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The final charge states of 0.15- to 1.20-MeV Xe+ ions scattered through angles from 1 to 20 deg by single

collisions with Xe atoms have been measured. The data show the dependence of multiple N- and M-vacancy
0

production upon the collision's distances of closest approach, which ranges from approximately 0.1 to 0.5 A.
The final charge states of those ions scattered to particular angles have average values which range from 1.5

to 16.0 in these collisions.

I. INTRODUCTION

The final charge states of 0.15-1.20-MeV Xe'
ions scattered through angles from 1' to 20" by
single collisions with Xe atoms have been mea-
sured. For the low-energy small-angle collisions,
only the outermost shells can interact, and there
is relatively little ionization. In the more violent
of these collisions the distance of closest approach
of the two nuclei is such that there is considerable
interpenetration of the L shells surrounding the
two nuclei, and ionization states as high as + 20
are observed. Knowledge of the final charge states
of the scattered ions provides information on the
collision dynamics of the 0, N, M, and L shells of
Xe in such collisions. Similar measurements of
ionization in the closely related I '-Xe collisions
have been reported'; however, these data were
obtained over a limited range of collision param-
eters, and they incorrectly suggest that a sharp
increase in the observed ionization was due to
L-shell excitation. The present data show this to
be unlikely and provide detailed information on ion-
ization resulting from N- and M-shell excitation in
Xe'-Xe collisions.

Similar differential measurements have been
made at lower energies using lighter ions (includ-
ing He, Ne, Ar, and Kr) at the University of Con-
necticut laboratories'' and at the Ioffe Physical-
Technical Institute. ' ' Higher-energy investiga-
tions of the charge states of ions with energies
as high as 1.8 MeV have been made by Pivovar and
co-workers at the Khar'Kov Physical-Technical
Institute. " ' Single collisions which result in inner-
,hell ionization are observed to have large inelas-
tic energy losses, up to 30 keV for 12-MeV I '-Xe
collisions, ' and the corresponding ionization states
can be as high as +27.' Many features of these
data may be explained within the framework of the
molecular-orbital model proposed by Fano and
Lichten" and elaborated on by Lichten" and Barat
and co-workers. "'" This is primarily a one-elec-

tron approximation and has been extensively reviewed
and compared with data by several authors, among
them Kessel and Fastrup, "who emphasized its
application to single-collision phenomena, and

Garcia and co-workers, "who emphasized its ap-
plication to x-ray phenomena.

In order to establish that certain of the shell
excitations observed could not have been due to
the production of vacancies in the L shell, relative
cross sections for L x-ray production as a function
of incident ion energy were also measured. Even
though the L shells of the colliding ions do inter-
penetrate in the more violent of the collisions in-
vestigated here, the x-ray measurements indicate
that still smaller distances of closest approach
are required in order for L-shel. l excitation to be
significant for the single collisions under consider-
ation here. This is also in agreement with inelas-
tic energy-loss measurements currently nearing
completion. "

II. EXPERIMENTAL METHOD

In the present investigation, Xe' ions are pro-
duced by a radio frequency ion source in the term-
inal of a 1-MV Van de Graaff accelerator, mass
analyzed, and directed into a scattering chamber
which has been described in a previous paper. "
The isotopes "'Xe and "'Xe (not always resolved)
pass through differentially pumped collimators and

into the scattering region which contains Xe gas
with all the isotopes present in their natural abund-
ances. A second collimator, using rectangular
apertures and subtending an angle of 0.3" from the
scattering center in the plane of the apparatus,
samples those Xe ions that are scattered through
(9 degrees by single collisions with Xe atoms. The
charge of these scattered ions is determined by
electrostatic analysis, and the number of ions hav-
ing charge state m, N, are counted with a silicon
surface barrier detector. The probability I' of
the beam scattered through the angle 0 being found
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to have charge state m is given by = Xe 0.5 MeV

At each of nine energies, from 0.15 to 1.20 Me&,
the values of I' were determined for a number of
scattering angles between 1.0' and 20.0'. For
each combination of incident-ion enexgy and scat-
tering angle, the average charge of the scattered
ions, m, was also determined. The value of &Xi,

determined from the corresponding values of I',
is given by

Pm

& IO

0 2 W W 6
I

IO

The values of P determined this way are single-
collision values. The target gas pressure is kept
in the range of (1-4) &10 ' Torr, and the path
length of the ions in the target gas is 2 em; under
these conditions, the probability for double collis-
ions occurxing is small. Details on the single-
collision criteria used, the collimation and scat-
tering geometry, and the cylindrical charge-state
analyzer are given in the Appendix of Ref. 1.

III. EXPERIMENTAL RESULTS
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The measured values of P are shown for select-
ed data sets in Figs. 1-7. The solid curves rep-
resent freehand fits to the data points, and for
claxity only representative points have been in-

FIG. 2. Similar to Fig. 1 except for the 0.3-MeV data.

eluded in the drawing. The complete sets of data
are available in Ref. 16(a). The symbols used for the
various charge states in Figs. 1-'7 are indicated in

Fig. 1. The curves differ from those often mea-
sured' "' in that for a given enex gy the ioniza-
tion does not necessarily increase with increasing
angle. Such an anomaly is clearly shown in Figs.
1-3, where many of the curves are seen to have
irregularities. Ordinarily, as the scattering angle
increases, corresponding to a greater interpene-
tration of the electron shells, the degree of ion-
ization also increases; but in the 0.25-MeV data,
the charge state decreases and then increases
again as the angle is increased from 4' to 5'. The
same phenomenon is observed in all the data sets
shown, except that the region of activity is ob-
served to occur at smaller angles as the collision
energy is increased. At 1.2 MeV the anomalous
region occurs for scattering near 2', awhile for
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FIG. 1. Probabilities I'~ for finding 0.25-MeV ions
scattered through 8 degrees with charge state m, plotted
vs 8. For clarity it was necessary to omit some data
points; thus only representative points are shown. The
data scatter is of the same order of magnitude as the
size of the symbols themselves. Also shown are symbols
used for the various charge states in Figs. 1—7.
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FIG. 3. Similar to Fig. 1 except for the 0.4-MeV data.
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FIG. 4. Similar to Fig. 1 except for the 0.6-MeV data. FIG. 6. Similar to Fig. 1 except for the 1.0-MeV data.

larger angles the charge-state distributions have
a more usual appearance. Evidence for similar
behavior in Kr'+Kr collisions is seen in the data
of Ref. 5; however, evidence there for an actual
decrease in ionization with increasing angle was
not so strong and was not commented upon by the
author s.

In Fig. 8, the average charge re is plotted versus
the product E,H of the incident-ion energy and the
scattering angle, with separate curves shown for
each of several representative energies. The pa-
rameter E,O is useful because for small-angle
scattering, the distance of closest approach R, is
a single-valued function of E„8." Approximate
values of A„calculated with an exponentially
screened Coulomb potential, "are also indicated
along the abscissa in Fig. 8. The value of A, equal
to the diameter of the classical M shell of Xe, for

which the M shells of two ions will begin to inter-
penetrate, is indicated in the figure, as is the
corresponding diameter of the L shell. It is im-
mediately evident that a wide range of collision
effects give rise to the curves in Fig. 8. For the
smallest values of ZOO shown, the outer 0 and N
shells surrounding the nuclei interpenetrate (the
classical N-shell diameters are 1 A or larger),
and the average scattered charge inerea. ses by
less than 0.5. In these collisions +3 is the highest
ionization state observed, and we estimate that ap-
proximately jl5~/0 of the incident beam is neutral-
ized. On the other extreme are the E,H =24
MeVdeg data which were obtained by observing
l.2-MeV ions scattered through 20'. In these
collisions, the distance of closest approach is such
that the L shells of the tv o ions are forced to in-
terpenetrate. Although the x-ray data discussed
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FIG. 5. Similar to Fig. 1 except for the 0.8-MeV data. FIG. 7. Similar to Fig. 1 except for the 1.2-MeV data.
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later show that no I. vacancies are produced within
the range of EpO values shown in Fig. 7, multiple
vacancies are apparently produced in the N and M
shells. The high-charge states which are shown
in Fig. 7 and result in m=16 for these collisions
are presumably due to combinations of Auger-type
processes occurring during the cascade filling of
these vacancies.

In between these extremes, the curves exhibit
several different features. As Ep0 is increased
from 0.1 to 0.6 MeVdeg, m increases gradually;
however, at 0.6 MeVdeg there is a change in slope
of the curves, indicating the onset of a new excita-
tion. The curves continue with this slope until
Ep 8 1 MeV deg, where m shows a decrease in its
value as Ep& increases. This is shown more clear-
ly in Fig. 9, which is an enlargement of the first
enclosed region of Fig. 8. From the break in the
curve at 0.5 Me V deg to the maximum, m increases
by 1. A similar increase of 1 in m follows as Ep8
increases from 1.2 to 1.6 MeVdeg. At about 2.5

MeVdeg, there is another abrupt rise and m in-
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FIG. 9. Region of Fig. 8 between Epo=0.8 and 3.0
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creases by approximately 2. As Epo is increased
from 8 to 20 MeVdeg, m also increases, this time
by about 4 to m = 16. The 6- and 12-MeV I '-Xe
data of Ref. 1 show that out to Ep8 values of 48 MeV
deg, there are no more abrupt increases in m.
Figure 10 shows the second enclosed region in
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FIG. 8. Average charge m vs the product Eoo for the
data of Figs. 1—7. Separate curves are shown for each
of several representative energies, and approximate
values of Ro are also shown along the abscissa. The
outlined areas are shown in greater detail in Figs. 9 and
10.
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FIG. 10. Region of Fig. 8 between F00=2.0 and 8.0
MeVdeg shown in greater detail.
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Fig. S in greater detail. The increase in m by 2

between E,H =2 and 3 MeVdeg is seen clearly.
However, the curves show a very different nature
between Ep 8 3 and S MeV deg. The uncertainty
in the data points is equal to or less than the size
of the symbols in the figure, and therefore the ir-
regularities shown ax e meaningful.

The width and asymmetry of each of the charge-
state distributions in Figs. 1-7 have been calcu-
lated. The distribution width or standard deviation
a of the percentages from the average charge m

may be defined by

(i-7)'P .

The asymmetry or skewness y of such a distribu-
tion may be defined by

Figure 11 shows the approximate values of o' and

y associated with the data, plotted versus E08.
Except for some scatter, all of the data points fall
within the indicated bands. The band for o' shows
a behavior almost identical to that of ns when plot-
tedversus E,8. Plotting o versus m shows that toa
first approximation 0 is a linear function of n&. The
plot of y vs I'-, 0 shows that the distributions are

remarkably symmetric. Except for a variation in

the very-low-energy data, y has only a sligh( ten-
dency toward negative values. A negative value of

y corresponds to an asymmetric distribution having

the higher charge states bunched near m and the
lower charge states tailing off less rapidly on the
other side of m. '

Reference 1 suggested that a rise in m, corre-
sponding to the present rise at I:,0= 10 MeV deg
in Fig. S, was due to L-shell excitation, because
the corresponding value of R, is such that the L
shells of the two ions begin to overlap in those
collisions. To test the validity of this suggestion,
the relative cross section for L x-ray production
was measured with a proportional counter. This
cross section is plotted as a function of the inci-
dent-ion energy in Fig. 12. From the threshold
behavior of this curve, an approximate threshold
value of A, below which L x rays may be produced
in these collisions is easily calculated if one as-
sumes the L-shell excitation probability to be a
stepwise function of A, ." This has proven to be a
reasonable approximation for other cases of L-
shell excitation, '4 and should at least give an ap-
proximate value for the threshold in the present
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FIG. 12. Relative total cross sections for the produc-
tion of Xe I. x rays shown as a fUnction of incident-ion
energy. The solid curves result from a calculation in
which Q is treated as a variable parameter.
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case. The solid curves in Fig. 12 are the result
of such a calculation, and the threshold value for
Ap used in the calculation of each curve is indi-
cated. Because the increase in m in question be-
gins at Rp 0 12 A and the x-ray data show a
threshold of about 0.09 A, for L x-ray production,
it is unlikely that any of the data in Fig. 8 are in-
fluenced by L-shell excitations. This conclusion
is in agreement with the solid-target data (1 '-Te)
of Stein and co-workers" and preliminary inelas-
tic energy-loss measurements for Xe'-Xe colli-
sions made by the present authors. "

IV. DISCUSSION

The explicit interpretation of these data is diffi-
cult because of the numerous interactions between
the various shells which are theoretically possi-
ble. This complexity is illustrated by the partial
molecular-orbital (MO) correlation diagram for
the Xe-Xe molecule presented in Fig. 13. This
figure is based upon a nonrelativistic one-electron
approximation, and drawn according to the rules
suggested by Lichten and co-workers. "'" Cal-
culations of some of these levels are currently in

progress, " and the inclusion of relativistic effects
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FIG. 13. Partial one-electron correlation diagram for
the Xe-Xe system drawn according to the rules provided
by Lichten and co-workers (Refs. 11 and 12). The levels
filled for Z =36 (Kr) and Z =54 (Xe) are indicated.

may possibly shift some of the correlations"; how-
ever, the present diagram will still serve as a
useful basis for discussion.

A. L-shell excitation

The emission of L x rays from single collisions
of Xe' with Xe demonstrates that a mechanism
must exist for the production of L vacancies in
such collisions. Of the interactions under con-
sideration here, probably the L-shell excitations
are described to the best approximation by the
MO model. For other collision combinations, 2P
electrons in the separated atoms (SA) have been
observed to be promoted by the 4fa MO to higher
levels. " Reference to Fig. 13 shows this to be a
likely possibility in the present case too. With
the exception of the 4fa orbital, all other orbitals
which correlate with the SA L levels lead to
closed excitation channels; i.e. , all their possible
crossings are with filled MO's. The 4fo MO, on

the other hand, crosses several filled levels until,
in the united-atom (UA) limit, it becomes degen-
erate with the 4f P MO. Both of these levels cor-
relate with the 4f level in the UA limit. The 4f P
MO correlates with the SA 4f level and may con-
tain some vacancies, because the 4f SA level is
an unfilled level (in Xe, the 5P level is the last
filled shell, as indicated in Fig. 13). For the SA
L electrons to be promoted in this manner
(4f&-4f Q), the coupling would have to be rota-
tional in nature. In fact, the increase would have
to be by three units of angular momentum along
the internuclear axis. This would be a velocity-
dependent excitation, which is consistent with the
velocity dependence of the higher-energy m and
inelastic energy-loss data of Refs. 1 and 9. The

Rp values in these higher-energy collisions cor-
respond to a significant overlapping of the L
shells of the two ions.

B. )if-shell excitation

The previous discussion shows that the rise in
rn at Ep&=10 MeVdeg is not due to L-shell excita-
tion, and it is therefore appropriate to assume it
is due to 31-shell excitation. Indeed, preliminary
inelastic energy-loss measurements show that
both the rise at 10 MeV deg and the rise at 3
MeV deg correspond to energy losses which aver-
age 350-600 eV per additional electron removed. "
These energies are consistent with the Auger elec-
tron energies observed by Thomson in 200-keV
Xe'-Xe collisions. He has observed groups of
electrons having energies of approximately 50,
350, and 450 eV." The latter two peaks would
be energetically consistent with the filling of the
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SA 3d level with electrons from the 4s or 4p levels.
The only firm conclusion that can be drawn from
this information is that these collisions do create
vacancies in the M shell of the Xe atoms, almost
certainly in the 3d level. Reference to Fig. 13
shows three MO's, the 6ha', the 5gm, and the 5go. ,
as likely channels for the promotion of 3d elec-
trons. Fastrup and co-workers have observed the
removal of 3d electrons in Kr'-Kr collisions, and
have attributed this to the promotion of these elec-
trons along the 6hcr MQ, because this is the first
MO correlating with the 3d level to be promoted
as the nuclei approach each other. "'" Further
data obtained by Afrosimov and co-workers sup-
port this interpretation. " A similar situation
holds here, except that many of the initial cross-
ings are with filled orbitals in the Xe-Xe case.
In consideration of the above, we attribute the
rise in m at 3 MeV deg to the promotion of two
3d electrons (one from each atom) along the 6hcr

MO. The increase in m of approximately 2 is
what might be expected from the cascade filling
of a single 3d vacancy in the scattered ion. The
rise in m at EpO 10 MeV deg we then attribute
to promotions of additional 3d electrons by the
5g7r MO. This MQ requires further interpenetra-
tion of the electron shells before being promoted.
Being a m orbital it can promote up to four elec-
trons (perhaps two from each atom), and the great-
er increase in m at 10 MeV deg when compared
with that at 3 MeV deg is consistent with this.

Within the framework of the present interpreta-
tion, interference between outgoing channels might
be possible. The irregularities in the curves of
Fig. 8 are suggestive of interference effects; how-
ever, the present data do not allow the identifica-
tion of specific outgoing channels for the promoted
electrons. X-ray experiments by Fortner and co-
workers do show evidence for one possible outgo-
ing channel, the filling of the normally vacant 4f
level upon separation of the nuclei. " Their ob-
servation of 4f -3d x rays from these collisions
is evidence for transferral of some electrons, but
not necessarily 3d electrons, into the 4f Q MO.

C. W-shell excitation

The onset of N-shell excitation occurs at ap-
proximately E,O = 0.6 MeV deg, and is the domin-
ant feature in the curves of Figs. 8 and 9 until
E,8 exceeds 2.5 MeV deg and M-shell excitations
predominate. As before, it is on the basis of pre-
liminary inelastic energy-loss measurements that
we attribute these excitations to N-shell interac-
tions; the ionizations correspond to energy losses

which average 50-100 eV per additional electron
removed. "

The curves in Fig. 9 display a double rise with
a pronounced energy dependence. This double
rise, with each rise corresponding to approxi-
mately one additional ionization, is most clearly
seen in the 0.4-MeV data. After an increase in
m of 1 between E,O = 0.6 and 1.0 MeV deg, there
is no further ionization until 1.4 MeV deg, at which
point m increases by unity once again. As the
collision velocity is increased, the E,O values for
which the increases in m occur also move toward
higher values of E,O. This is opposite to the trend
usually shown by this type of data, '4 where thresh-
olds tend to occur at lower values of E,O when the
collision velocity is increased. The actual de-
crease in ionization which occurs between these
exeitations is also unusual and might be due to in-
terference effects. It is this anomaly which causes
the irregularities in the curves in Figs. 1-6.

D. Higher-energy measurements

Alton and co-workers" and Bridwell and co-
workers" have measured the absolute yields for
the production of high-charge states by 20- and
60-MeV collisions of I ' with Xe. These measure-
ments have been made for scattering angles from
0' to 1.5', and therefore have EpO values overlap-
ping with those of the present work. However, it
is difficult to compare our results with these ex-
periments, because the ionization states of the
incident projectiles are different; Ref. 28 presents
results for 20-MeV I"-Xe collisions, and Ref. 29
for 60-MeV I'"-Xe collisions. Reference 28 re-
ports also on the variation of the scattered-charge
states as a function of target-gas pressure. The
pressures used range from those which result in
multiple-collision charge equilibrium down to
pressures which approximate the single-collision
conditions used in the present experiment. Where
comparisons can be made the results are consis-
tant, suggesting that at least the gross features
of the higher-energy data have the same origin as
the structure in the present data. An important
feature of the data in Refs. 28 and 29 is that they
are absolute measurements and demonstrate the
feasibility of producing experimentally useful
beams of the highly charged ions described here.
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