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ABSTRACT 

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 (H2, He, N2, 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. 
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I. INTRODUCTION 

We report measurements of electron-capture and electron-loss cross sec

tions 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 semi-empiri

cal scaling rules in a charge-state and energy range where few experimental 

measurements have been previously published. 

The cross sections we have measured are electron capture 

a xq+ + y ~ X(q-n)+ +.ym+ + (m-n)e 
q,q-n 

and electron loss 

aq,q+n: 

The present measurements are primarily of single-electron capture and 

single-electron loss (n = 1); some measurements of double-electron capture and 

double-electron loss (n = 2) are also reported. Cross sections (Table 1) have 

been measured for a large number of combinations of projectile species (C, Ar, 

Fe, Nb and Pb), target gases (H2, He, N2, 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, 

vIvo > 3.5, where v is the projectile velocity and Vo is the Bohr velocity 

(2.2 x 108 cm/sec). We compare the present results with previous 

measurements reported for charge transfer wi th fast projecti res. 

r~uch of the current theoretical work on charge transfer is for an atomi c-

hydrogen target. Experimental data for charge transfer of fast multiply 

charged ions in an H2 target can be compared with theoretical calculations 
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for an atomic-hydrogen target by use of approximate factors based on limited 

experimental results in H2 and H targets. For target ionization! and pro

jectile electron 10ss,2 cross sections calculated for an atomic-hydrogen 

target can be multiplied by a factor of approximately two to compare with 

measured cross sections in molecular hydrogen. The use of such a factor for 

electron capture possibly is not justified,3,4 hence the discussion of 

theoretical electron-capture cross sections will be restricted to rare-gas 

targets. 

Electron-capture cross sections at the present intermediate to high veloci-

ties (vivo> 1) have been calculated using both quantum-mechanical and clas

sical techniques. 5 The present discussion will be limited to published cal

culations and scaling rules which can be applied directly to the present ex

perimental collision partners. Although it is well known6 that the 

Oppenheimer-8rinkman-Kramers (aSK) approximation considerably overestimates 

the experimental cross sections, several authors have used the OBK approxima

tion to estimate electron-capture cross sections or deduce scaltng rules theo

retically. Rule and Omidvar7 have used the OBK approximation, modified by 

the empirical factor suggested by Nikolaev,6 to calculate electron-capture 

cross sections in Ar targets. Tawara8 h~s used similarly modified OBK cal

culations for a scaling rule for He targets. Chan and Eichler9 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 ob

tained 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. lO to deduce a scaling rule for electron-capture cross 

sections for multiply charged ion collisions with Ar. 
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Knudsen et al ll have used the classical model of Bohr and Lindhard12 

combined with the statistical first-order Lenz-Jensen atom model to calculate 

el ectron-capture cross secti ons in vari ous gas targets; thei real cul ati ons 

produced a target-Z scaling of electron-capture cross sections for different 

multiply charged ions. We determined in a previous paper13 an empirical ex

pression for the electron-capture cross sections for multiply charged iron 

ions in a molecular hydrogen target; we subsequently4 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 projectile energy. According to the 

theoretical work of Bohr and Lindhard,12 this maximum is expected when the 

projectile velocity is slightly greater than the velocity of the electron 

about to be lost. fhe measurements presented here are for energies which are 

at or slightly below the energy of the predicted maximum for the present 

proj ecti 1 es. 

Electron-loss cross sections have been calculated using Bohr theory14 

and the Born Approximation. 1S- 18 The Born approximation has been used by 

Dmitriev et al.,IS Nikolaev et al.,16 Gillespie,17 and Shirai et al. 18 

to calculate electron-loss for hydrogen-like ions in various gas targets, 

while Rule and Omidvar7 have used it to calculate electron-loss cross 

sections for Fe and 0 projectiles of various charge states in atomic hydro-

gen. The results of these various theoretical calculations and empirical 

scaling rules will be compared with the present experimental data. 
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II. EXPERIMENTAL APPROACH 

A. Apparatus 

The apparatus and experimental techniques used in the present measure

ments have been previously described in detail. 13,19 Ions of the desired 

energy, mass, and Charge-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 i denti fi cati on and energy measurement are di scus

sed in Ref. 13. 

After passage through the target gas, the beam was Charge-state ana1y-

zed using a spectrometer magnet. fhe charge-analyzed beams were detected by 

an array of five solid-state detectors. This allowed single and double elec

tron-capture and electron-loss cross sections to be measured simultaneously. 

In some cases, when target ionization measurements were being made,13,19 the 

detector array was replaced by a double Faraday cup, with which either 

0q,q_1 or 0q,q+1 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 capacitance 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 

1 x 10-4 Pa (1 x 10-6 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 3 x 10-4 Pa (2 x 10-6 rorr) to 

minimize charge transfer of the beam during charge-state analysis. 
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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 

magnetic 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 attenuation was, in all cases, less than 10%. Least-

squares fits of the q ~ n fractions as a function of target thickness gave the 

cross sections a q ~. Corrections for beam attenuation and second-order ,q n 

processes were included in the analysis. 13 

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 correc

tion 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 uncertainties in present measurements. The former contribution 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 random standard uncertainty for 

each particular measurement is given in Table 1. 

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 t5%; and in possible impurities in the target 
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gas. The effect of impurities will depend on the gas target; it is maximum 

for- H2 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 H2 analyzed for impurities, 0.06% of N2 was detected. 

From the data obtained at 4.66 MeV/amu with Pb54+ projectiles, we estimate 

impurities at this level could lead to a 1% overestimate of electron-loss 

cross secti ons and a 12 % overestimate of e1 ectron-capture cross secti ons for 

the H2 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 N2, Ne, Ar and 

Xe and for electron-loss cross sections in H2 and He, while electron-capture 

cross sections in H2 and He, are estimated to have systematic uncertainties 

of -7% and +14'10. The absolute standard uncertainty can be obtained by combin-

ing the random and systematic uncertainties in quadrature • 

. 
III. RESULTS AND DISCUSSION 

All of the cross sections measured in this work are given in Table 1. 

The cross sections for each of the charge changing processes will be discussed 

separately. 

A. Si ng1 e-E1 ectron Capture 

Direct comparision of the present results for 0q,q_1 with previous 

experimental measurements is difficult since there are few measurements 

reported for the energies used with the present projectiles. Measure

ments20 ,21 for which direct comparison is possible are shown in Table 2. In 

these three cases the present and previous measurements agree within the 

combined experimental uncertainties. 
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The present electron-capture cross sections show a distinct dependence 

on the charge-state, q, of the projectile, as expected. To quantify the 

charge-state dependence, we assume 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 deviation obtained for the least-squares fit. 

the case of Pbq+ projectiles (q = 51 to 59) incident on H2 the capture 

cross sections obtained at 4.66 MeV/amu show a q3.2 % 0.6 dependence, while 

those obtained with Nbq+ projectiles (q = 28, 31, and 34) incident on H2 

at 3.43 Mev/amu exhibit a q3.8 % 1.7 dependence, in general agreement with 

the q3.15 dependence we reported previously for ieq+ prOjectiles. 13 

In 

fhese are the only projectiles for which sufficient data exist to establish a 

q dependence. Most theories for fully stripped ions predict a q3 dependence 
5 in the intermediate velocity regime, going to q in the limit of high 

velocities. 5 

fhe single-electron-capture cross sections (fable 1) are presented in 

iig. 1 using the reduced parameters a = a Z~·8/qO.5 and E = £/(Z~·25qO.7) from 

our empirical scaling rule for single-electron capture,4 where a is the 

single-electron-capture cross section, Z2 is the atomic number of the target 

gas, q is the projectile charge-state, and E is the projectile energy in 

keV/amu. The reduced parameters were determined by a non-linear least-squares 

fitting routine to our present and our previously reported single-electron

capture cross'sections. 4 

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

Ref. 4: 

- 8 -



w 

This empirical scaling rule contains no explicit dependence on the pro

jectile atomic number, Zl' We have found that 70% of all the electron-cap
ture 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. 1.4 However, within these limits, there are some features 

which suggest a projectile species dependence. The most obvious feature is 
the C6+ cross sections in H2 and He which lie above the scaling-rule 
line. Less obvious, on the compressed scale of rig. 1, is the tendency for 
Pbq+ cross sections in H to lie above, Nbq+ cross sections to lie close 
to, and our previous re~ cross sections 13 to lie below, the scaling rule 
line. 

B. Double-Electron Capture 

Double-electron-capture cross sections for Pbq+ (q = 51 to 58) at 

4.66 MeV/amu in H2 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 q(6 % 2) dependence, compared 

to the q(3.2 % 0.6) 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., 2-electron capture into a 

doubly excited state followed by auto-ionization) would appear in the 

single-electron capture channel. 

We also present in fig. 2 double-electron-capture cross sections 

(Table 1) 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 factor 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 q+ and oq+ at 1.1 MeV/amu22 ,23 and 

Cl 13+ at 1.0 MeV/amu.2~ 
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The double-electron-capture cross sections for lower-q pro- jectiles appear to 

have a steeper charge-state dependence than those for the higher-q projectiles 

reported in Table 1. 

C. Single-Electron-Loss 

Single-electron-loss cross-sections measured in the present work for 

H2 are shown in fig. 3. The cross sections exhibit a strong charge-state 

and projectile-species dependence. 

Our previously reported measurementsl3 ,25 for Feq
+ in H2 are 

also shown in Fig. 3. The Feq+ measurements 13,25 with q > 10 showed a 

q-9 to q-l0 dependence, while the present data show a q(-8.1 * 0.4) de

pendence for Pbq+ and about q-ll for Nbq+. 

The target-gas dependence of electron-loss cross sections for 

4.66 MeV/amu Pb54+ in various gas targets is presented in Fig. 4. The cross 

sections are seen to increase monotonically with the atomic number of the tar-

get gas. 

D. Double-Electron-Loss 

A few measurements of double-electron-loss cross sections are presen-

ted in Table 1. fhere 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 cr.oss sections are com-

pared with published theoretical calculations in Table 3. The modified OSK 

calculations of Chan and Eichler9 give good agreement with the present mea-
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surements for C6+ in He, but the agreement is poorer for 4.66 MeV/amu 

Pb54+ in He. The cross sections calculated by Rule and Omidvar,7 also 

using a modified OBK approximation, overestimate the present measurements in 

Ar. 

Several sing1e-e1ectron-capture scaling rules based on theory have 

been published as mentioned previously. The present measurements are compared 

in Table 3 with cross sections obtained from these scaling rules. fhe cross 

sections obtained from the scaling rule of Knudsen et al.,11 based on the 

Bohr and Lindhard12 model, are generally in reasonable agreement with the 

present measurements. Those obtained from the scaling rule of Tawara,8 

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 a1.,10 which are applicable to fully stripped ions, show 

good agreement with the measured cross sections for C6+ and Ar16+,17+,18+ 

projectiles, but the cross sections for other projectiles and charge states 

are over-estimated. 

B. Electron-Loss 

Theoretical calculations which can be compared with the present 

measurements have generally been restricted to hydrogen-like ions. 15-18 

These calculations are compared in Table 4 with our measurement for Ar+17 in 

H2. The calculations, all based on the Born approximation, are for atomic

hydrogen targets, and have been multiplied by two for comparison. The agree

ment among the experimental cross sections and most of the calculated values 

is good. Born calculations for non-hydrogen-like ions generally underestimate 

the present experimental results by more than an order of magnitude. 
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The Bohr theo~,26 which is valid for higher energies than those used in 

the present work, is found to considerably overestimate the sing1e-e1ectron

loss cross sections of Table 1. Knudsen et a1. 27 have shown that, for heavy 

gas targets at lower energies and charge states, the Bohr theory gives Quite 

good target-gas dependence. For targets heavier than nitrogen, the present 

measurements for 4.66 MeV/amu Pb54+ show a Z~·47 ~ 0.02 dependence, 

where Z2 is the atomic number of the target. The Bohr theory26 predicts a 

Z~·67 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 Eich1er9 

and the classical Bohr and Lindhard calculations of Knudsen et a1. 11 

Doub1e-e1ectron-capture cross sections are substantially lower than sing1e-

electron-capture cross sections, by a factor of - 20 in H2 targets and a 

factor of - 4 in Ar targets. The double-electron-capture cross sections also 

exhibit a steeper charge-state dependence than the sing1e-e1ectron-capture 

cross sections. 

Electron-loss cross sections show a strong charge-state and projectile

species dependence. A q-8 dependence is found in the present energy regime, 

which is consistent with that which we reported previously for feq+ projec

tiles. 13,15 

fheoretical calculations15- 18 of electron-loss cross sections for hydro-

gen-1ike ions based on the Born approximation are generally in good agreement 

with our experimental measurements for Ar17+ in H2, but underestimate the 

cross sections for other projectiles. 
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FIGURE CAPTIONS 

1. Single-electron-capture cross sections for multiply charged ions inci

dent on various gas targets plotted in terms of reduced parameters 

2. 

3. 

4. 

; = cr Z~·8/qO.5 and £ = E/(Z~·25qO.7).4 Symbols: 

C projectiles on H2,. ; He, • ; Ne, + ; Ar, D. Ar projec-

tiles on Ar, 'V • Fe projectiles on Ar,O. Nb projectiles on 

Ar, 6. Pb projectiles on HZ' 0 

Ne, ¢ Ar,. Also shown: Fe projectiles on HZ (Ref. 13),. 

The line represents the scaling-rule function4 described by Equa

tion 1 in the text. (Data for H2 and N2 are divided by two, and 

Z2 values of 1 and 7, respectively, are used to obtain the reduced 

pa rameters. 4) 

Double-electron-capture cross sections cr 2 vs q in H2 and Ar. q,q-
Present experimental results: • , Arq+ (3.4 and 8.4 MeV/amu); 'Y , 

Feq+ (1.07 and 8.4 MeV/amu): ., Nbq+ (3.4 MeV/amu); • , Pbq+ 

(4.66 MeV/amu). Previous experimental results: 0 , oq+ (1.1 

MeV/amu) Ref. 22, 0, Fq+ (1.1 MeV/amu) Ref. 23; 6. , Cl 13+ (1.0 

MeV/amu) Ref. 24. Lines are to guide the eye. The numbers represent 

the approximate energy in MeV/amu. 

Si ng1 e-e1 ectron-l oss cross secti ons cr +1 vs q in H2. Present q,q 
experi menta 1 resul ts: • , Nbq+ ~ ., Pbq+. Previ ous 

experimental results: 'V , F'eq+ (Ref. 13). 

Sing1e-e1ectron-1oss cr +1 cross sections as a function of the q,q 
atomic number of the target gas for incident 4.66 MeV/amu Pb54+. 

(The results for H2 and N2 are divided by 2). 

3996A 

- 16 -



T.bl. 1. Electron c.pture and electron-loss cross ~ectlon In units of 10-18 c.Z/.t~ (10- 18c.Z/molecule for 

HZ .nd "Z urgetsl. bn~ sun4ird uncerUlntles are * 5X unless otllt ... lse Indicated. Systetll-
tic unc.rtalntles contribute .n addition_I * 7~ to absolute .. gnltudes, except for electron-capture 

cross sections for HZ .nd He ur.gets wllere systetlltlc unc.rUlntles .dd -a, • 14~ to absolute 
.. gnltudts. 

TAA&t:T PROJEC- EH£RIIY MeV/ .. CHARGE Gq,q_l Gq,q-Z Gq,q·l Gq,crZ 
TILE (MeV' STAfE 

HZ AI' l36 8.4 17 O.OO5Zc 

Po 970 4.66 59 o.uc 0.14b 

sa 0.44- 0.02ge 0.14l 
57 0.48 O.02lb O.17S 
56 0.46- O.02lb 0.21' 
55 0.l9 O.Ol1d 0.2l-
54 0.38- 0.0214 0.25-
53 O.ll- 0.34' 0.02l4 

52 0.l2 O.OlSd O.lS' 
51 O.ll o.oub 0.43 

• l.43 34 0.21 o.OUc O.04Ob 

11 0.12 0.22 (I.oub 

ZI 0.10 0.0031° 0.l2 O.02Jo 

C 13.7 1.14 6 O.l~ 
l.1 O.ll 6 Oil 

Pta 910 4.66 54 0.89 0.28 

C 13.1 1.14 6 1.0 

C l.7 O.ll 6 130 

liz Pta 910 4.66 54 sa 9.0 3.2-

Me Po 910 4.66 54 ... 1O.l 1.Sc O.23d 

C ll.7 1.14 6 11.0 

ie 410 1.4 26 6.0 1.l-
25 5.1 0.91 

340 1.5 II 2.4-
11 2.4 0.15 0.25 

,. 910 4.66 54 8l Zl 2.5d 

• 311 J.4 11 60 1~ 1.2c 

F. 1911 l.4 25 45 9.8 .. 24 41 9.4 
2l 39 8.0 0.34b 

Ar 136 l.4 16 23 4.3 

;e 60 1.01 21 143 SJ 

20 150 46' 

C ll.7 1.14 6 33 

Xe Po 970 4.66 54 75 2ft· l.9· 

• • 10: IIllurulnCy; D • 15: lIIICerulncy; c • 20: unc.rulncy; 4 • 30: uncerulnty. 
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Table 2. Comparison of present single-electron-capture cross sections 
with those reported previously, in units of 10-18 cm2/atom. 

TARGET PROJECTILE ENERGY PRESENT PREVIOUS REF. 
(MeV/amu) 

He C6+ 1.14 1 -0 09 
.00+0:15 0.81:1:0.05 20 

Ar Fe25+ 8.4 5.7i:0.5 5.0:1:1.0 21 

Fe26+ 8.4 6.0i:0.5 5.5i:1.1 21 

- 18 -



Tible 3. Co.,arlson of present sfngle-electron-capture cross sections. prevfously publfshed theoretical calcu-
litfons and cross sectfons obtilned fro. theoretically 4erfved scaling rules. Cross sections are In 
units of 10- 18 c.2/ata.. 

CHARGE ENERGY PRESENT THEORETICAL CROSS SECTIONS 
TARG£T PROJECTILE STArE MeY/ •• u MEASUItOENT 

Ref. U Ref. 7 Ref. 10 Ref. 9 Ref. 8 

He C 6 0.310 130 
-10 

49 
'20 

174 1011 

1.14 1.0 
-0.08 
>0.14 

0.94 1.11 0.43 

• Pb 54 4.66 8 -0.08 O. 9 
>0.,13 

6.8 1.62 

Ar C 6 1.14 33 -Z.8 19 20 

Ar 18 8.4 2.4 -0.3 1.8 5.8 2.3 

17 8.4 2.4 00.2 1.5 5.0 1.9 

16 3.4 23 -2 12 54 28 

Fe 26 8.4 6.0 00.5 3.4 16.2 10 

25 8.4 5.7 -0.5 4.1 14.4 9.4 

25 3.4 4S *4 43 257 110 

24 3.4 43 *4 42 191 98 

23 3.4 39 -35 40 ' 161 81 

21 1.1 143 -12 420 3420 110 

20 1.1 lSO -13 400 2940 640 

NIl II 3.4 60 -5 61 190 

Pb 54 4.66 8J -1 140 815 

.:.. i 9 -



Table 4. Comparison of present single-electron-loss cross section for 
Ar17+ +H2, at 8.4 MeV/amu, with theoretical calculations. 
The theoretical calculations are for atomic hydrogen and are 
multiplied by two for comparison. Cross sections are in units 
of 10-21 cm2/molecule. 

EXPERIMENT THEORY REFERENCE 

5.2±1.1 

6.0 15 

6.0 16 

2.9 17 

7.2 18 

- 20 -
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