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In the energy range 7-40 MeV, electron-capture and electron -loss cross sections have been
determined for incident oxygen ions of charges +2 to +8 passing through argon, nitrogen, and
helium. Thin-target conditions have been used in all cases. The analysis technique used to
extract the cross sections allows relative cross sections to be obtained without consideration
of the measurement of the gas target thickness. Multiple-transfer cross sections can thereby
be determined reliably in the presence of cross sections three orders of magnitude greater.
Double, triple, and quadruple transfers were observed. The electron-loss cross sections ap-
pear to pass through maxima when the velocity of the ion is in the vicinity of the velocity of the
electron to be lost. Single-electron-capture cross sections have magnitudes as large as 10-17
cm? at 40MeV in argon, and depend on velocity approximately as V™" where n lies between 3
and 6 for the heavy gases. The importance of capture from inner shells of the heavy gases is
inferred by comparison with helium, in which » is 8 or 9 and the cross sections are relatively
small. The possibility of capture into the K shell of the oxygen ion is suggested by the sys-
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tematic differences observed in capture by +7 and +8 oxygen ions from capture by lower-

charged ions.

I. INTRODUCTION

When a beam of swift atomic projectiles passes
through matter, electrons are captured or lost in
successive collisions, causing a fluctuation in the
charge of a given ion and a statistical distribution
of charge states in the ion beam. Most experi-
menters have investigated only the charge-state
distributions, since the mean-square charge re-
sulting from charge-changing collisions is of im-
portance in determining the stopping of very fast
heavy ions. If more than a phenomenological un-
derstanding of the effects observed in these distri-
butions is to be obtained, however, the cross sec-
tions for individual charge-changing collisions must
be investigated. In addition to their connection
with stopping processes, these atomic-collision
cross sections have a high degree of intrinsic in-
terest and are also useful in astrophysics, cosmic-
ray studies, and heavy-ion accelerator design.

For collisions in rarefied gases, the cross sec-
tions o;; for a projectile with initial and final charge
states ¢ and j are generally well defined at a spe-
cific energy since the energy is not significantly
decreased in a single collision. Early work on col-
lisions involving hydrogen and helium projectiles
has been reviewed by Allison'; and more recently,
reviews by Northcliffe? and Nikolaev® have included
electron capture and loss by heavier atoms. In
recent measurements,*® charge-transfer cross sec-
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tions have been determined in the energy region
above 1 MeV/amu, and the present experiment®
provides data in the region 0.5-2.5 MeV/amu. The
cross sections were obtained for oxygen ions of
charge +2 to + 8 by measuring the growth of various
charge states in a thin target of argon, nitrogen,

or helium when a beam of single known charge was
incident.

II. APPARATUS

The experimental apparatus constructed for this
work is shown schematically in Fig. 1. Oxygen ions
of an appropriate charge were accelerated to the
required energy in the Tandem Van de Graaff ac-
celerator of the Niels Bohr Institute. The energy
was determined by a calibrated energy analyzing
magnet, with its magnetic field determined by pro-
ton nuclear magnetic resonance. Estimated sys-
tematic and random errors in energy were 0. 5%.

A series of energies could be rapidly obtained by
keeping the field in the analyzing magnet constant
while adjusting the accelerating voltage so that ions
were transmitted in charge states from +6 to +2.

After passing through the energy analyzing mag-
net, the beam traversed a thin carbon foil, approx-
imately 30 ug/cm? in weight, which produced a
distribution of charge states, all of the same ener-
gy. At any energy, a single one of these charge
states could be deflected into the collision chamber
using the beam switching magnet. The path length
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from the foil to the collision chamber was 7.8 m
and the trajectory in the magnet was a 30° arc of

1. 1-m radius, beginning 1.0 m after the foil. With
no gas in the collision chamber, the pressure of
residual gas in this region was approximately 3
%10 Torr, corresponding to 10** atoms/cm? and

a typical measured purity of 97 to 99% in the inci-
dent charge state.

The 28-cm-long differentially pumped collision
chamber was connected to a gas-handling manifold
that could be pumped directly by an oil diffusion
pump with a speed of about 90 liter sec™!. Thetarget
gases, specified to be less than 0.01% impure by
the manufacturer, were admitted through a com-
mercial “needle” valve (consisting of a carefully
machined steel rod protruding a variable distance
into a cylindrical hole). With no gas flow, the re-
sidual pressure was less than 10™° Torr, while the
typical operating pressures were in the 10™%-Torr
region. A contamination of the target gases of less
than 1% from out gassing and leaks is therefore
estimated. To obtain high pressures it was neces-
sary to partially or completely close a valve over
the diffusion pump; however, the flow through the
needle valve was still maintained large relative to
the flow of possible contaminant in this case.

Pressures of argon in the collision chamber were
initially measured with a specially constructed high-
pressure ion gauge, !°® which was calibrated against
a McLeod gauge trapped with liquid nitrogen. Pres-
sures of nitrogen, helium and in some cases argon
were measured directly with the McLeod gauge. A
correction for the pumping effect of the liquid-ni-
trogen trap was made using the expressions of
Meinke and Reich.!* The maximum correction was
20% for argon at low pressure; typical corrections
were much smaller. For pressures at which most

cross sections were determined, it is estimated
that the absolute uncertainty in gas target thickness
is about 10%, although there is a smaller relative
uncertainty between different target thicknesses.

The ions emerging from the collision chamber in
several charge states were deflected in an analyzing
magnet, and all charge states were detected si-
multaneously in a position-sensitive silicon junction
detector 30 mm in length. ' With the detector lo-
cated between the poles of the magnet, approximate-
ly 10 cm from the edge, the deflection was nearly
proportional to the charge of the ions, and a separa-
tion of 3 mm was normally used between adjacent
charge states. Dimensions of the collimating sys-
tem are shown in Fig. 1. Each collimator except
the one fixed to the magnet was separately adjust-
able, and all were aligned to about 0.1 mm using a
telescope behind the steering magnet. At high en-
ergies, where multiple scattering was negligible,
the resulting distribution of ions on the detector was
several 0. 5-mm-diam uniform circles. At low en-
ergies the circles became larger and nonuniform.
Systematic error introduced by the varying deflec-
tion of the different charge states between the last
two collimators was eliminated by shielding the
entire path from the fringing field of the analyzing
magnet.

From the position-sensitive detector, two pulses
were obtained, one proportional to the particle en-
ergy and the other to the product of energy and
position. True position pulses were obtained by
dividing the latter by the former in an analog divider
circuit. The charge distribution was obtained by
analyzing the position and energy pulses in a
4096 -channel pulse-height analyzer operated in an
eight-channel sorting mode. In this mode, events
with position pulses falling within one of eight
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“windows” caused the energy pulse to be added to
one of eight 512-channel spectra. Only the sum of
counts in each spectrum, corresponding to the total
number of counts in each charge state, was printed
out.

Usually 10° ions were counted at a rate of 10°
per sec for each incident charge state at each gas
pressure and particle energy. A typical emergent
distribution consisted of 9x10* counts in the initial
state, 10* counts distributed among the adjoining
four states, and on the order of 100 background
counts in each of the remaining states, presumably
caused by slit-edge scattering on the 0. 5-mm ap-
erture. The background set a limit of 0. 001 for the
smallest charge state fraction which could be de-
tected. For a charge state at this limit the probable
error from counting statistics alone was 10% or
0.0001, while for a charge state fraction equal to
0.1 it was 1% or 0. 001.

The number of ions in each emergent charge state
was measured for several incident charge states
(typically +4 to +8) at a given setting of gas pres-
sure. This procedure was repeated at enough ad-
ditional gas pressures to ensure that four to five
distributions were obtained in which the attenuation
of each incident charge state was less than 20%.
From these sets of charge fractions determined as
a function of target thickness, the various electron-
capture and electron-loss cross sections were ex-
tracted using the following data analysis.

III. DATA ANALYSIS
A. Introduction

In general, the charge of a beam of ions passing
through matter satisfies the differential equations

%ié (05405 =045 04) (1)
where ¢, is the fraction of projectiles with charge
i, x is the target thickness in atoms/ cm?, and 04y
is the cross section for a change in the ion charge
from i to j in a collision with an atom. ®

It is well known that the state of excitation of the
ion has an effect on the magnitude of oy;, and ef-
fects of this type have been found for 12-MeV iodine
ions!® and 100-MeV carbon ions.® In the present
experiment, a long flight path has been used in
front of the target chamber in an attempt to mini-
mize the excitation of the incident ions. For ex-
ample, the time of flight of 40-MeV oxygen ions
from the carbon foil to the collision chamber is 3
x 10" sec, and this is larger than the lifetime of 2
%10 sec for the 2%P, state of the + 6 oxygen ion'*
as well as other measured lifetimes of oxygen
ions.!® In addition, many long-lived states in the
incident beam can be expected to decay while pass-
ing through the charge selection magnet where the
motional electric field appearing to the ions will
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perturb and mix the states.

However, some excitations of the incident ion
must result from collisions without charge exchange
within the collision chamber. If the cross section
for excitation is comparable to the sum of the
charge-transfer cross sections, then charge ex-
change from the excited states will depend on the
square of the target thickness; a first collision
would produce the excited ion and a second collision
would be necessary for charge transfer from the
excited state. Such dependence was not found in the
pressure range used in these experiments. How-
ever, if the excitation and deexcitation cross sec-
tions are one or more orders of magnitude larger
than the transfer cross sections, then the beam
would come to equilibrium with regard to excitation
but not charge exchange. A linear dependence of
charge transfer on target thickness would then oc-
cur with a cross section characteristic of the ex-
cited ions. In principle this possibility can be in-
vestigated by experiments at very small target
thicknesses. No such study was attempted in the
present work, and the cross sections must there-
fore be characterized by a typical gas pressure in
the 102-10" Torr range.

B. Method of Analysis

An approximate solution to Eq. (1) appropriate to
thin-target experiments may be obtained for each
incident charge state a by assuming that the charge
fraction ¢, is much larger than any of the ¢; for
i# a, This assumption is approximately obeyed in
this experiment, where ¢,(x)>0.8 and ¢ ,(0)> 0. 97.
In this case the terms containing ¢, in Eq. (1) may
be set equal to zero and the solutions may be written

¢ ol%)= ¢4(0) e*o*, (2a)
¢£(x) = (Ual/ka) [¢a(0) - ¢’a(x)] + ¢i(0) ) (2p)
where
ko= 2. Oaj +
ji*ta

In the limiting case that ¢,(0)=1 and ¢,(0)=0, these
solutions become

¢ a(x) =g hax ’ (3&)

¢i(x)= (omi/ka) (1 _¢a) ’ i*ta. (3b)

Clearly these approximate solutions will better
correspond to the experimental situation in certain
cases than in others. For example, if 04; =50,
for all j, then when ¢, =0.8, as in these experi-
ments, };0;4¢;=0.05 };04; ¢, and the terms from
Eq. (1) neglected in Eq. (2) will lead to less than a
5% underestimate of the sum of the cross sections
k.. However, if o,;~ 0;, for a particular j, then
for ¢ o~ 0.8 the terms ;0,4 ¢;~0.25 3,04, ¢, and



1968 J. R.

Eq. (2) will yield a 25% underestimate of 2,. In
other words, the transitions to the initial state from
adjacent states will hinder the decay of the initial
state, and ¢ ,(x) will have a different decay than
that given by Eq. (2a). The largest error introduced
in this manner will occur for the dominant charge
states at each energy, that is, when « is close to
the most probable charge.

A second-order solution for ¢.(x) can be deter-
mined by using Eq. (3b) in Eq. (1) to decouple the
differential equations, thereby approximating the
feedback into the initial charge state as the target
thickness increases. The second-order solution
obtained for the incident charge state is

¢ a(*)=[¢4(0)/(1+aq){exp[- 41 + ag)x] +adt ,

(4a)
where

Ay = (l/kza) Z) OajOja - (4b)
j#a

The analysis of all data and the extraction of the
charge-exchange cross sections from the measured
charge distributions proceeded in three stages.
First, at each energy the logarithm of the incident
charge-state population ¢, was plotted as a function
of the target thickness x. The best straight line of
the form

bolx)= ¢ a(0) ™0 (5)

was determined by eye, where the slope s, is the
first-order approximation to the sum of the cross
sections k,, as given with the restrictions of Eq.

(2). An example of these semilogarithmic decay

plots is shown in Fig. 2 for all incident charge

%% 3 % 85 %
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FIG. 2. Incident charge state population ¢, as a func-
tion of gas target thickness for 19.5-MeV oxygen ions
passing through nitrogen gas. The slopes of the straight
lines in the figure are the total charge-exchange cross
sections s, given in Eq. 5.
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FIG. 3. Growth of various charge states ¢; in nitrogen
gas as a function of the decay of the incident +7 oxygen ions
at 19.5MeV. The data points at each value of ¢, repre-
sent a charge distribution measured at one target pressure
and the slopes of the lines are equal to the relative charge-
exchange cross sections aa,/ko, given in Eq. (2b).

states from + 3 to + 8 of 19. 5-MeV oxygen ions pass-
ing through nitrogen gas. It can be seen that ¢,(0)
is not unity but ranges from 0. 97 to 0. 99 as de-
scribed in Sec. II. In the approximation of Eq. (2)
this should have no effect on the “slope” s,. It is
evident from the figure that a simple exponential
decay appears to hold for ¢, even as low as 0. 8 for
some charge states —much farther than one would
expect that Eq. (2) would hold. However, this is

in agreement with Eq. (4) for those incident charge
states for which a, is small.

Also, the observed exponential decay in the in-
cident charge state was used to adjust certain data
taken at low pressures in argon gas. These data
were inaccurate because of the insensitivity of the
high-pressure ionization gauge below 3X10™* Torr.
At low pressure, the target thickness x was chosen
by fitting ¢, for a slowly decaying state (such as
¢g Or ¢;) to the exponential decay for that state.
Since measurements for all charge states were
taken without changing gas pressure, the attenuation
of the rapidly decaying states (such as ¢;) could be
determined relative to that of the slowly decaying
ones. The magnitude of the cross sections for the
latter was determined using data from the higher-
pressure region where the ionization gauge was
calibrated.

A second step in the data analysis was the de-
termination of the relative cross sections o,;/%,
which, according to Eq. (2b), can be determined
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from the slope of a plot of ¢, as a function of (1
- ¢4q). In Fig. 3 such a plot is shown for 19, 5-MeV
oxygen +7 ions in nitrogen gas. The extraction of
individual cross sections from plots such as this
has great advantages over the usual technique of
plotting ¢, as a function of target thickness.!® Most
important, it should be noted that no gas pressure
measurement is used in making graphs such as Fig.
3 and therefore the relative cross sections can be
determined to the accuracy of the counting measure-
ments. Very small relative cross sections cor-
responding to triple and even quadruple electron
capture were readily determined from these linear
growth plots. These plots also compensate for the
curvature introduced into the usual plots of ¢(x)
because of the deviation of the quantity ¢ 4(x) from
a linear function of x. Furthermore, when terms
other than ¢, ¢, begin to be important in Eq. (1)
(corresponding to more than one collision in the
target), curvature will begin to show in such plots.
This effect can be seen in Fig. 3 for =5 in the re-
gion of ¢4~ 0.9. In extracting the relative cross
sections from these growth plots, care was taken
to consider linear growth asymptotically from ¢,
~1.0.

The third step in the data analysis was the cor-
rection of the slope s, to obtain the total cross sec-
tion %, using Egs. (4a) and (5) to obtain

ka1 In[(1+a,)94(%)/0a(0)]-aa
In[¢ 4(x)/¢ o(0)] )

Sa (l+ay)
Under the first-order assumption that 2, ~ s, the
correction parameter a, was computed using Eq.
(4b) and the relative cross sections oa,/ka. For
the dominant charge states at each energy, the
values of a, range from 1.3 to 1.7, and for the less
probable states they are considerably smaller, be-
ing approximately zero for charge states two units
from the most probable charge. In Fig. 4 is shown
a plot of k,/s, as a function of the correction pa-
rameter a, with ¢ ,(x)/¢4(0)=0.9 in Eq. (6). For

)
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FIG. 4. Ratio of the total charge-exchange cross sec-
tion k4 to the first order estimates s, plotted as a func-
tion of the correction parameter a,. The smooth curve
represents Eq. (6) with ¢,(x)/¢ ,(0)=0.9.
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FIG. 5. Charge distributions calculated from the ex-
perimental cross sections for 19.5-MeV +7 oxygen ions
in nitrogen gas. The onset of a quadratic growth of ¢ is
evident for ¢;<0.92.

oxygen +6 ions in nitrogen at 16 MeV, %, was 11%
greater than s, and this was the largest correction
found. More typically, k, was approximately 3%
greater than s,. Lastly, the complete set of
charge-exchange cross sections at each energy was
determined from the relative cross sections 04;/kq
and the total cross sections k,.

C. Reliability

In order to test that this analysis technique did
give reliable results, even for the small multiple-
transfer cross sections, a computer program was
written to generate the charge-state populations as
a function of target thickness from the experimen-
tally determined cross sections and initial condi-
tions. A reanalysis of these calculated distribu-
tions using the technique described above gave close
agreement with the experimental data without the
usual random variations. An example of the cal-
culated distributions is shown in Fig. 5 in which the
growth curves corresponding to the experimental
data in Fig. 3 are shown. Relative cross sections
extracted from Fig. 5 are the same as for Fig. 3
even for the small triple-electron capture labeled
by i=4.

The identification of the multiple-transfer cross
sections rather than two-collision processes rests
on the linearity of the growth of the appropriate
charge state as a function of the decay of the in-
cident state. This linearity near the origin for the
very small relative cross sections is impossible
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FIG. 6. Set of charge-exchange cross sections g,; for
oxygen ions in argon plotted as a function of energy. The
separate sections of the plot are for different initial states
a, and the smooth curves through the data points are
labeled by the final states i.

to judge from Figs. 3 or 5. However, by setting
various multiple-transfer cross sections identically
zero in the program and computing the charge dis-
tributions, this judgment was easily made. For
example, if 0,4=0 and the population for 19. 5-MeV
oxygen + 7 ions in nitrogen gas are calculated, then
¢4<0.0002 even for ¢,~0.9. Clearly the points
labeled i =4 in Figs. 3 and 5 result from the triple-
electron-capture cross section 0q,.
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These calculations indicate that the analysis
technique used in this work introduces negligible
error to the total cross sections 2, which are lim-
ited to a precision of 10% by the error in target
pressure determination. This method of analysis
introduces systematic errors of less than 2% in the
relative cross sections 0,;/k,. Experimental ran-
dom errors associated with the background from
slit-edge scattering ranged from a few percent for
single transfer to as large as a factor of 2 for trans-
fer of three or four electrons.

IV. RESULTS AND DISCUSSION
A. General

The complete set of charge-exchange cross sec-
tions determined for oxygen ions passing through
nitrogen gas is shown in Fig. 6. Measurements
were made at ten energies from 7.5 to 36 MeV with
incident charge states ranging from the fully
stripped + 8 to +4 and in some instances (not shown
in Fig. 6) to +3 and +2. The separate sections of
the figure show the energy dependence of the indi-
vidual cross sections o ,; for the same initial states
a and are labeled by the final state i. Smooth
curves have been drawn by eye through the experi-
mental points to illustrate the general energy de-
pendence of each o4;.

A general feature of the cross sections that is
evident from Fig. 6 is the existence of multiple-
transfer cross sections for all incident charge
states. For example, the double-capture cross
section oy is about 15% of the single-capture cross
section o0g; over a wide energy range, and even the
quadruple-capture cross section oy, is about 1% of
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FIG. 9. Electron-capture cross sections for oxygen in
helium. The smooth curves are labeled by the initial
charge state.

0g7. Similarly, the double-loss cross section oy
ranges from 10 to 25% of the single-loss cross sec-
tion o0ys.

In argon gas, charge-exchange cross sections
were determined at ten energies from 7.5 to 40
MeV and in helium gas, experiments were performed
at four energies from 10 to 40 MeV. The broad
features of the cross sections in argon were similar
to those in nitrogen, while in helium the cross sec-
tions were more than an order of magnitude smaller
in general, and the cross sections for more than
two electrons transferred in a single collision were
not observed.

B. Capture Cross Sections

All of the electron-capture cross sections for
oxygen ions obtained in this experiment are shown
in Fig. 7 for argon, in Fig. 8 for nitrogen, and in
Fig. 9 for helium. The charge of the incident ion
is the parameter labeled on each curve in the fig-
ures. A detailed analysis and interpretation of
these data will be published separately!®; however,
a brief discussion of some of the features will be
given here.

Perhaps of foremost importance is the large
value of the cross sections for capture at high ve-
locity in nitrogen and argon. A comparison of the
single-capture cross section for oxygen +8 ions
and protons in argon as functions of velocity is
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cross sections for protons®; and the crosses are
experimental capture cross sections for bare oxygen
nuclei determined in the present work. The capture
cross section for oxygen is three orders of mag-
nitude larger than for protons at 2x10° cm/sec.
Associated with the large value of capture for
oxygen is a relatively slow decrease in cross sec-
tion with energy in the heavy gases. In general,
the capture cross sections decrease monotonically,
with a dependence ranging approximately from V3
for 0g; in argon to V-® for og; in helium. The ap-
proximate velocity dependence of the single-capture
cross sections for oxygen ions of various charges
in the three gases is given in Table I. It is ap-
parent that the velocity dependence is much less in
the heavy gases than in helium. The much larger
cross sections at high velocity from a collision with
an argon or nitrogen atom than with a helium atom
suggest that loosely bound electrons are not as

TABLE 1. Approximate velocity dependence of single-
electron capture cross section from three target gases
for oxygen ions faster than 9x10%cm/sec.

Cross section Argon Nitrogen Helium
G415 O7g v vt v v-8
Ogs, 0545 043 v v ys v

J. R. MACDONALD AND F. W.

MARTIN 4
——r—— ——
SINGLE | DOUBLE
LOSS LOSS
10° %, ie1 10"&_- %is2 ]

T

He 1 M4t

CROSS SECTION (cm?)
6—
™ T T [" T
u; b’ w’
N I P | - N
S,
P
T
o, @,

201
. L
10 { 0} .
6 J
7 — L 6"
T | 4 e ol 1 A
10 20 40 10 20 40

OXYGEN ION ENERGY (MeV)

FIG. 13. Electron-loss cross sections for oxygen ions
in helium. The smooth curves are labeled by the initial
charge state.

likely to be captured as those more tightly bound in
the atom initially.

A second feature of the oxygen cross sections
shown in Table I is the weaker velocity dependence
for the +7 or + 8 ions than for lower charge states.
The correlation of the larger capture cross sections
with the + 7 and + 8 ions suggests that capture into
vacant levels in the K shell of the oxygen ion is a
more probable event than capture into the levels of
the outer shell at high velocities.

Another interesting characteristic of the cross
sections shown in Figs. 7, 8, and 9 is the existence
of large multiple-capture cross sections in nitrogen
and argon. These necessarily indicate an apprecia-
ble probability of electron capture in a given single
collision. The large single-capture cross sections
observed in these gases therefore do not result from
the integration of low-probability interactions over
a large region of impact parameter, but rather must
be associated with interactions of short range,
possibly between inner shells.

C. Electron-Loss Cross Sections

The electron-loss cross sections for oxygen ions
obtained in this experiment are shown in Fig, 11 for
argon, in Fig. 12 for nitrogen, and in Fig. 13 for
helium. Each curve is labeled with the charge of
the incident ion. In general, from the work of
Bohr!® and Bohr and Lindhard!® the loss cross sec-
tions are better understood than the capture cross
sections, and are expected to have a maximum when
the ion velocity V and the velocity « of the electron
about to be lost are related by V=vu, where vy is
slightly larger than unity.

For oxygen K-shell electrons to be lost from the
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+6or +7ion, V/u~1at E~25 MeV. For the +6 ox-
ygen ions in helium gas, o0g; does go through a broad
maximum in this region, while in nitrogen the max-
imum appears to have been reached at about 30 to
40 MeV, and in argon the maximum is being ap-
proached by 40 MeV. These observations agree
with the previously observed increase in y with the
atomic number of the atom.? For the + 7 ions the
loss cross section is rising sharply at 40 MeV in
all three target gases and the maximum is out of
the range of these experiments.

For the single-electron-loss cross sections of
the + 5, +4, and lower charged ions, V/u~1atE
~4 MeV. In all three target gases the loss cross
section for charge states + 4 and lower are slowly
decreasing with energy above 7 MeV. The loss
cross section of the +5 state in argon is constant
from 7 to 40 MeV, while in nitrogen and helium the
data are consistent with a maximum in o054 in the
region 5-10 MeV.

The multiple-loss cross sections are also rather
easily understood if the loss of each electron in the
collision occurs as a relatively independent event.
Then all the loss cross sections leading to the same
final charge state will be similar and relatively in-
dependent of the number of electrons lost in the
single collision. In the data shown in Figs. 11 and
12 for collisions in argon and nitrogen, the energy
dependence of the single- and multiple-loss cross
sections leading to the same final state are gener-
ally the same, while the magnitude is down by a
factor of 2 or 3 for each additional electron lost.
However, the double-loss cross sections in helium
are reduced by more than an order of magnitude
from the corresponding single-loss cross section
to the same charge state, and the energy dependence
is not so closely related.

It should be pointed out that the experimental er-
ror in determining loss cross sections is consider-
ably larger than for capture cross sections because
all slit-edge scattering of the beam in passing
through the collimators will decrease the energy
and such particles will be deflected towards higher ap-
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parent charge states in the magnetic spectrometer.
The background found for charge states higher than
the incident state is always greater than for the
lower states. Consequently, the small multiple-
loss cross sections are uncertain by as much as a
factor of 2.

D. Conclusion

Detailed electron-capture and -loss cross sec-
tions have been obtained for oxygen ions in argon,
nitrogen, and helium gases in the energy interval
from 7.5 to 40 MeV. Multiple transfers of as many
as four electrons in a single collision have been ob-
served. The analysis used allowed these small
multiple cross sections to be extracted reliably
from charge distributions determined experimental-
ly using thin-target conditions. The data have been
presented with the electron-capture cross sections
separate from the loss cross sections in each gas.
The loss cross sections are consistent with a model
predicting a maximum in the cross section for loss
of any electron at an ion velocity comparable to or
slightly greater than the orbital velocity of the lost
electron. The capture cross sections are not so
easily interpreted and further analysis of these
data is in progress. However, it is apparent that
the binding energies both in the initial and final
state of the captured electron play an important
role in both the magnitude and energy dependence
of the capture cross sections.
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Electron-Capture Processes of 10-40-MeV Oxygen Ions in Helium,
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Experimental data on electron-capture cross sections are analyzed in order to obtain the
cross sections for removal of n given atomic electrons, where n=1, 2, or 3. Probabilities
of capture averaged over certain regions of impact parameter are obtained from ratios of
these cross sections. Maxima are found in the capture probabilities for +8 oxygen ions in he-
lium, and for +8 and +7 ions in nitrogen and argon. No maxima are found for ions of lower
charge. The large cross sections at high velocities in nitrogen and argon are attributed to
capture from the K shell of nitrogen and the L shell of argon, which contain electrons with
momenta great enough to satisfy conservation requirements. The larger cross sections for
+8 ions and the maxima in capture probability are attributed to exoergic capture from atomic
energy levels into the deeply bound K shell of the oxygen +8 ion. A criterionbasedonan atom-
ic-orbital theory is given for the velocity at which maxima due to exoergic capture should
occur, and this is in rough agreement with the observed velocities. Electron-capture cross
sections from atoms with tightly bound shells can generally be expected to be large for heavy

ions even at velocities greater than 10° cm/sec.

I. INTRODUCTION

Electron capture in atomic collisions has been
extensively studied for ions with 1-100 keV of en-
ergy per nucleon. Typically the cross section has
a maximum as great as 107! ¢cm? at 1-40 keV per
nucleon and falls as the inverse fourth to seventh
power of the ion velocity.!™> At higher velocities,
capture has been studied for protons and exhibits
an inverse twelfth-power dependence in hydrogen.®
An inverse eighth-power dependence on velocity
was observed for protons in argon, in which the
inner shells contain electrons with velocities
greater than that of the projectile. 8

In a previous paper, the authors have presented
experimental measurements of electron-capture
and electron-loss cross sections for high-energy
oxygen ions.” A major difference of the capture
process in this case from that for high-energy
protons is the increased binding energy of the
captured electron. It is possible that the binding
energy in the ion may be greater than that in the
target atom, resulting in an exoergic type of

transfer. In addition, for certain atomic shells

and ionic binding energies, the difference in binding
energies may equal 3m V%, where m is the mass of
the electron and V is the velocity of the ion, and

for reasons discussed below a large capture cross
section is anticipated at this velocity. The previous
experimental measurements were conducted at
energies for which this criterion is satisfied, for
electron transfer both from atoms which contain
electrons with the velocity of the projectile and
from those which do not.

In the following analysis a method of calculating
the probability of capture of a given electron from
cross sections involving capture from a whole
atomic shell is presented, and values of these
probabilities are computed from experimental
data. The effects of conservation of momentum
of the captured electron are discussed, and the
possibility of a maximum in the probability of cap-
ture for exoergic transitions is pointed out on
theoretical grounds. Finally the data are discussed
with regard to various transitions among the shells
of the collision partners.



