref. 13.

After passage through the target gas, the beam was
charge-state analyzed using a spectrometer magnet. The
charge-analyzed beams were detected by an array of five
solid-state detectors. This allowed single and double
electron-capture and electron-loss cross sections to be
measured simultaneously. In some cases, when target ion-
ization measurements were being made,'>!® the detector
array was replaced by a double Faraday cup, with which
either 0, ,_1 or 0441 could be measured. Some cross
sections were measured using both methods, and it was
found that the measured cross sections agreed to within
the estimated uncertainties.

The target-gas cell consisted of a differentially pumped
chamber in which the pressure was measured with a capa-
citance manometer which had been calibrated with an oil
manometer. At maximum target-gas-cell pressure the
beam-line pressure in front of the gas cell was maintained
at less than 1X10~* Pa (1 107 Torr) to ensure that the
charge-state purity of the incident beam was better than
99%. The magnetic spectrometer after the gas cell was
maintained at pressures less than 3x10~* Pa (2x10~°
Torr) to minimize charge transfer of the beam during
charge-state analysis.

B. Data acquisition

Cross-section measurements were made for an incident
charge state, after first determining that the detector
count rates corresponding to each of the charge states was
independent of small changes in the spectrometer magnet-
ic field. Data were then accumulated to achieve better
than 1% counting statistics for at least ten different target
gas-cell pressures for each collision system. Beam at-
tenuation was, in all cases, less than 10%. Least-squares
fits of the g +n fractions as a function of target thickness
gave the cross sections g 4+,. Corrections for beam at-
tenuation and second-order processes were included in the
analysis."?

C. Uncertainties

The random standard uncertainty in the cross sections
was obtained from uncertainties in the least-squares fit
(which averages the contributions from counting statistics,
zero drift in the capacitance manometer, and correction
for second-order processes) and from possible beam-

energy drift during a sequence of measurements. The
latter effect is estimated to contribute £2% to the uncer-
tainties in present measurements. The former contribu-
tion varies somewhat from measurement to measurement,
depending on the magnitude of the effects mentioned.
The random standard uncertainty is generally +5%, but
was as large as +30% for a few measurements. The ran-
dom standard uncertainty for each particular measure-
ment is given in Table I.

Systematic uncertainties occur in the determination of
the target thickness (calibration of the capacitance
manometer and determination of the gas-cell length) and
are estimated to be +4%; in possible beam loss through
scattering, estimated to be +5%; and in possible impuri-
ties in the target gas. The effect of impurities will depend
on the gas target; it is maximum for H, and He, for which
the charge-transfer cross sections are small. Therefore,
measurements with these gases were made before those in
heavier targets, and care was taken to ensure that gas lines
were not contaminated. In one sample of H, analyzed for
impurities, 0.06% of N, was detected. From the data ob-
tained at 4.66 MeV/amu with Pb*** projectiles, we esti-
mate impurities at this level could lead to a 1% overesti-
mate of electron-loss cross sections and a 12% overesti-
mate of electron-capture cross sections for the H, and He
targets. The effects of similar impurity levels for the
heavier targets would be negligible.

The combined systematic uncertainties are, therefore,
estimated to be 7% for electron-capture and electron-loss
cross sections in N,, Ne, Ar, and Xe and for electron-loss
cross sections in H, and He, while electron-capture cross
sections in H, and He are estimated to have systematic
uncertainties of —7% and + 14%. The absolute stan-
dard uncertainty can be obtained by combining the ran-
dom and systematic uncertainties in quadrature.

III. RESULTS AND DISCUSSION

All of the cross sections measured in this work are
given in Table I. The cross sections for each of the charge
changing processes will be discussed separately.

A. Single electron capture

Direct comparison of the present results for o, ,_; with
previous experimental measurements is difficult since
there are few measurements reported for the energies used
with the present projectiles. Measurements?>2! for which
direct comparison is possible are shown in Table II. In
these three cases the present and previous measurements
agree within the combined experimental uncertainties.

The present electron-capture cross sections show a dis-

TABLE II. Comparison of present single-electron-capture cross sections with those reported previ-

ously, in units of 10~'® cm?/atom.

Energy
Target Projectile (MeV/amu) Present Previous Reference
,He (C5+ 1.14 1.0075% 0.81+0.05 20
1sAr 26Fe?+ 8.4 5.7+0.5 5.0 +1.0 21
18AT 2Fe?+ 8.4 6.0+0.5 55 x1.1 21
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tinct dependence on the charge state g of the projectile, as
expected. To quantify the charge-state dependence, we as-
sume a simple power-law dependence and determine the
exponent from a least-squares fit of the cross sections,
without consideration of the relative uncertainties. The
uncertainty in the exponent is taken to be the standard de-
viation obtained for the least-squares fit. In the case of
Pb?™* projectiles (=51 to 59) incident on H, the capture
cross sections obtained at 4.66 MeV/amu show a g 2%
dependence, while those obtained with Nb?* projectiles
(g=28, 31, and 34) incident on H, at 3.43 MeV/amu ex-
hibit a ¢3-8*!7 dependence, in general agreement with the
¢*" dependence we reported previously for Fe?* projec-
tiles.!* These are the only projectiles for which sufficient
data exist to establish a ¢ dependence. Most theories for
fully stripped ions predict a ¢° dependence in the inter-
mediate velocity regime, going to ¢° in the limit of high
velocities.
The single-electron-capture cross sections (Table I) are
presented in Fig. 1 using the reduced parameters
0Z5%/¢%% and E=E /(Z}%¢%7) from our empirical
sca]mg rule for single electron capture, where o is the
single-electron-capture cross section, Z, is the atomic
number of the target gas, g is the projectile charge state,
and E is the projectile energy in keV/amu. The reduced
parameters were determined by a nonlinear least-squares
fitting routine to our present and our previously reported
single-electron-capture cross sections.*
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FIG. 1. Single-electron-capture cross sections for multiply
charged ions incident on various gas targets plotted in terms of
reduced parameters 3=0Z3*/¢% and E=E /(Z;%°q%") (Ref.
4). Symbols: C projectiles on H,, B; He, X; Ne,¥; Ar, . Ar
projectiles on Ar, V. Fe projectiles on Ar, . Nb projectiles on
H,, A; Ar A. Pb projectiles on H,, O; He,8; N, ¥; Ne, 9F; Ar,
@. Also shown: Fe projectiles on H, (Ref. 13), ®. The line
represents the scaling-rule function (Ref. 4) described by Eq. (1)
in the text. [Data for H, and N, are divided by two, and Z,
values of 1 and 7, respectively, are used to obtain the reduced
parameters (Ref. 4).]

The solid line in Fig. 1 represents the scaling relation
reported in Ref. 4:

Ez—l'l—x—l—(-)——[l—exp(O 037E 2%)]
E4 8
X [1—exp(—2.44X 1073E 29)] . (1

This empirical scaling rule contains no explicit depen-
dence on the projectile atomic number Z,. We have
found that 70% of all the electron-capture cross sections
measured by both the present authors and others, when
plotted in these reduced parameters, lie within a factor of
2 of the curve described by Eq. (1).* However, within
these limits, there are some features which suggest a pro-
jectile species dependence. The most obvious feature is
the C%t cross sections in H, and He which lie above the
scaling-rule line. Less obvious, on the compressed scale of
Fig. 1, is the tendency for Pb?™ cross section in H, to lie
above, Nb?* cross sections to lie close to, and our previ-
ous Fe?*t cross sections!® to lie below, the scaling rule
line.
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FIG. 2. Double-electron-capture cross sections 0,4, Vs g in
H, and Ar. Present experimental results: ¢, Ar?+ (3.4 and 8.4
MeV/amu); ¥, Fe?t (1.07 and 8.4 MeV/amu); B, Nb?+ (3.4
MeV/amu); @, Pb?* (4.66 MeV/amu). Previous experimental
results: O, 0?1 (1.1 MeV/amu) Ref. 22; 0, F?* (1.1 MeV/amu)
Ref. 23; A, CI'** (1.0 MeV/amu) Ref. 24. Lines are to guide
the eye. The numbers represent the approximate energy in
MeV/amu.
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B. Double electron capture

Double-electron-capture cross sections for Pb?+ (g=51
to 58) at 4.66 MeV/amu in H, are shown in Fig. 2 as a
function of incident charge state. The double-electron-
capture cross sections are generally about a factor of 20
lower than those for single electron capture. The double-
electron-capture cross sections show a ¢(®*?) dependence,
compared to the ¢32*%® dependence found for the
single-electron-capture cross sections. The double-
electron-capture cross sections we report here are apparent
cross sections; transfer ionization (e.g., double electron
capture into a doubly excited state followed by autoioniza-
tion) would appear in the single-electron-capture channel.

We also present in Fig. 2 double-electron-capture cross
sections (Table I) for the various multiply charged ions in
Ar (closed symbols) as a function of incident charge state.
The double-electron-capture cross sections are about a fac-
tor of 4 less than those for single electron capture in Ar.
Also shown (open symbols) are previously reported
double-electron-capture cross-section measurements for
F?* and 0% at 1.1 MeV/amu (Refs. 22 and 23) and
CI®* at 1.0 MeV/amu.?* The double-electron-capture
cross sections for lower-g projectiles appear to have a
steeper charge-state dependence than those for the
higher- g projectiles reported in Table 1.
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FIG. 3. Single-electron-loss cross sections 04,41 vs ¢ in H,.
Present experimental results: M, Nb?*; @, Pb?+. Previous ex-
perimental results: V, Fe?* (Ref. 13).
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FIG. 4. Single-clectron-loss o, cross sections as a func-
tion of the atomic number of the target gas for incident 4.66
MeV/amu Pb*+. (The results for H, and N, are divided by 2.)

C. Single electron loss

Single-electron-loss cross sections measured in the
present work for H, are shown in Fig. 3. The cross sec-
tions exhibit a strong charge-state and projectile-species
dependence.

Our previously reported measurements!>? for Fe?* in
H, are also shown in Fig. 3. The Fe?* measurements!>?’
with g > 10 showed a ¢ —° to ¢ ~'° dependence, while the
present data show a ¢‘~%1%%4 dependence for Pb¢*+ and
about g ~!! for Nb?+,

The target-gas dependence of electron-loss cross sec-
tions for 4.66 MeV/amu Pb>** in various gas targets is
presented in Fig. 4. The cross sections are seen to increase
monotonically with the atomic number of the target gas.

D. Double electron loss

A few measurements of double-electron-loss cross sec-
tions are presented in Table I. There are too few data to
draw any conclusions, except that they are generally an
order of magnitude less than the single-electron-loss cross
sections for the same ion.

IV. COMPARISON WITH THEORY

A. Electron capture

The present measured single-electron-capture cross sec-
tions are compared with published theoretical calculations
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TABLE III. Comparison of present single-electron-capture cross sections, previously published theoretical calculations, and cross
sections obtained from theoretically derived scaling rules. Cross sections are in units of 10~'% cm*/atom.

Charge Energy Present
Target Projectile state (MeV/amu) Measurement Theoretical cross sections
Ref. 11 Ref. 7 Ref. 10 Ref. 9 Ref. 8
,He «C 6 0.310 130739 49 174 180
1.14 1.030% 0.94 1.11 0.43
.2Pb 54 4.66 0.8979% 6.8 1.62
1sAr 6C 6 1.14 33 £2.8 19 20
1sAT 18 8.4 2.4+0.3 1.8 5.8 2.3
17 8.4 2.4+0.2 1.5 5.0 1.9
16 3.4 23 +2 12 54 28
Fe 26 8.4 6.0£0.5 3.4 16.2 10
25 8.4 5.7+0.5 4.7 14.4 9.4
25 3.4 45+4 43 257 110
24 3.4 43+4 42 191 98
23 3.4 39435 40 167 87
21 1.1 143+12 420 3420 710
20 1.1 150+13 400 2940 640
4Nb 31 3.4 60+5 67 190
g2Pb 54 4.66 83+7 140 875

in Table ITI. The modified OBK calculations of Chan
and Eichler’ give good agreement with the present mea-
surements for C®* in He, but the agreement is poorer for
4.66 MeV/amu Pb>*+ in He. The cross sections calculat-
ed by Rule and Omidvar,’ also using a modified OBK ap-
proximation, overestimate the present measurements in
Ar.

Several single-electron-capture scaling rules based on
theory have been published as mentioned previously. The
present measurements are compared in Table III with
cross sections obtained from these scaling rules. The
cross sections obtained from the scaling rule of Knudsen
et al.,'! based on the Bohr and Lindhard'? model, are
generally in reasonable agreement with the present mea-
surements. Those obtained from the scaling rule of
Tawara,® based on a modified OBK approximation, show
agreement only at the lowest energy. The cross sections
obtained from the first-Born-approximation scaling rule
of Janev et al.,'® which are applicable to fully stripped
ions, show good agreement with the measured cross sec-
tions for C®* and Ar'®t: 17+ 18+ projectiles, but the cross
sections for other projectiles and charge states are overes-
timated.

TABLE IV. Comparison of present single-electron-loss cross
section for Ar!’* + H,, at 8.4 MeV/amu, with theoretical calcu-
lations. The theoretical calculations are for atomic hydrogen
and are multiplied by 2 for comparison. Cross sections are in
units of 102! cm?/molecule.

Experiment Theory Reference
52+1.1
6.0 15
6.0 16
29 17
7.2 18

B. Electron loss

Theoretical calculations which can be compared with
the present measurements have generally been restricted to
hydrogenlike ions.!*~!® These calculations are compared
in Table IV with our measurements for Ar'’* in H,. The
calculations, all based on the Born approximation, are for
atomic-hydrogen targets, and have been multiplied by two
for comparison. The agreement among the experimental
cross sections and most of the calculated values is good.
Born calculations for non-hydrogen-like ions generally un-
derestimate the present experimental results by more than
an order of magnitude.

The Bohr theory,?® which is valid for higher energies
than those used in the present work, is found to consider-
ably overestimate the single-electron-loss cross sections of
Table I. Knudsen et al.?’ have shown that, for heavy gas
targets at lower energies and charge states, the Bohr
theory gives quite good target-gas dependence. For tar-
gets heavier than nitrogen, the present measurements for
4.66 MeV/amu Pb*+ show a Z347*%% gependence,
where Z, is the atomic number of the target. The Bohr
theory?® predicts a Z>% dependence at higher energies.

V. CONCLUSIONS

We have measured electron-capture and electron-loss
cross sections for a variety of fast multiply charged ions
in a number of gas targets. Measured single-electron-
capture cross sections were found to be in reasonable
agreement with the modified OBK calculations of Chan
and Eichler® and the classical Bohr and Lindhard calcula-
tions of Knudsen et al.!! Double-electron-capture cross
sections are substantially lower than single-electron-
capture cross sections, by a factor of ~20 in H, targets
and a factor of ~4 in Ar targets. The double-electron-
capture cross sections also exhibit a steeper charge-state
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dependence than the single-electron-capture cross sections.

Electron-loss cross sections show a strong charge-state
and projectile-species dependence. A g% dependence is
found in the present energy regime, which is consistent
with that which we reported previously for Fe? ™ projec-
tiles.!>1°

Theoretical calculations of electron-loss cross sec-
tions for hydrogenlike ions based on the Born approxima-
tion are generally in good agreement with our experimen-
tal measurements for Ar'’* in H,, but underestimate the
cross sections for other projectiles.
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