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TABLE II. The ratio of twice the frequency shift 26v,

to the electron linewidth Ay at different temperatures. OsF

The polarization of the Rb atoms was estimated from the

absorption of pumping light.

8.8x107"
=——— cm
v
From Table II one sees that the ratio of the fre-
quency shift to linewidth decreases with increasing

Temperature temperature, but that this change may be entirely
(K) 26/ Av Polarization due to a decrease in the Rb polarization.
190 0.19+0.05 0.2+0.1 A smaller frequency shift was observed in the
300 0.15+0.01 0.2+0.1 experiment described in Ref. 2 and the polarization
600 0.055+ 0.015 0.1+0.05 of Rb atoms were estimated to be close to unity.

We believe this estimate to be wrong and that a
better estimate would have made the result quoted
in Ref. 2 consistent with ours.
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Iodine ions, accelerated to energies between 5 and 25 MeV, have been passed through thin
targets of hydrogen and oxygen, and nonequilibrium charge-state distributions have been
measured in order to obtain charge-changing cross sections. Results of cross sections for
capture of one and two electrons, and for loss of one to eight electrons are presented for ions
with initial charge states ranging from 2* to 18*. Multiple-electron loss of iodine ions has
been found to be relatively large in oxygen, but small in hydrogen. This systematic difference
reveals the influence of different excitation mechanisms in energetic ion-atom collisions.

The dependence of the cross sections on initial charge and velocity of the ions is discussed
and, whenever possible, compared with theoretical expectations.

1. INTRODUCTION available. No further comprehensive theoretical

approaches have been reported. Experimental

Electron loss and capture by fast heavy ions in
collisions with target atoms have been the subject
of studies ever since fission fragments have been
available. Bohr,! Bell,? and Bohr and Lindhard®
presented theoretical formulations prior to 1955,
i.e., at a time when essentially no experimental
information on charge-exchange cross sections was

results on cross sections for heavy ions with nu-
clear charges Z > 18 have been measured in a few
cases for krypton® and iodine ions®; more extensive
investigations have been performed using iodine
ions in N, by Angert et al.® on capture cross sec-
tions, and by Méller et al.” on loss cross sections.
Datz et al.® reported mainly single-electron-cap-
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ture and -loss cross sections for bromine ions at
13.9 and 25 MeV in H;, He, and Ar, and Betz

et al.? measured mult ple-electron-capture and
-loss cross sections for bromine and iodine ions
between 6 and 15 MeV in H, and He. Recently, a
comprehensive review article on charge states and
charge-changing cross sections of fast heavy ions
penetrating through gaseous and solid media has
been prepared.l?

In this paper, we report extensive sets of cross
sections o(g, ¢') for initial projectile charge states
g ranging from 2* to 18" and for transfer of n=¢’

— g electrons, where #» ranges from — 2 to+ 8. This
is the first experiment in which multiple-electron
loss has been measured very accurately for many
adjacent initial charge states of a heavy ion in a
relatively heavy target. Single-electron-capture
cross sections are presented for a particularly
wide range of initial charge states (in one case,

15 charge states have been used), enabling sys-
tematic studies of the charge-state dependence
o,(g). Double-capture cross sections have been
studied in detail, as well as single- and multiple-
electron-loss cross sections. The dependence of
the cross sections on the ion velocity and on the
target species is discussed. We demonstrate that
our results cannot be adequately described by
means of existing theories. It appears necessary
to develop substantially revised and more compre-
hensive models for charge exchange of fast heavy
ions. Furthermore, the need for more extensive
experimental results for other ion species and at
higher projecticle velocities is pointed out, espe-
cially because existing data are too limited to
serve as a basis for satisfactory quantitative inter-
polations and extrapolations with regard to the
basic parameters Z, ¢, ion velocity v, and target
species Z,.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The apparatus has been described previously,® !
as well as the procedure and technique of analy-
sis.®® It is sufficient to say that nonequilibrium
charge-state fractions Y(g, x) have been measured
for varying target thicknesses and for varying in-
cident charge states, and the cross sections have
been determined by a least-squares fit using the
exact solution of the well-known system of differ-
ential equations,

T T o6, )70 -old, 0¥ )],
where x denotes the target thickness in molecules/
cm? and ¢ is given in units of cm?/molecule. Re-
sidual-ion excitation has been taken into account
and the reported cross sections refer to the state
of excitation in which the ions enter the target cell.
It is believed that this is the ground state in only

|o»

a few cases. Thus, our capture cross sections,
though determined with an accuracy usually better
than ~10%, may be too small by a factor of ~2 as
compared to the ground-state values. The effects
of residual-ion excitation on electron-capture and
-loss cross sections have been discussed previ-
oulsy.'?'13

The capture cross sections associated with very
high initial charge states have been obtained by
means of the attenuation method as described in
Ref. 14 and are, therefore, total-capture cross
sections. Since they have been fitted to the in-
dividually obtained capture cross sections in the
region of overlap, errors may, in these cases,
be large because added contributions, especially
of the double-capture cross sections, can only be
estimated.

III. RESULTS

Table I summarizes the experimental param-
eters, and Tables II and I list all of the investi~
gated cross sections for hydrogen and oxygen tar-
gets, respectively, arranged in the order of in-
creasing values of E, n, and g. Errors are gen-
erally below 10% for relatively large cross sec-
tions for single capture or loss (except for the
values obtained from the attenuation method where
80, /0, may reach a factor of perhaps 2), are some-
what larger for multiple loss, and are largest for
double capture (~50%).

Figures 1-6 illustrate some typical trends which
are discussed in the following paragraph. Figures
1 and 2 show the dependence of o on ¢, Fig. 3
shows the particular case of 15-MeV iodine ions
in oxygen for which multiple-loss cross sections
have been measured in detail. The velocity de-
pendence o(v) is illustrated in Fig. 4. Some
relative cross sections

TABLE I. List of experimental parameters; ¢, de-
notes the charge states of the incident ions for which in-
dividual cross sections o(gy, go+n) have been measured;
nla=max (z) for multiple loss. Attenuation cross sec-
tions o, (g}) have been measured for values of g* within

the indicated range.

E (MeV) Target 4, a; n

;

max
5 H, 2-7 6-15 3
10 3-9 9-18 3
15 5-11 11-17 3
20 6-10 12-16 2
25 10 14-15 1
5 0, 2-7 6-14 4
10 3-10 9-16 3
15 5-11 11-18 8
20 6-10 12-16 3
25 10 14-15 1
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ka=0(g, g +n)/o(q, q+1)
are shown as a function of ¢ and » in Figs. 5 and
6, respectively.

The interpretation of the capture cross sections
is often difficult because it is generally not known
whether the measured values refer to the ground
state or to the excited states of the ions; it has
been noted above that o, may decrease significant-
ly when the excitation of the capturing ions is in-
creased.!® Whenever our capture cross sections
have been measured for different residual-ion ex-
citation, only the largest values are listed in Ta-
bles II and III, corresponding to the ground state
or to the states of lowest investigated excitation.

A comparison of characteristic trends in the
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data with theory is necessarily hindered because
most theoretical results are valid only in re-
stricted ranges of the basic parameters, and these
limitations are, in general, not clearly spelled
out, or because no theory exists which appears to
be applicable to the experimentally investigated
cases. For example, explicit theoretical formulas
give simple power functions for the dependence of
single-capture and -loss cross sections as a func-
tion of v, but most of the measurements have been
performed in velocity ranges where the cross sec-
tions are near a maximum. Furthermore, the
important processes of multiple-electron loss and
multiple-electron capture have not yet received
sufficient attention from theorists.

TABLE II. Charge-changing cross sections (g, ¢’) of iodine ions passsing through hydrogen at energies between 5

and 25 MeV, in units of 10"1% cm?/molecule.
responding value of o.

Columns list initial charge state ¢, final charge state ¢’, and the cor-

S

q q o q 4 o q q o q q o q ¢ o
5 MeV 10 MeV 15 MeV 20 MeV 25 MeV
2 1 3.540 3 2 3.210 5 4  2.810 6 5 1.490 10 9  3.510
3 2 9.390 4 3 5,990 6 5  3.080 7 6 1.270 14 13 13.000
4 3 14.600 5 4 9.080 76 5.250 8 7 2.790 15 14 16.000
5 4 18.000 6 5  13.700 8 7 7.720 9 8 6.330 10 8  0.010
6 5  20.800 7 6 18.100 9 8 11.500 10 9 9.000
7 6 18.500 8 7 18.300 10 9 16.600 12 11  14.400 10 11  0.205
8 7 22.000 9 8  24.000 11 10 20.900 13 12 18.000
9 8 31.000 10 9 27.000 12 11 26.000 14 13  25.000
10 9 36.000 11 10  31.000 13 12 29.000 15 14  29.000
11 10  41.000 12 11  36.000 14 13 39.000 16 15  35.000
12 11  47.000 13 12 41.000 15 14  44.000
13 12 53.000 14 13 53.000 16 15 51.000 7 0.150
14 13  67.000 15 14  62.000 17 16  60.000 6 7 0.780
15 14  85.000 16 15  172.000 6 4 0.134 7 8  0.560
s 0 0.025 17 16  88.000 7 5 0.040 8 9 9.464
3 1 0. 256 18 17  99.000 8 6 0.287 9 10 0.267
4 3 0.801 3 1 0.144 9 7 0.095 10 11 0.217
5 3 1.990 4 2 0.300 10 8  0.298 7 9 0.052
6 4  1.650 5 3 0.499 9 1 0.
7 5 1.190 6 4 0.735 5 6 0.778 ' 040
6 7 0.703
2 3 2.740 7 5 1.06 7 8 0.391
3 4  1.650 g8 6  0.272 8 s 0.901
4 5 0.065 3 4 1.890 9 10 0.140
2 ?1 g-i";g 4 5 1.320 10 11 0.106
7 8 0,044 2 $ g'?,gz 5 7 0.201
. 6 8 0.172
2 4 0.700 7 8 0.669 7 5 0.099
Z ‘Z g"igz 8 9 0.372 8 10  0.064
5 7 0.023 3 5 0.686 5 8  0.041
e 8 0019 4 6 0.405
5 7 0.332
4 7 0.019 7 9 0.319
3 6  0.369
4 7 0.230
5 8 0.152
6 9 0.348
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Charge-changing cross sections o(q, q’) of iodine ions passing through oxygen at energies between 5 and

25 MeV, in units of 10~'¢ cm?/molecule. Columns list initial charge state ¢, final charge state ¢’ and the corresponding

value of o.
g 4 o g ¢ o q 4 [ q q o q q o
5 MeV 10 MeV 15 MeV 20 MeV 25 MeV
2 1 2,860 3 2 3.240 5 4 5,800 6 5  4.580 10 9 7.690
3 2 8.330 4 3 6.980 6 5  7.710 7 6 5,510 14 13  21.000
4 3 14,100 5 4 9,950 7 6 10.700 8 7 7.520 15 14 25.000
5 4 17,100 6 5 14.600 8 7 13,400 9 8 13,500 o 8 1.080
6 5  20.300 7 6 15.100 9 8 16.100 10 9  16.000 .
7 6 16.700 8 7  20.500 10 9 21.500 12 11 20.000 10 11 0.533
8 7 30,000 9 8  24.100 11 10 24.400 13 12 23.500
9 8  34.000 10 9  30.200 12 11  28.000 14 13 33.000
10 9 40,000 11 10 34.000 13 12 32.000 15 14  $8.000
11 10  44.000 12 11 40.000 14 13 40.000 16 15  43.500
12 11 51.000 13 12 45.000 15 14 45.000 7 5 0.100
13 12 62.000 14 13 59.000 16 15  55.000 8 6 0602
14 13 81.000 15 14 70.000 17 16  63.000 o 7  0.830
s 1 o.219 16 15  77.000 18 17 72,000 s 7 aem
4 2 1,150 3 1 0.062 5 3 0.222 7 8 1.050
5 3 2,800 4 2 0.312 6 4  0.332 s 95 0.860
6 4  3.950 5 3  0.738 7 5  1.230 s 10 0.659
7 5 6,140 6 4  1.320 8 6  0.685 10 11 0 538
7 5  3.160 9 7  1.600
2 3 3,62 8 6  3.450 10 8  3.310 6 8 1.120
i ‘; f'gzg 9 7  4.050 11 9 5.220 7 9 0.52
5 6 1ot 10 8  6.090 5 6 1.730 g ig g.:;sl)g
6 7 0.764 3 4 2,690 6 7 1.430 10 12 0.260
7 8 0.511 4 5 2.110 7 8 0.889 :
5 6 1. 8 9 0.774 7 10 0.345
2 4 1.620 6 7 1323 9 10  0.583 8 11 0.255
3 5 1,460 v 8 0'700 10 11 0.444 9 12 0.244
6 6 1,060 s 9 0600 1 12 0.415
5 7 0.545 9 10  0.414 5 7 1.020
6 8  0.321 . St 066
o9 0a8s 8 5 1370 79 9.487
2 5 1.02 ¢ 6 0.992 8 10  0.442
3 6 1,010 5 7 0.705 9 11  0.316
4 7T 0.776 6 8  0.366 10 12 0.268
5 8  0.184 7 9 0.39% 11 13 0.245
6 9 0.124 8 10 0.220
9 11  0.247 5 8  0.579
0.247 6 9 0.413
’ ! 3 6 1,010 7 10  0.361
4 7 0.690 8 11  0.349
5 8  0.397 9 12  0.270
6 9 0.250 10 13 0.199
5 9  0.399
6 10  0.356
7 11 0.328
8 12 0.236
9 13  0.151
5 10  0.362
6 11  0.215
7 12 0.227
8 13  0.120
5 11 0,303
6 12 0.173
7 13 0.147
5 12 0.182
6 13  0.074
5 13 0.094
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FIG. 1. Charge-changing cross sections ¢(g, g +#») in
units of 10°!® cm?/molecule for iodine ions passing
through hydrogen at energies of 5, 10, 15, and 20 MeV,
as a function of the initial ionic charge state q. The
closed symbols refer to electron capture, n=-1 (e),
and n=—2 (m), and the open symbols refer to electron
loss, n=1 (O), n=2 (O), and n=3 (A).

IV. DISCUSSION
A. Single-Electron Capture

As is to be expected from simple theoretical
considerations, o.(g) generally increases with the
initial charge state g, though shell and excitation

effects may in some cases disturb that trend (Figs.

1 and 2). The latter effects, obvious especially
at ¢ ="7" of the iodine ions, are consistent with
earlier observations®® and have been attributed
mainly to the O - N shell transition. Although this
qualitative explanation which is discussed in Refs.
8 and 9 appears quite plausible, the effect is far
from being satisfactorily understood.
Single-electron-capture cross sections are often
approximated by the simple formula

oc(q; ’U) o« qﬂc/vm ) (2)

where the parameters a, and » can be determined
from both experimental and theoretical work. As
regards a., we find values of 1.7, 2.0, 3.1, and
3.7 in hydrogen at 5, 10, 15, and 20 MeV, re-
spectively, but no systematic increase is found in
oxygen targets where a, lies between 2.0 and 2. 5.
Theoretically, Bohr and Lindhard® estimated a,
=2 in heavy targets and a,~ 3 in very light targets.
Deviations from a,=2 in targets with Z,~17 to-
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wards higher values have been observed,® and it
may be argued®®!? that this is an indication for a
basic insufficiency of the underlying theoretical
model.

It is evident from Fig. 4 that in order to describe
our data the exponent » in Eq. (2) cannot have a
constant value because the investigated ion veloc-
ities are low and o,(v) lies close to a maximum
near v~v, We find that m still decreases at the
highest investigated velocities, v ~6X 10° cm/sec,
and that this decrease is somewhat stronger in hy-
drogen than in oxygen. Bohr and Lindhard?® esti-
mate m =3 for typical fission fragments (v~ 4v,),
but corresponding experiments which have been
performed at these projectile velocities lead to at
least 7 =4 and possibly to larger values.®

In the present velocity range, corresponding
values of o, differ little in hydrogen and oxygen.
This is perhaps somewhat surprising since all
theoretical estimates give considerably smaller
cross sections in hydrogen; these estimates are
based on the assumption that those electrons which
have orbital velocities near v are preferentially
captured. For v>wv,, such electrons are not pres-
ent in hydrogen and o, will thus be reduced. In
the present case, however, the ion velocities are
small and are comparable with orbital electron
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FIG. 2. Charge-changing cross sections o(g,q+n) in
units of 10~1® cm?/molecule for iodine ions passing
through oxygen at energies of 5, 10, 15, and 20 MeV,
as a function of the initial ionic charge state g. The
closed symbols refer to electron capture, n=~1 (®),
and n=-2 (®), and the open symbols refer to electron
loss, n=1 (O), =2 (0), =3 (A), and n=4 (X). The
location of the values of the multiple-loss cross sections
for n =7 at 15 MeV is indicated by solid lines. (The
details of this particular case are shown separately in
Fig. 3.)
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velocities in both H, and O,. One should expect,
therefore, that o, will differ little in H, and O,
and that this difference increases with increasing
ion velocity, as is indeed observed experimentally
(Fig. 4).

B. Multiple-Electron Capture

Figures 1-3 demonstrate that o(g, ¢ - 2) general-
ly increases with ¢. In most cases, there is a
characteristic discontinuity at ¢ =8* which has also
been found previously and has been attributed to
the O~ N shell transition.® The ratio

ko=0(q,q-2)/0lqg,q-1)

generally increases with ¢ in the investigated
ranges of q. This is seen in Figs. 1 and 2, and
especially in Fig. 5, where k_, increases from
~4 to 21% for 15-MeV iodine ions in the range of
charge states between 5" and 11*. The largest
values have been found at the lowest ion velocity.
For example, 5-MeV iodine in O, gives k., =36%
for ¢="7". In hydrogen, %k_, always remains below
~8% and is typically in the order of 1% and below.
In fact, in many cases o(g, ¢ — 2) was too small to
be measured with reasonable accuracy.

We believe that the smallness of effective double-

T T T T [ I

in 0, ~I5MeV

)

Cross Section [:IO'|G cmz/molecule]

ol
5 6 7 8 9 10 1l

Charge State -q

FIG. 3. Charge-changing cross sections o(g,q+n) in
units of 10"1% cm?/molecule for iodine ions passing
through oxygen at 15 MeV, as a function of the initial
ionic charge state g. The values of » are indicated near
each curve.

o

Gross Section [ 10cm®/molecule ]

ol 1 1 i i L 1 |
2 3 4 5 6 3 4 5 6
Todine Velocity [IO° cm/sec]

FIG. 4. Velocity dependence of cross sections for
capture (closed symbols) and loss (open symbols) of a
single electron by iodine ions passing through hydrogen
and oxygen. The initial ionic charge state of the pro-
jectiles is indicated near each curve. Also shown are
a few data points from Refs. 15 and 16.

capture cross sections relative to double-electron
loss is partly a result of the fact that electrons are
generally captured into excited states.!® The total
excitation I'}¥ of an ion of initial charge q after ef-
fective capture of n electrons must be smaller than
the ground-state ionization energy for the final
charge state I, and, thus, capture must proceed
largely into ground states especially when #> 2.
Otherwise, I¥>I,_, will lead to rearrangment pro-
cesses which result with high probability in the
ejection of one or more electrons. Since electron
capture by not fully ionized fast heavy ions is likely
to occur preferentially into excited states at least
for charge states ¢~g, one may argue that I} ex-
ceeds I,_, after most collisions where n? 2, i.e.,
it is not possible that all of the initially captured
electrons remain bound. This implies that the
probabilities for initial capture of more than one
electron could be much higher than the actually
observed small values. Furthermore, any resid-
ual excitations of the ions prior to the capture
process must be expected to reduce multiple-elec-
tron-capture probabilities by a substantial amount.

C. Single-Electron Loss

The probability o(g, ¢+ 1) decreases when the
ions are in higher charge states (Figs. 1 and 2).
It appears that o(g, g+ 1) decreases more steeply
in hydrogen than in oxygen, especially when g >>¢.
The rate of decrease varies with ¢, and a simple

-a s . s
power law, o,<q !, is a good approximation only
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FIG. 5. Ratios of cross sections, k,=clg,q+n)/
olg, g+ 1), in percent, between multiple- and single-elec-
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oxygen, as a function of the initial ionic charge state ¢q.
The values of » are indicated neareach curve.

within limited ranges of charge states. When ¢ is
close to g, i.e., close to the charge where the
single-capture and -loss cross-section curves in-
tersect, a, is mostly of comparable but somewhat
smaller magnitude than the corresponding expo-
nents a, for single capture [Eq. (2)]. Our values
of a, in oxygen are smaller than Bohr and Lind-
hard’s estimate of a; =3.

Figure 4 illustrates the velocity dependence of
single-electron-loss cross sections. In the in-
vestigated velocity range and for the most abun-
dant charge states, olg, ¢+1, v) shows a broad
maximum whenever the velocity of the most weak-
ly bound electron in the ion, u,=(21,/m,)*’?, ap-
proaches the ion velocity. This agrees with the
finding discussed in Ref. 9. Based on Massey’s
adiabatic criterion as discussed by Nikolaev,* one
should expect the maximum to occur at v =%,. De-
viations from this rule, found quite generally in
the literature*® as well as in our present data,
are most likely a consequence of the approximate
character of the criterion. In particular, effects
of differing target atoms and of contributions of
more tightly bound inner electrons in the ion to the
single-electron-loss probability per ion have been
disregarded. A more serious question arises due
to the discrepancy of Massey’s criterion and ex-
perimental results with Bohr and Lindhard’s pre-
diction 0, 2%, On one hand, o(g, ¢+1, v) is ex-
pected to show a maximum near v =u,; on the other
hand, theory predicts just in that velocity range a
dependence 0, v%, i.e., in the range where our
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and similar experiments have been carried out,
namely, where ¢ is close to § and o.(q) ~0,(g).® In
view of the data, it must be concluded that neither
theoretical approach is strictly applicable, al-
though the Massey adiabatic criterion is at least
qualitatively of considerable usefulness. Further-
more, we point out that in heavy ions with many
bound electrons the velocities u,, which are cal-
culated from binding energies, may dramatically
differ from those velocities which are determined
from the kinetic energies, T,, of the electrons in
question.10 For example, for ground-state iodine
ions, I, and 7, amount to 18 and 76 eV for charge
1, and to 39 and 105 eV for charge 3*. This leads
to considerable uncertainty as to what kind of
electron velocity should be used in the framework
of theoretical descriptions.

The dependence of ¢; on Z; is not easily assessed
from our results. In appears that o, of iodine ions
stripped in hydrogen and oxygen differ more for
higher charge states, but are very close to each
other for low charge states.

D. Multiple-Electron Loss

The probabilities for loss of several electrons
as a result of a single collision of a heavy ion with
a target atom or molecule are complex quantities
which have received only passing attention in the
past, but which are of interest not only for those
investigators who are primarily concerned with
phenomena of charge exchange. Bohr! and Bohr
and Lindhard® assumed that the maximum energy

~
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FIG. 6. Relative cross sections, k,=o(q, g+n)/
o(g, g+ 1), in percent, for multiple-electron capture and
loss of 15~MeV iodine ions with initial charge g =5
passing through hydrogen, helium, and oxygen, and with
initial charge g =6* passing through oxygen. Also shown
is the dependence %,=k%! with ky=0.6.
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transfer in an ion-atom collision is given by
2mevz, corresponding to a classical impact of a
heavy target core on an electron in an ion with
relative velocity v. Thus, in their calculation of
single-electron-loss cross sections, only those
ion electrons which have orbital velocities u < 2v
are assumed to contribute to the total loss. Con-
sequently, multiple-electron loss is severely
hindered. Nevertheless, Bohr and Lindhard state
that there is a considerable probability that several
electrons are lost or captured by the ion, though
they do not give further estimates—and neither do
other authors.

QOur experimental results show that simultaneous
loss of n electrons occurs with extremely high
probability even when # is large. This agrees with
previous experimental findings.>”™® Our results
are unique insofar as we have, for the first time,
measured multiple loss with good accuracy for
large valuesof » and for many adjacent charge
states. The most illustrative results are shown
in Fig. 6. The ratio %, between double and single
loss can be as large as ~60% in oxygen and ~ 25%
in hydrogen. For comparison, %,< 50% has been
found for iodine in helium.® The dependence on ¢
is weak and no clear-cut trend is observed (Fig. 5).

As regards %, especially for n>2, there is a
dramatic difference between light and heavy tar-
gets. In hydrogen and helium, %, decreases rapid-
ly with increasing n, but in heavier gases such as
nitrogen, oxygen, or argon, k,decreases slowly
with n. Figure 6 illustrates, for example, that
the probability ¢ (5, 13) for simultaneous loss of
eight electrons by 15-MeV iodine ions of initial
charge 5* in oxygen amounts to almost 6% of the
single-loss cross section ¢ (5, 6). Likewise,

Moak et al.’ found kg~ 4% for 110-MeV iodine ions
with initial charge 12" in argon. Though multiple-
loss cross sections have not been measured direct-
ly for »>8, it is known that the maximum number
of lost electrons can be much higher; for example,
12-MeV iodine ions with initial charge 5° may lose
as many as 27 electrons in a single encounter with
a xenon atom.!” The large probabilities for multi-
ple-electron loss result (in the absence of equiva-
lent multiple-capture cross sections) in pronounced
asymmetries of equilibrium charge-state distribu-
tions; this can be explained on simple mathematical

grounds'®and agrees well with experimental evidence.

There is little doubt about a qualitative explana-
tion of the observed effects. Following the discus-
sion by Dmitriev ef al.,'® we distinguish two basi-
cally different processes, (i) direct ionization and
(ii) quasimolecular collisions. As regards (i),
individual electrons in an ion are lost via a direct
interaction with atoms of the medium. In particu-
lar, the loss of an individual electron occurs quite
independent of the presence of other electrons in

|o

the ion. Obviously, this mechanism applies
primarily to collisions in which one or a few elec-
trons are lost and is the only relevant mechanism
of electron loss by light ions or, more generally,
by ions which contain very few electrons. How-
ever, this mechanism of direct excitation is not
likely to give rise to exceedingly large multiple-
electron-loss cross sections and, in fact, light
ions show relatively modest values of &, for n>1.'®
Collisions of type (ii) may be described as follows.
When two heavy ions with many bound electrons
collide, electrons in interpenetrating shells are
promoted to higher bound levels or even to con-
tinuum states, provided that the relative nuclear
velocity is not too large with respect to the orbital
velocities of the electrons involved. (For the
present purpose, this is no serious restriction be-
cause ions with initial charge states close to the
average equilibrium charge are already stripped
off most outer electrons with low velocities

u<v.) When the ions separate, many of the excited
electrons remain in excited states or become ion-
jzed. This promotion- and level-crossing mechan-
ism has been discussed, for example, in Refs. 19
and 20, and has also been referred to as Pauli ex-
citation.?! A detailed prediction about the actual
charge states which result from these collisions
has not yet been possible. There is evidence that
two cases have to be considered. First, inner-
shell vacancies can be created which may decay
via Auger effects and, thus, lead to additional
ionization. Second, it has been argued on the basis
of experimentally observed energetic shifts of
heavy-ion x rays that extremely high charge states
are already present before the radiative decay of
an inner-shell vacancy occurs. 22 Despite the lack
of complete understanding of these complex phe-
nomena it must be assumed that processes of the
kind in (ii) are responsible for the large multiple-
electron-loss cross sections with #>>1. In this
light, it is understandable that 2, remains small

in light targets which cannot produce sufficient
shell overlap in collisions with heavy ions. Since
processes (i) and (ii) are dominant for low and high
values of n, respectively, one may speculate that
the region of overlap of the two processes is just
that range of » in which %, would show a decrease
with » which is signficantly weaker than for both
lower and higher values on #. This is perhaps the
effect which is visible near =5 in Fig. 6.

Finally, we note that charge exchange in rela-
tively hard collisions which involve significant
penetration of shells cannot be described adequate-
ly by existing theories which treat either collision
partner as a point charge. It is also interesting to
point out that multiple-electron loss and capture
are based on essentially different processes. In
particular, high excitation of ions in collisions re-
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duces the probability of multiple capture but en-
hances multiple loss. Little is known about the
times which are necessary to complete the rear-
rangement processes of ions initially highly ex-
cited. When these times are longer than the times
between two successive collisions, multiple-loss
cross sections would to some extent change into

excitation cross sections; this would particularly
influence the balance of electron capture and loss
by heavy ions penetrating through large molecules
or solids. Given the major qualitative understand-
ing of multiple-electron loss of heavy ions, one
may hope that qualitatively satisfactory theories
can be worked out in the future.
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The low-energy scattering by a potential consisting of a long- and a short-range part is dis-
cussed. A general expression for the phase shift §; is derived starting from the radial
Schrddinger equation. Effective-range expansions are presented for partial waves of all or-
ders for the case of a long-range 78 potential. The quantity tang; is calculated up to and in-
cluding the term £%*"1nk. It is found that in the low-energy limit, tans; is proportional to
¥+ for s, p, and d waves, and tans; is proportional to £° for all the higher partial waves.

I. INTRODUCTION

The purpose of this paper is to present a deriva-
tion of an effective-range theory for 78 potential
scattering. The significance of the ™® potential
lies in the fact that it appears as a correction of
the van der Waals potential in the description of
the long-range interaction of two atoms, and repre-
sents dipole-quadrupole effects.’? It also appears
as a correction to the polarization potential in the

description of long-range electron-atom interac-
tion.3™ It is generally a repulsive potential, while
the van der Waals and polarization potentials are
attractive.

In Sec. II we derive a general formula for the
phase shift due to scattering by a potential consist-
ing of a short- and a long-range part. In Sec. III
we present effective-range expansions for »® po-
tential scattering for all partial waves, based on
the formula derived in Sec. II.



