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ELECTRON CAPTURE AND LOSS BY IONS IN GASES* 

Robert L. Gluckstern 
Yale Uniyersityt New Haven; Connecticut 

November 15, 1954 

ABSTRACT 

Capture and loss cross sections for ions of intermediate atomic number 

(Z
1 

= 8 to 18) passing through low-pressure gases have been calculated. A 

modified form of Bell's model was used, leading to lower capture ~ross sec;;, 

tions than the original modeL The resulting equilibrium charge distributions 

obtained compare favorably with the experimental results of Hubbard and 

Lauer. The individual cross sections were obtained from the observed 

dependence of the charge distribution on the stripper thickness; these results 

agree reasonably well with the predictions of the calculations, Capture arid 

loss of two electrons in a single co~lision may be significant, but the effect 

on the, charge distributions should not be too great. 

* This work was done at the Radiation Laboratory, University of California, 
with the support of the U. S. Atomic Energy Commission. 



-3- UCRL-2782 

ELECTRON CAPTURE AND LOSS BY IONS IN GASES 

Robert L. Gluckstern 
Yale University, New Hav~n. Connecticut 

•. ,. 

November )5, 195.4 

I. IN TROD UC TION 

'I'he heavy .. ion linear accelerato~s at the. University of California Radiation 

Laboratory and at' Yale University are being designed to include gas strippers 

to increase t;he efficiency of the ion acceleration. Experiments described in 
. 1 

the preceding paper have been performed by Hubbard and Lauer to determine 

the charge distributions for stripping oxygen and neon ions in various gases, 

. using the University of California Radiation Laboratory 4-:-Mv Van de Graaff 

inJector to the 40 ... foot:;proton accelerator. The purpose of this paper is to 
·.. . ... . . .·.. 2 

compare their results with predictions based primarily on the model that Bell 

used for investigation of the charge distribution of fission fragments in gases. 

The most recent theoretical investigations of electron capture and loss 
.. . . ' 3 2 . . 4 

have been undert~ken by Bohr, Bell, and Bohr and Lindhard. 
3 . . .· ··. 4 

B.ohr and Bohr and Lindhard use a simplified Fermi-Thomas model for 

the electron shielding, and base their estimate of capture and loss cross sec ... 

· tions on general features of a classical description of the ion-atom collision. 
2 . . 

BeU. uses a more detailed Fermi-Thomas model for the position, velocity, 

aumd "binding force" of the electrons involved in the collision. According to . . . 
4 . 

Bohr and Lindhard, the agreement between the predictions of the two methods 

for fission fragments is good, considering the complicated nature of the 

actual coHision. In this paper a slight modification of Bell's method is used 

to calculate the loss and capture cross sections and the charge distributions 

for stripping of oxygen through argon ions in a variety of stripping gases for 

'-" a velocity. range 3v
0 

t() 7v
0 

(v
0 

= c/137,). 
~----5",_ ______________ _ 

l E. L. Hubbard and E .. J. Lauer, Phys. Rev~ (to be published). 
2 G. I. Bell, Phys. Rev. 90. 548 (1953). 
3 N. Bohr, Kgl. Danske Videnskab S~lskab, Mat. "'fys. Medd. 18, No. 8 

(1948). 
4 N. Bohr and J. Lindhard, Kgl. Danske Videnskab Sels~b, Mat. -fys. 

Medd. 28, No. 7 {1954). · 
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II. CALCULATION OF CROSS SECTIONS AND 
EQUILIBRIUM CHARGE DISTRIBUTIONS 

1 
The stripping pressures used by Hubbard and Lauer are sufficiently 

small.that the time between successive loss or capture collisions is much 

greater than the average lifetime of exdt~d el~ctron states induced in the 

ion in these collisions. 5 For this reason the ion can be considered in its 

ground state before each collision, and Bell;s model of a "rarefied;; gas 

stripper applies. 

For the capture cross section Bell's model is applied with the stripper 

. electrons a~sumed to be located at the "half charge'' ~adii determined from 
. . . 

a Fermi-Thomas model, i.e., the total charge inside the sphere corre- · 

sponding to .the nth electron is z
2 

- n, + i /2. The capture cross secHon for 

each. stripper electron by ~ point charge representi~g the ion is ca1~rilated 

by kinematic considerations regarding the liberation and probability of 

escape of that particular electron. The total caphire cro~s s~ction is then 
.. 

the sum of the individual capture cross sections for each electron. 

For .the loss eros s section, positive -ion Fermi ... Thomas fun~tions a:te 

obtained by a perturbation technique from the neutral atozri fun~tions. 6 The 

loss cross section for each ion el,ectron (located at the appropriate "half 
~ . 

charge'' radius} is obtained by considering the electron to be scattered by 

a Coulomb -like stripper ~ore accordi~g to the R~therford cross :Section. 

The core charge is determined from a ·Thomas -Fermi charge distribution 

on the basis of a radius det~rmined by ·classical considerations involvilll\g 

the impact parameter. Only tho~e electrbhs deflected sUffide~tly to escape 

from the ion are considered lost, and the total loss cross section is then 

taken as the sum of the individual loss cross sections. 

5 As estimated by Bohr and Linhard (Reference 4; Eq' 6A). · 

6 E. B. Baker, Phys. Rey-.. 36, 630 P930);,J?~· Go~b~s, Die statistische 

Theory des Atoms und ihre Andwendung.ern, Spr~nger. ( il949J. 
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. ·-., ,- .. ' : 

Table I. Loss and capture cross sections for oxygen ions in 
. various strippe~·s c7alcuiated using :Be1i•s model directly. 

. .. 1 2 cr · 7Ta · 
pq 0 

lJ 

J 
'. ~ '; 

p-+ q 
7 7 ""'18 v/v z2 ::::: 1 zz ~ z zz ~ 80 

0 2 

3 0.47 3.6 6.6 12. 2. 
5 0.20 2. ·'1' 4;9 9.7 
7 0.099 :. 57 3, 5 7.5 

3~ 4 3 0.170 l. 80 3. 6 6.8 
5 0,089 l. 42 3.2 6.8 
7 0.049 0..97 2.4 5.5 

4~ 5 3 0.056 0.77 1.69 3. 3 

5 0.042 .0 .. 80 L 85 4,2 
7 0,026 0.56 L 59 3.9 

5~ 6 3 0.010 0.24 0.64 L 57 
5 0.016 0 .. 35 0 .. 8.8 2.2 
7 0.013 0.~2 0.92 2.4 

3~ 2 3 0.56 2.0 3.2 7.4 
5 0.063 0.37 0.72 L 66 
7. O,Oi6. 0. ll 0.22 0.65 

4=$> 3 3 1.00 3.4 5.2 lL 8 

5 O.Ul 0.62 L 21 2.7 
7 0.028 0. 19 0.40 l. 07 

3 1.54 5'·. 0 8.2 16, 6 
5 0.173 009.5 1.77 4.0 

7 0.043 0,?9 0.61 L 60 

3 .:2.2 . 7. 0, .1 0. 7. 22.0 6-+ 5 . , 

5 0.25 1.3 2.4 5.4 

7 '0.063 0.40 0.84 2.2 



UCRL-2782 

'$." 

The results of calculations of loss and capture o( electrons for oxygeri 

ions stripped by hydrogen (Z
2 

= 1)~ 7 nitrogen (Z
2

_=· 7), ~rgon·(z2 = 18), 

and mercury (Z
2 

==80), ·.1sing Bell's modelt are given in Table I; where 

a- is the cross section for going from an ionic charge p to an ionic 
pq 2 2 . 

charge q, a
0 

=11 /me is the :J3ohr radiu,s, and v 
0 

= c/137. 

If the ions pass through a sufficient thickness of: gas, .an equilibrium 

distribution of ion charge states rs: reached _long before any significant 

energy degradation takes place. The fractions of the various ions in this 

equilibrium distribution are given by 

~ N -1 
p 

The resulting average charge for oxygen ions, using the in.formation in 

Table I, is given in Table II. 

Table II. 

v/v z2 = 17 
0 

4. .3; 0 

5 ·3.4 

6 3.8 

Average charge for equilibrium distribution 
of oxygen ions in various strippers. 

z2 = 7 z = 18 z = 80 2 2 
• J ... 

3.8 3.8 3.8 

4.3 ·4.5 4.5 

4.7 4.9 5.0 

The average charge, as well as the entire charge distribution, 

,seems to increase slightly with increased Z of the stripper, not.incon-· 

sistent with the experimental determination of no significant variation 

, 7 The stripper .atom model tor z
2 

7 1 was taken as the usual Bohr 

hydrogen atom rather than the Fermi-Thomas model used for 

the other strippers. 

i.j 

•• 
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with z2 ~ The average charge me~sux:ed_, h.o~e.v:e~ ,, is apout J u.nit greater 

than that predicted. As this would co,rrespond. to a fairly lal'ge disc;rep;.. 
. ·. .. . . . ' ' ·· ..... -.. . 

ancy in the p~rtinent eros s seCtions; _Bell's, model was r~ "-examine,&. , 

. In Bell's calculation pf capture, t.he eros~ secti,on is ~btained as a 
. ' .. . . ·;· . 

sum: of the individual capture cr.oss sections for _each stripper electron'. 

The modelfor capture that Bell us~s, however, does n~t take into accoun.t 

the fact that in collisipns with sm.all imp~ct parameters; for which the . 

capture cross secti.ons are greatest, one should n.o.t su,m the indiyidual 
·'· - . ' 

capture cross sections. One shoul4 instead consider. at an impact 

parameter r 
0

, the probability P (r
0

) of capturing any electron. The t_otal 

capture cross section. according to Bells's prescription, would then be 

a- = 211' (P(r ) r dr . c Jl 0 0 • 0 

Application of this modification leads to the c9nclusion that the results 
' . 

given in .Table I for capture are ov:etestimates. A survey of different 

ions and differe~t strippers indicated that a simple but adequate modifica.o. 

tion is .to take 40 percent of the previou,s1y 'calculated capture cross 

sections in the range of ion Z 
1
, stripper z

2
, and ion velocity of interest! 

Since this raises the average equilibrium charge, it can be expected to 

impr.ove the agreement with experiment. 

Another diffic'!llty iri ~pplying Bell's model to capture and loss of 
. ·.· ' ' . ! . 

electrons h·om relatively light io~s is that the Ferrni .. Thomas description 
' ., . 

of the ion electrons cannot be expecte,d to be accurate for high-:-charge 

states!. For this reason. an.d also to simplify the calculation of the loss 

cross sections for different. io'fls and different strippers, ~ modificatio_n 

was :made in which the ion electrons were located in c.oncentric shells 

with radii ch()sen to match the knownioniza.tion potentials-. Although no 

account _of the readjustment of- the orbits is taken as electrons are added, 
· .. ' ' -. \ ' ,' ,· . . 

the. model should l?e more realis~ic.for th.e_Kelech·ons and even possibly 

fo:r the first few ~lelect.r,ons.. For ions with :many electrons. <>ne sh.ould 

undoubtedly return to a Fer:mi•Thomas dis.tribution~ 
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Using the modifications described above (i.e, , ca-pture cross , 

sections reduced to 40 percent of the original values and loss cross 

sections obtained from an ion whose electron orhits are determined 
.... . 

directly from the ionization potentials) one ob~ains the l_oss and capture 

eros s sections shown in Figs. 1 through 4 for oxygen·( Z 
1 

= 8),. neon 

(Z 
1 

= 10), phosphorus (Z
1 

= 15), and argon (Z
1 

= 18) ions being 

stripped in argon. Figures 5 and 6 contain corresponding charge 

distributions calculated for subsequent comparison with experiment, 

and Fig. 7 contains the predictions for argon ions with v /v = 4 and 6. 
0 

III. COMPARISON WITH EXPERIMENT 

A. Charge Distributions 

As can be seen from Figs. 5 and 6, the agreement between the 

measured and calculated charge distributions is quite good. The peaks 

coincide fairly well although the measured widths are somewhat smaller 

than those calculated. The predicted and measured average charges 

as a function of energy are shown in Fig. 8. Experimental results of 
. 8 9 

Reynolds, Scott, Wyly, and Zucker and Stephens and Walker for nitro-

gen ions in foils are also included. The agreement with the results of 
. 1 -

Hubbard and Lauer is good, the largest discrepancy being 0.3 of a 

charge state. The same is true of the data using foils, 
8

' 
9 

where the 

experimental results are 0. 2 to 0. 4 of a charge state higher than the 
4 

pred1ctea values. Bohr and Linhard point out that foils are expected to 

give higher average charges than gases because the loss cross sections 

should be greater for ions that do not have sufficient time to return to 

8 Reynolds, Scott and Zucker, Phys .. Rev~ 95, 671 (1954); 
'. -. "' 

H. L. Reynolds and A. Zucker, Phys. Rev. 95, 1353 (1954); 
Reynolds', Wyly, and Zucker, Phys. Rev. (to be published). 

9 K. GG Stephens and D. Walker; PhiL Mag. 45, 543 (1954). 
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4 ---MODIFIED CAPTURE CROSS 
SECTION. 

-MODIFIED LOSS 
I CROSS SECTION 

I 
I 
I 

I I 
I 6_..5 
I I 

3 1 I 8+7 
5-\.4 \ \ \ 

I 17~6\ \ 
(Jpq I \ \9•8 

7TO 2 4~3 I \ \ \ \ 0 \ 
\ \ \ \ \ \ 2+ 3 
\ \ \ \ \ \ 

2 \ 
\ \ \ \ \ \ 

\ \ \ \ \ \ 
\ \ \ \ \ \ 3+ 4 

MU-8566 

Fig. l. Modified capture and loss cross sections for oxygen ions 

in argon (Z
2 

= 18). 
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---MODIFIED CAPTURE CROSS SECTION 
--MODIFIED LOSS CROSS SECTION 

. I 

2+3 

3+4 

4.+5 

5+6 

M U-8567 

Fig. 2. Modifi~d capture and loss cross sections for neon ions 
in argon (Z

2 
= 18). 
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4 
---MODIFIED CAPTURE CROSS SECTION 
--MODIFIED LOSS CROS SECTION 

I 

2+3 

3 

3+4 
0'" pq 4+3 
7T'C 2 \ 

0 \ 
\ 

2 \ 
\ 
\ 

3+2 \ 
\ \ 
\ \ 
\ \ 
\ \ \ \ 

\ 
\ 

9+10 

10+11 

11+12 

12+13 
0 

2 4 6 
vfvo 

8 

MU-8568 

r:; -
Fig. 3. Mod'itied capture and loss cr~ss sections for phosphorus ions· 

in argon (Z
2 

= 18). 
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---MODIFIED CAPTURE CROSS SECTION 
--MODIFIED LOSS CROSS SECTION 

' ' ' ' \ 
3+2 ' . \ 

5+6 

6+7 

MU-8569 

UCRL-2782 

Fig. 4. Modified capture and loss cross sections f()r argon ions 
in argon (Z

2 
= 18). 

.. 



-1:3- UCRL-2782 

~ 
--MODIFIED 

THEORY 

+EX PERl MENTAL 
(/) VALUES 
z.4 3.25 MEV 
0 (V/V

0 
=2.86) I 

8.65 MEV I I..L (VjV
0 

=4.67) 0 
~l z I 0 

f- I u 
I ~.2 

I..L I :t: 

I 

~//J /I 
00 2 4 6 8 

ION CHARGE STATE 
MU-8570 

Fig. 5. Charge distribution at equilibrium for oxygen ions in argon. 
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+ ~X PER I MENTAL I VALUES 

--MODIFIED 3.1 MEV 
.4 THEORY (V/V0 =2.50) 

(f) I \ ·z 
0 I \ 10.3 MEV 
IJ.. I \ . (V/V

0
=4.55) 

0 I \I z 
0 I \ 
t;.2 /I \ I 
.<! I, -a::: I IJ.. 

I ./ ~ 
I / ~ 

I / ~ 
/ ..;.,-""'//I I~......._ 

0 
/ -

0 2 4 6 8 
ION CHARGE STATE 

MU-8571 

. I 

Fig~ 6. Charge distribution at equilibrium for neori ions in argon. 
v 
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--MODI FlED THEORY 

tJ .2 
<{ 
a:: 
LL 

0~---J~--~----~----~----~--~----~----~--~ 
4 6 8 10 12 

ION CHARGE STATE 
MU-8572 

Fig. 7. Charge distribution at equilibrium for argon ions in argon. 
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5 · f EXPERIMENT
1
ii 

IN ARGON 

5 

4 

w 
(.!) 

<t4 a:: 
w 
> 
<t 

4 

7 

-.-MODI FlED THEORY 
6 

IN ARGON (b) NEON IONS 
f E.XPERIMENT 1 

· IN ARGON 5 
.-----'-----' 

(c) NITROGEN IONS 
- ._..,· 6 -------·MODI FlED THEORY / / 5 

IN ARGON / 
/ 

/ 
-- EXPERIMENT 8 

IN NICKEL a 
FORMVAR FO!LS 

4, 

• EXPERIMENT 9 1N 
ORGANIC Fl LM 

3 3 
~-~2~--L----~4-----L----~6-----L--~8 

vjv0 
MU-8573 

Fig. 8. Average ion charge vs. ion velocity. 
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their ground states after a collision. It would, however, be dangerous 

to consider this comparison between experiment and theory in Fig. 9 (c) 

as a verification of the "density" effect, because of the crudeness of the 

basic model and inaccuracies in the experiment. 

B. Cross Sections 

The individual capture and loss cross sections can in principle be 

obtained from the dependence of the charge distribution on stripper 

thickness shown in Fig. 4 of the preceding paper. 
1 

One ha·s, for example, 

' 2 where xis the stripper thickness measured m atoms/em and N is the . p 

fraction of ions with charge p. Knowledge of the x dependence of the 

N and dN /dx therefore overdetermine the o- . The experimental 
p p . pq 

uncertainties, however, particularly in the dN /dx, prevent obtaining 
p . 

a unique set of values for· the cross sections. A least-squares fit was 

obtained, however, leading to the values for 8. 7 -Mev oxygen ions in 

argon in Table III. The predicted cross sections, obtained from Fig. 1, 

are given for comparison. 

The cross sections agree remarkably well with those predicted in 

Fig. L The only consistent discrepancy seems to be that the capture 

cross sections for low-charge states are smaller than expected, causing 

the experimental equilibrium charge distribution to be slightly narrower 

than those predicted. The variation of the charge distributions with 

stripper thickness corresponding to the cross sections ·in Table III for 

the least~squares fit are shown in Fig. 9, together with the experimental 

points. As can be seen, the curves in Fig. 9 fall primarily within the 

experimental error. Two possible weak points in the comparison, 

however, are 
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.2 

·~-' .. 
· .. . ,.._ 

-PREDICTIONS OF LEAST- SQUARES 
FIT TO DATA 

1--f--fEXPERIMENTAL POINTS FOR IONIC 
CHARGES +3, +4,+5,+6. 

5+ 

6+ 

4+ 

3+ 

. ' 

.. T 

T 

I 
I 

-

2 4 6 :1\;j 10 

·STRIPPER THICKNESS-10 16 ATOMS/cm 2 

MU-8574 

Fig. 9. Charge distribution vs. stripper thickness for 8. 7 -Mev 
.oxygen ions. 

II 

\:./ 



Table III. 

p~-q 

4~J 

5-+4 

6-....; 5 

-19-

Comparison of :cxpe:rirnental aq.d 
. theoretical cross sections-_.for 
8. 7 -Mev oxygen ion:· (v/v = 4. 7) 

0 
in argon. 

<:r /Tfa 
2 

pq 0 

UCRL-2782 

.. . a:, b 
Expenmental 

c 
Theoretical 

--.--------~-~ 

2. 27 ± 0. l 

l. 77 + 0. 15 

0. 81 + 0. 2 

o. 14 ± 0. l 

0~57 + 0. 15 -
l. 22 + 0.2 -

--------~~-. 

2.65 

l. 75 

0.80 

0.65 

0.95 

l. 30 

a . Determined from a least-squ'~ res fit to the data 
in Fig. 4 of the preceding paper. 

b Errors listed are estimated from the uncertainty 
in the data. 

c Obtained from Fig. 1. 
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( l) the peak in the fr'!lction of 4+ ions seems to occur somewhat 

earlier than indicatefi by tpe data.; · .. ·::,~,~~:.>:.:,;;.;_,:~:>··: ... ~ · .: fe, ... i 
{2) the fractions of"5+: arid' 6+ ions; r1~:~·-;a:·'iit'tle more ~than 

indicated by the d!1ta. 
~. '\ 

.. 
IV. DISCUSSION OF RESULTS 

The following gener~l features of ~he r~sults appear evident: 
··,.· 

( 1) The capture eros s section is independ~nt of the partiCular ion, 

and varies approxim,ate!y as the squ<l:re of the jonic charge and inversely 

as the 3. 5 power of thE;! velocity. The n-umerical values agre~ quite well 
4 

with those obtained from Eq. (4.5) of Boh~ and Lindhard. 

{2) The loss cross sections reach a maximum in the region of interest . 
. 1'. . . . 

The variation of these loss cross sections· depends quite sensitively on the 

model used for the ion electrons. There appears to be some ·question . 

whether Eq. (4. 2) of Bohr and Lindhard is applicable in the·r~gion of ion 

zl of interest here. 

(3) The charge distributions do not vary much in width as the ion 

velocity is chap~ed. ~- . The aver~.ge charge is independent of the stripper 

material over ·a wide range of z
2

, · ~n·d inc'i·ea.~e~ with velocity until one 

starts to ionize the.K shell, at which time the average .charge._increc;ses 

less rapidly. 

As can be seen from Fig. 9, the least;-sq';la:tes fit to the data does not 

go through the experimental points as closely as one might hope. One 

possible reason is that the assumption of transitions only between 

adjacent charge states may not be valid. The possible presence of double 

and triple jumps is suggested by the rapid rise of the 5+· and 6+ ions in 

Fig. 9. Attempts were made to fit the data using double and triple jumps;· 

although the new parameters lead to a closer fit to the data, the experi-

mental uncertainties do not permit one to show the definite existence of 

these two- and three -charge state transitions. On the other hand, an 
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attempt was made to use Bell's model to calculate t:q.ese multiple ;.jump 

cross sections. This proved difficult; however, crude estimates lead 

readily to the conclusion that the cross sections for both loss and capture 

transitions· of two ;-charge states may be as high as 50 percent of the 

corresponding single-charge transition cross sections. Under· these 

circumstances the single-jump cross sections in Figs. Lthrough 4 would 

have to be modified, The resolution of the question whether or not 

multiple -charge transitions are important evidently requires either a 

more detailed model of the collision1 or sufficiently accurate data .as a 

function of stripper thickness, parti.cularly near the zero thickness limit. 
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