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DISCLAIMER -

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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ELECTRON CAPTURE AND LOSS BY IONS IN GASES *

Robert L. Gluckstéern
Yale University, New Haven, Connecticut

November 15, 1954

ABSTRACT

Capture and loss cross sections for ions of infermedié.te atomic number
(Z = 8 to 18) passing throﬁgh low-pressure gases have been calculated. A
mod1f1ed form of Bell's model was used, leadmg to lower capture cross sec:-
tions than the original model. The resultmg equlllbrlum charge dlstrlbutmns
obtained compare favorably with the experimental results of Hubbard and
Lauer. The individual cross sections were obtained from the observed
dependence of the éharge'd_istribution on the stripper thickness; these results
agree reasonably well with the predictions of the calculations, Capture. and
loss of two electrons in a single collision may be signifivcbanvt,, b'ﬁt the effect

on the charge distributions should not be too gre'at, ,

This work was done at the Radiation Laboratory, University of Caleorma,
~with the support of the U. S. Atomic Energy Commission.
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ELECTRON CAPTURE AND LOSS BY IONS IN GASES

Robert L. Gluckstern
Yale Umver51ty, New Haven, Connecticut

November 15, 1954
I. INTRODUCTION

The heavy-ion linear accelerators at the Unlver51ty of Cahforma Radiation
'Laborato_ry and at Yale Univer51ty_are being designed to mclude gas strippers
to increase the efficiency of the ion accelerat1on Experiments descrihed in
the preceding paper have been performed by Hubbard and Lauer1 to determme

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

~using the University of California Radiation Laboratory 4-Mv Van de Graaff v

injector to the 40 -foot—proton accelerator. The purpose of this paper is to »
compare their results with pred1ct1ons based primarily on the model that Bell
used for 1nvest1gat10n of the charge distribution of fission fragments in gases
The most, recent theoretlcal 1nvest1gations of electron capture and 1oss
have been undertaken by Bohr, 3 Bell, 2 and Bohr and Llndhard 4
B.ohr3 and Bohr and Lindhard4 use a S1mp11f1ed Ferm1 Thomas model i'or

the electron shieldmg, and base their estimate of capture and_loss cross sec-

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

Be]ll2 uses a more detailed Fe’rmi—Thomas model for the position, velocity,
and “binding force” of the electrons involved in the collision. Accordi_ng tov
Bohr and Lindhard,,% the agreement between the predictions of the two methods
for fission fragments is good, considering the complicated nature of the

actual collision. I‘n‘this paper a slight modification o.f Bell’s method is use‘d
to calculate the loss and capture cross sections andthe charge distributions
for stripping of oxygen,through argon ions in a yariety of stripping gases for

. ) : - -
a velocity range 3_voto 7vo ',(‘Vo c/13;)

1 E. L. Hubbard and E. J. Lauer,, Phys. Rev. (to be published).

2 G. 1. Bell, Phys. Rev. 90 548 (1953). , .

3 N. Bohr, Kgl. Danske Videnskab Selskab, Mat,-fys. Medd. 18, No. 8
(1948). » o ' -

4 N. Bohr and J. Lindhard, Kgl. Danske Videnskab Selskab, Mat.-fys.
Medd. 28, No. 7 (1954). ~ S :
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II. CALCULATION OF CROSS SECTIONS AND
EQUILIBRIUM CHARGE DISTRIBUTIONS
The stripping pressures used by Hubbard and La.u.er‘1 are sufficiently
smail that the time between successive loss or c'av"p:tur’e collisions is much
greater than the average lifetime of excited eléctron states induced in the
jon in these collisions. > f‘or this reason the ion can be con's'i.d'eir,ed in its
gréund state before each collision, -a.n'd Bell's model of a “rarefied™ gas

s tfip;}ér applies.

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

} elecﬁ.rons assumed to be located at the “half charge“ radn determmed from
a Fermi-Thomas model, i.e., the total charge inside the’ 'Sph.ére corres

' spondlng to the nth electron is Z, -n+ 1/2. The captur‘é.créés 'sec"tion'for;
each strlpper electron by a point charge representmg the 1on is calculated
by k1nemat1c cov151derat1ons regarding the llberatlon and probablhty of
escape of that partlcular electron. The total capture cross section is then

the sum of the individual’capture cross sections for each electron a

For the loss Cross sectlon.9 p051t1ve ion Fermi- Thomas functions are

obtamed by a perturbatlon techmque from the neutral atom functmns 6 The

loss cross section for each ion electron (located at the appropriate “h alf
c':h'ar;g'e"‘ radius}- is obtained by consideriné the electron té be scattered by

a Coulomb-like sfri'ppérbc;ore according to the Rutherford cross section.
The cdfe‘j'charg‘e. is determined from é"'THofhé,s.~Férmi 'c.:}.m,afge distribution
on the basis of a radius detérniined by 'cllasis'ic‘aili considerations involving
the impact parérn‘et_:er‘. O_niy those éle'ct'r’é"ns’de_’aﬂécv'ted'_sﬁffiéi,e'r;tly to e_écape
from the ion are considered lost, and t}%é t'o’c_al loss c}r‘éss- section is then

taken as the sum of the individual loss cross sections.

5 As estimated by Bohr and Linhard (Reference 4, Eq. 6.4)..
6 E. B. Baker, Phys. Rev. 36, 630 (1930}); P. Gombas, D1e statistische
Theory des Atoms und ihre Andwendu.ngexc’m9 Springer (’IQ49)>

VN

N
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Table I. .“Loss and capture cross qectmns for oxygen ions in
‘ ' " Yarious strippers calculated using Bell*s model directly.

o 2.
g
| ‘qu o
a =1 7. =1 7 =18 Z_ = 80
P=q vivy e 2 - 2 2
253 E 0.47 3.6 T 6.6 12.2
v 5 0.20 2.4 4,9 19,7
7 0.099 57 3.5 . 7.5
3 4 3 0.170 1.80 3.6 6.8
5 0.089 1.42 3.2 6.8
7 0.049 0.97 2.4 5.5
4.5 5 3 0.056 0. 77 1.69 3.3
5. 0.042 ~.0.380 1.85 4,2
7 0.026 0. 56 1.59 3.9
5-3 6 3 0.010 0.24 0. 64 i.57
5 0.016 - .0.35 0.88 2.2
7 0.013 . 0.32 0.92 2.4
3 2 3 0.56 2.0 3.2 7.4
-5 0.063 1 0.37 - 0.72 1.66
7. 0.016 0.11 0.22 0. 65
4ap 3 3 1.00 3.4 5.2 11.8
.5 0.111 0. 62 1.21 2.7
7 0.028 0.19 0. 40 1.07
5. 4 3 1.54 5.0 8.2 16. &
R 5 0.173 - G.98 1,717 4.0
7. 0.043 00,29 . 0.61 1.60
6= 5 . 3. 2.2 7.0, . 10,7 22,0
5 0.25 C13 2.4 5.4
T 0.063 0, 40- 10.84 ¢ 2.2
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¥ e,
The results of calculations of loss 4nd capture of electrons for oxygen

"ions stripped by hydrogen (Z2 = 1), 7 nitro_gén (Z ,=v "7>), a'rgon‘(‘Z,2 = 18),

2
and mercury (ZZ =:80), using Bell’s model, are given in Table I, where
T bq is the cro'sz sec;ion for going from an ionic charge p to an ionic : o (
charge q, ao =4 /me is the Bohr radiu,g, and vy = c/1317.

" If the ions pass tﬁ,rough a sufficient thickness of:gas, :an equilibrium
distribution of ion charge states i‘fst"i'erached’long before any significant

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

equilibrium distribution are given by

N :
—»_ Zap. SN =1
N ’ o
q O—Pq
The resulting average charge for oxygen ions, using the information in

Table I, is given in Table II.

Table II. Average charge for equilibfium distribution
of oxygen ions in various strippers.

v/v, Z. =1 z_ =17 7. =18 7. =80

& 3.0 3.8 3.8 3.8
5 3.4 4.3 . 4.5 4.5
6 3.8 4.7 49 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 W

.7 The stripper atom model for Z_ =1 wa;s.taken as the usual Bohr : 4

2
hydrogen atom rather than the Fermi-Thomas model used for

the other strippers.

\
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with sz The average _charge_me,as.ured_",-_ _the._.v_e_r_,_’ is ahout.l_;u’_nit greater
than that predicted. ‘vAs__fthisl{w_cul_d correspond, to a fairly large discrep=
ancy in the pertinent cross .se’ctions,- ‘Bell's, model was re a.e:tamine_d; o

In Bell s calculat1on of capture the cross section is. obtamed as. a
sum of the 1nd1v1dua1 capture cross sections for each. stnpper electron.
The model:for capture that .B:velvl uses, however, does not take into account
the fact that in collisions with small_impact parameters, for which the ’
capture cross sections are greatest; one should _n_gt_ sum the individual
c-.apture cross sections. One sheuld instead consider, at an impact
parameter r _, the probability P (1‘_6) of capturing any electron. The total

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

o =2-njp(r')r dr ..
c o' o0

Application of this me‘dlfication 1ea_ds to the c_o’nclusion that the Aresults
given in Table'l'fer capture are overestlmates A survey of d1fferent
1ons and d1fferent str1ppers 1nd1cated that a sunple but adequate mod1f1ca-
tion is to take 40 pe.rc_.ent_ of the _p_rey}mus_ly ‘calculated capture cross
sections in the range of ion le, stripper gZz, and 'ion velecity of vinte.rest.;
S1nce this raises the average equ111b;r1um charge, 1t can be expected to
improve the agreement w1th expenment

Another d1ff1culty in applymg Bell '8 model to capture and loss of -
electrons from relat1vely l1ght 1ons is that the Ferm1 Thomas descnptmn

of the ion electrons cannot be expected to be accurate for h1gh-charge

-states. For th1s reason, and also to 51mpl1fy the calculatmn of the loss

cross sectmns for d1fferent ions and d1fferent str1ppers, a mod1f1cat1on,

was made in which the ion electrons were located in concentrlc shells \:“:fi}_';i:?: .

with radii chosen to match the known: 1on1zat10n potent1als Although no-
account of the readjustment of the orb1ts 1s taken as electrens are added,
the model should be ‘more real1st_1c,f,e_r the K electrons and even possibly
for the first few LtelectrOns For ions with many electrons one should

undoubtedly return to a Fermi<Thomas distribution,.
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Using the modifications described above (i.e, , capture cross ¢ .
section's reduced to 40 percent of the original values and loss cross
sections obtained from an ion whose’ electron orblts are determmed
directly from the ionization potent1als) one obtams the loss and capture 7 P,
cross sections shown in Figs. 1 through 4 for ox_ygen-(Z1 = 8),. neon
(Z1 = 10), phosphorus (Z1 = ‘15)», and'-arg.on”‘(Z‘l =18) ions being
stripped in argon. Figures 5 and 6 contain c’orr'esponding charge
distributions calculated for subsequent comparison with experiment,

and Fig. 7 contains the predictions for argon ions with v/v0 =4 and 6.
' II. COMPARISON WITH EXPERIMENT

A. Charge Distributions

'As can be seen from Figs. 5 and 6, the agreement between the
measured and calculated charge d1str1but1ons is quite good The peaks
c01nc1de fa1rly well although the measured W1dths are somewhat smaller
| Lhaa those calculated The predlcted and measured average charges
as a functlon of energy are shown in F1g 8 Exper,lmental results of
Reynolds, Scott Wyly,. and Zucker8 and Stephens and Walker9 for nitro-
gen ions m foils are also 1nc1uded The agreement with the results of
Hubbard and Lauer1 is good, the largest d1screpancy being 0.3 of a
charge state The same is true of the data usmg f01ls, 8,9 where the

experlmental results are 0. 2 to 0. 4 of a charge state h1gher than the

precncteci values Bohr and Lmhard pomt out that foils are expected to
glve hlgher average charges than gases because the loss cross sectlons

should be greater for ions that do not have suff1c1ent tlme to return to
. (s

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).

pory

s

9 K. G. Stephens and D. Walker, Phil. Mag. 45, 543 (1954).
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Fig. 1. Modified capture and loss cross sections for oxygen ions

in argon (Z, = 18). -
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Fig. 2. Modified capture and loss cross sections for neon ions
- in argon (Z2 = 18).
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o Fig. 3. ‘Modified capture and loss cross sections for phosphorus ions

in argon (Z, = 18).
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Fig. 4. Modified ‘capture and loss cross sections for-argon ions
in argon (Z, = 18). .
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I ~ ——MODIFIED |
THEORY
—f— EXPERIMENTAL
0 4l © VALUES ]
zA47 325 MEV o
2 (V/V, =2.86) 8.65 MEV
S | . : (V/V, =46T7)
bad
o
i_
I ]
-2
LL .
% 4 8
| ION CHARGE STATE
o ) MU-8570

Fig. 5. Charge distribution at eqdilibrium,for oxygen ions in argon.
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Fig. 6. Cha'rgé distribution at equilibrium for n_ebn ions in argon.
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Fig. 7. Charge distribution at equilibrium for argon ions in argon.



AVERAGE ION CHARGE -

N

(S,

] ;16-‘

(2]

w
T

Fig. 8. Average ion

charge vs. ion velocity.

UCRL-2782

" — MODIFIED THEORY
IN ARGON (a)OXYGEN IONS
-] EXPERIMENT | 15
+ IN ARGON
-
[ T ! ‘ 6
— MODIFIED THEORY |
IN' ARGON (b) NEON IONS
1} EXPERIMENT! 5
"IN ARGON
| | (c)NITROGEN IONS
[ —MODIFIED THEORY /// | R
IN ARGON - — — EXPERIMENT® |
i - IN NICKEL & |
FORMVAR FOILS
e EXPERIMENT®IN
I - ORGANIC FILM |
> 4 6 B
V/V, ‘
MU-8573

\7



-1i7- UCRL-2782

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 c_rvudeness of the

basic model and inaccuracies in the experiment.

B. Cross Se ctions

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. One has, for example,

dN

4
-. 0 -
dx a3™g T TusNs t TNy O Ny

\_évhere x is the strippe:r thickness measﬁred in atoms/cm2 and -Np is the
fraction of ions with chargep. Knowledge of the x dependence of the
Np and de/dx therefore overdetermine the c‘pq, The experiment‘él_
unéertainties, however, 'pa'rticularly in the de/dx, prevent ob,tairiin.g
a unique set of values for the cross sections, A least-squa’fes fit was
obtained, however, leading to the values for 8.7 -Mev oxygen ions in
argon in Table III. The predicted cross sections, obtained f1b-c'>m.'Fig° 1,
are given for comparison.

The cross sections agree remafkably well with those predicted in-
Fig. 1. The only consistent discrepancy seeéms to be that the capture
cross sections for low-c-harge 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 _T.abie 111 for
the least-squares fit are shown in Fig. 9, together with the experime‘ntal
points. As can be seen, the curves in Fig. 9 fall primarily within the
experimental error, Two po_ssible weak points in the comparison, :

however, are
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~ FRACTION OF IONS .
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Table III. Comparison of sxperimental ‘and
_theoretical cross sections. for
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in Fig. 4 of the preceding paper.

in the data.

¢  Obtained from Fig. 1.

8.7-Mev oxygen ion: (V/VO = 4.7)
in argon.
6 ma
: PqQ . ©
v ) - a, oY e
P=>q Experimental Theoretical
3—4 2.27t 0.1 .65
455 1.77 ¥ 0.15 .75
536 0.81 % 0.2 . 80
43 0.14 ¥ 0.1 . 65
54 0.57 % 0.15 95
L b=25 1.22% 0.2 .30
a. Determined from a le‘a'st-équ:é.res fit to the data

Errors listed are estimated from the uncertainty
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(1) the peak in the fraction of 4+ ions seems to occur somewhat

Y y
,]_‘lttle more &&pid%—than A

indicated by the data o o b

earlier than indicated by the data;

. {2) the fractions of 5+ and 6+ 1onslr

IV. DISCUSSION OF RESULTS

The followmg general features of the results appear evident

(1) The capture cross section is 1ndependent of the particular ion,
and varies approximately as the square of the\i-enic charge and inversely
as the 3.5 pewer of the velocity. The numerical values agree quite well
with those obtained from Eq. (4.5) o.f, Bohr and Lindhard. * |

(2) The loss cross sections reach a maximum in the region of interest.
The variation of these loss cross sectiOns'}id’e"‘pends 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'region of ion
Z1 of i.nterest here. ‘ A
{(3) The charge distributions do not vary much in \%zitith as the ion
velocity is changed.. .The average charge is i-r_xci‘ependent of the stripper
material over a wide range of Z

2
. starts to ionize the.K shell, -at which time the average charge increases

, rand increases with velocity until one

less rapidly.
As can be seen from Fig. 9, t}iev least-squares 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 d-ouble
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 jumpsj
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



o

214 - © UCRL-2782

attempt was made to use Bell’s model to calculate these multiple-jump
cross sections. This proved difficult; rhoweVer, .crude estimat_es 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 t(ransitién cross sections. Under these

circumstances the single-jump cross sections in Figs 1‘through 4 would

‘have to be modified. The resolution of the queétibn whether or not

multiple-charge transitions are important evidently requires either a

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

function of stripper thickness, particularly near the zero thickness limit.
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