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The coincidence technique has been employed to determine the yield of L x-rays emit-
ted following Ar* + Ar collisions of known incident energy T, scattering angle 8= 14",
and scattered ion charge m. The range of T, studied, 50 to 575 keV, corresponds to a
distance of closest internuclear separation ro from 0.18 to 0.03 A. Asin the case of our
earlier ion-Auger-electron coincidence experiments on Ar* + Ar over this range, the
present work uncovers evidence for two different L-vacancy-creating processes. The first
process has a threshold at 7=0.25 A and is the result of the transfer of two electrons out
of the 4fo molecular orbital (MO). The second process, which appears when r, is made
less than 0.13 A, is due to rotational transitions of up to six electrons from the 3d 7 and
3do MO’s into the 3d8 MO. We find that there is a large increase in x-ray fluorescence
associated with the 3dw, 3do— 3d3 transition, an increase which is considerably in excess
of that expected from available estimates. A qualitative explanation of this phenomenon
is offered that takes into account combinations of long-lived autoionizing states involving
outer-shell electrons, preferential pumping of L electrons up to the 3d radiative level, and
finally, outer-shell-electron depopulation by prior Auger transitions. This interpretation is
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also consistent with the differing ion-charge x-ray-yield correlations that we find are
characteristic of the 4fo and 3d#, 3do processes.

I. INTRODUCTION

Over the past two decades it has been repeatedly
demonstrated that when an ion and an atom col-
lide hard enough to cause interpenetration of their
inner shells, vacancies in those shells often appear.!
The vacancies are the result of dynamic processes
in the short-lived “quasimolecule” formed by the
colliding ion and atom; processes which cause elec-
trons to transfer from a molecular orbital (MO)
that correlates with a precollision inner atomic lev-
el to other MO’s that evolve into higher post colli-
sion levels. Upon separation these electrons remain
stranded in the higher levels.? The inner shell va-
cancies that are created subsequently begin to de-
cay by Auger or x-ray emission.

The most extensively studied collision combina-
tion exhibiting this effect is Ar* + Ar at energies
between ten keV and several hundred keV. It was
in Ar* + Ar that the existence of L-vacancy pro-
duction by quasimolecular means was first suspect-
ed after ion-ion coincidence measurements of the
collisional inelastic energy loss Q showed unexpect-
ed structure.>* Soon thereafter, the discovery of

L-Auger electrons and L x-rays emanating from
the collisions confirmed the connection between the
inelastic loss and the creation of L vacancies.>®
The most recent development, coincidence counting
between the scattered ions and the decay products,
permits the identification of the processes at work
and the assessment of their strength by relating ob-
served Auger”® and x-ray’ yields with the trajec-
tories of the collisions giving rise to them.

Three different MO’s in Ar* + Ar are respon-
sible for the observed L vacancies. The 4foc MO
depopulates when the colliding partners have a dis-
tance of closest internuclear separation r, of less
than 0.25 A. The remaining MQ’s, the 3d7 and
3do, partially empty when 7, is less than 0.13 A.
In all events, the L vacancies are accompanied by a
substantial amount of outer (M) shell ionization
and excitation; a factor which strongly influences
the decay mode.

The threshold behavior of the 4fo process has
been studied with both ion-x-ray’ and ion-Auger-
electron’ coincidence. More recently the latter
type experiment has been performed on the 3d,
3do processes.® In the present study we complete
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the set of studies with ion-x-ray coincidence meas-
urements both on events that are governed by the
4fo process and yet are more violent than those
near the threshold and on events that are subject to
the 3dw, 3do processes. Both were conducted
under operating conditions similar to those in the
previous Auger efforts.® The x-ray yields associat-
ed with 4f0 process increase slowly as r, decreases
from its threshold value. However, with the onset
of 3dm, 3do processes there is a dramatic increase
in the x-ray yields. We believe this is evidence of
high excitation in the outer shells, preferential
pumping of electrons into radiative levels, and
multiple ionization of the L shell.

II. THE EXPERIMENT

The present experiment employs the coincidence
technique to select out and record only those
x rays produced in collisions of known scattering
angle 0, and specified scattered ion charge m.
With knowledge of both 6 and the incident ion en-
ergy T, one can use a screened Coulomb or similar
potential to calculate the classical collision trajecto-
ry and its associated parameters such as ry. Vary-
ing either 8 or T, allows one to examine the
dependence of the x-ray yield on these parameters.

The construction of our apparatus is illustrated
in Fig. 1. Collisions take place when monoenerget-
ic Ar* ions from the BRL Cockcroft-Walton ac-
celerator are formed by two apertures 4 and B into
a beam (0.050 cm in diameter and 0.25° in angular
divergence) and are directed into region C. Here
the ions encounter neutral argon gas atoms at a
pressure of 6 10~* Torr. Any ion scattering
through an angle between 13.0° and 14.9° exits C
via two annular apertures D and E.'° If the ion
possesses the desired charge m, a cylindrical elec-
trostatic analyzer focuses it onto a channel multi-
plier type detector at F. At each value of T a
sweep of the analyzer potential causes the sequen-
tial appearance of detector pulses corresponding to
the four or five different ion charges i that oc-
cur with significant probability P;. The charac-
teristics and operation of the analyzer, the methods
used to determine the various P;’s, and the precau-
tions taken to insure that the number density of
target gas atoms n is low enough for “single colli-
sion” conditions to prevail are described in our ear-
lier Auger work.® Measurements of the beam
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FIG. 1. Schematic diagram of the apparatus.

current delivered to the target region are made
with an axially mounted Faraday cup (not shown).

While ion analysis is taking place, any L x-rays
originating in a segment of the collision region
I=1.14 cm long and traveling through a small
solid angle AQ) normal to the beam are detected
with a flowing gas proportional counter.!! The
counting gas (90% Ar—10% CH, at 600 Torr) and
the target are separated with a 0.9-u thick polypro-
pylene window!? stretched over a stainless steel
support grid and coated with a few pg/cm? film of
aluminum. All windows selected for use were
functionally leak free, that is, no increase in either
the background pressure or scattering rate was
detected when the counter was pressurized. The
transmission 7 of the window for Ar-L x-rays has
been operationally determined under each set of ex-
perimental conditions to preclude errors due to
spectral variations. All values lie in a narrow dis-
tribution about 0.48. The overall detector efficien-
cy 7, its geometrical acceptance fraction AQ /4,
and energy resolution were similarly found to be
0.81, 1.3 1073, and 46%, respectively.

When operated in a singles mode the x-ray
counter can be used to find the total x-ray emission
cross section o, by merely counting the number of
x-rays X detected during the time needed to deliver
either a known number of ions to the Faraday cage
N or a corresponding number of scattered ions to
the ion detector F. Measurements of this type
were carried out at several values of ion energy in
the range 50—575 keV. Assuming that the emis-
sion of x rays is isotropic, values of o, may be ob-
tained using the expression

o — 4mX 1)
*7 nNnAQrl -’

The present results are shown in Fig. 2 where
they are compared with two other total x-ray emis-
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FIG. 2. The total cross section for x-ray production
plotted as a function of the ion impact energy. The
present results are compared with earlier measurements
using spectroscopic techniques by Fortner (Ref. 13) and
using methods similar to the present study by Schartner
et al. (Ref. 14).

sion cross-section measurements. At energies
below 200 keV Fortner'® has measured o, by using
integration over high resolution spectra, while at
energies between 100 and 1000 keV Schartner

et al.'* have employed methods similar to those
described here. All three measurements of o,
agree within the limits of their respective errors
throughout the regions of overlap.

To evoke our apparatus’s ability to select only
those x rays from collisions with a single scattering
angle and scattered ion charge, pulses from the x-
ray detector were not only counted, but also used
to start a time-to-pulse height converter (TAC).
Similar ion signals were used to stop the TAC. A
typical pulse height distribution from the converter
appears in Fig. 3. The flat region on each side of
the peak corresponds to random near simultaneous
arrivals; the peak to the arrival of an ion and an
electron from the same event. The width of the
peak is limited to ~0.5 usec and is primarily a
function of the gain/resolution optimized collec-
tion time of the counter. The experiment essential-
ly consisted of accumulating a time-to-pulse height
spectra for the time necessary to count N,, stop
pulses, each of which signaled the arrival of a 14°
scattered ion with charge m. The procedure was
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FIG. 3. A typical pulse height distribution from the
time to amplitude converter that is started by x-ray
counts and stopped by ion counts. The flat regions
correspond to the random simultaneous arrivals, while
the peak arises from x rays and ions originating from
the same collision.

repeated for those values of ion charge that oc-
curred in significant quantity at each ion energy
To. At the highest values of T acquisition of
each TAC spectra required a few hours, while at
the lowest each needed a few days. The total
counts less randoms under the peak C,, is related
to the x ray yield per collision event with scattered
charge m, y,,(T,0), by the expression

47C,,

Tp,0)= —0 "
ymTo.0)=1 ar

(2)

if one again makes the assumption that x-ray emis-
sion is isotropic. Values of y,,(T,0) plotted as a
function of r, are shown in Fig. 4. For complete-
ness the results of Thoe and Smith® have been add-
ed at large values of ry. In Thoe and Smith’s
pioneering work values of y,, were not determined
in absolute terms. As a result it was necessary to
arbitrarily normalize their values used in Fig. 4.
Nonetheless, in the region of overlap near ry=0.20
A the relative yields of the various charge states
measured in the present work and in Ref. 9 exhibit
good agreement.

The x-ray yields shown in Fig. 4 are complicated
by the fact they include contributions from both
the scattered ions of known charge m, 5, and the
recoil ions of unknown charge yX. Because the
collision is symmetric, the probability P; that an
ion acquires a given charge state is identical to, but
at the same time independent of the charge of its
collision partner.>’ The recoil’s contribution can
therefore be estimated by making weighted sums
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FIG. 4. The x-ray yield per collision plotted as a
function of the minimum distance of internuclear
separation ro. The yields include contributions from
both the scattered ion whose charge is indicated and the
recoil ion whose charge is unknown. The yields to the
right of the dashed vertical line are deduced from Thoe
and Smith (Ref. 9); those to the left are from this work.

over the yields associated with all the charges oc-
curring at the value of g in question by methods
like those described for Auger electrons in Ref. 7,
or

IR=3 3P . 3)
i

The scattered yield by these same arguments is
1
Ym=Ym—73 VP - @)
i

Values of y3 are shown in the lower curves of Fig.
5 along with those deduced from Ref. 9.

The radiative decay of L vacancies in these
events is, of course, intimately connected to the
Auger processes with which it competes. With
this in mind Auger yields from scattered ions of
known charge have been calculated from the re-
sults of a previous experiment in this laboratory
that was carried out under target and ion analyzer
conditions like those in the present experiment
(Ref. 8). The methods used in the Auger calcula-
tion are similar to those used here and are dis-
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FIG. 5. The x-ray and Auger-electron yields from
only the scattered ions of the indicated charge are
shown plotted as a function of distance of minimum in-
ternuclear separation r,. Note that the x-ray yield at
smaller distances of closest approach increases much
more rapidly than the Auger yield. The electron yields
are from Ref. 7 (upper right) and Ref. 8 (upper left).
The x-ray yields are from Ref. 9 (lower right) and the
present work (lower left).

cussed in Ref. 7. The results are shown in the
upper portions of Fig. 5.

III. DISCUSSION

The step-like behavior of the data in Figs. 4 and
5 makes it clear that at least two processes create
L vacancies. The first process has a threshold near
ro=0.25 A, while the second does not appear until
ro=0.13 A. Both can be understood in terms of
the short-lived quasimolecule formed by the collid-
ing partners. Its single-electron energy levels plot-
ted as a function of the internuclear distance r are
shown in Fig. 6, and are based upon an improved
description of the original Lichten model by
Eichler and co-workers.!*> Consider the 2p elec-
trons as 7 is reduced below the separated atom
values at the right of Fig. 6 toward the limit of
zero separation represented by a Krypton-like con-
figuration. Figure 6 shows that in the quasi-
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FIG. 6. The diabatic correlation diagram for the
Ar + Ar collision quasimolecule plotted as a function of
internuclear separation r. These estimates are due to
Eichler and co-workers (Ref. 15). Gerade and ungerade
orbitals are shown as solid and broken curves, respec-
tively.

molecule these electrons are distributed amongst
four molecular orbitals; 4fo, 3dw, 2so, and 2pm.
A similar examination shows that the 2s electrons
are cast into two different MO’s; the 3do and the
3po. Fano and Lichten argue that the first process
occurs when electrons make transitions with virtu-
ally unit probability out of the strongly promoted
4fo MO into one of the many MO’s that it
crosses. They also predict that there should be a
second process due to rotational transitions of elec-
trons from the 3d# and 3do MO’s into the 3d8
MO. Their prediction has since been con-
firmed.*!® Transitions out of the 4fo MO can
create a total of two 2p vacancies in the fwo collid-
ing atoms, while 3do—3d 6 and 3d7— 3d transi-
tions are capable of generating two 2s vacancies
and four 2p vacancies, respectively. Any 2s vacan-
cy created by this means is likely to be short lived
and rapidly transferred to the 2p subshell by a
Coster-Kronig event.

It is apparent from the x ray and Auger yields
presented in Fig. 5 that in all collisions nonradia-
tive modes dominate L-vacancy decay. However,
radiative decay processes are much more probable

in collisions involving the 3d MQO’s than they are
in softer collisions in which only the 4fo MO is
active. Note as the value of 7, falls from 0.13 to
0.05 A the Auger yield (which at least approxi-
mately reflects the total number of vacancies creat-
ed) grows by a factor 2 or 3, while the x-ray yield
increases by more than ten times that figure.

The details of the x-ray fluorescence will be
treated by dividing the events into three groups ac--
cording to their distance of closest approach.

020 A> ro>0.13 A. During this type encounter
the two electron shells interpenetrate enough to
guarantee that both 4o electrons have been
transferred at crossings into-MO’s that leave them
in higher post-collision atomic levels. (The case in
which the 4fo process is not saturated is discussed
in Ref. 7—9). The two L holes usually occur on a
one per ion basis where they exist in the presence
of several electrons in M or higher levels. The
myriad of possible couplings between the continu-
um and the higher electrons favors rapid L-Auger
decay and generates little x-ray fluorescence.
Furthermore, Figs. 4 and 5 show what little
fluorescence yield that there is varies inversely with
the collision’s final scattered ion charge. Chen and
Crasemann!’, Bhalla!®, and Larkins!® have studied
the effect of ion charge upon x-ray yield. All con-
clude that there should be a direct relation between
these two quantities based upon the increased
core-3s electron coupling that results from ioniza-
tion. This seeming contradiction may be resolved
when one realizes that implicit in the theoretical
studies is an assumption that all remaining outer
shell electrons lie in the M shell at the time the L
hole is filled. For the assumption to be valid, rear-
rangement, relaxation, and autoionization of elec-
trons amongst the M and higher levels must be ra-
pid compared to L-Auger processes. Evidence
from our Auger-electron studies indicates that this
may not be the case for all ions.> Many ions ap-
pear in complex excited configurations that are
long lived compared to their L-Auger lifetimes.

At the time the L shell is filled ions have electrons
located in high levels and have 3s and 3p shells
which are partially or totally empty. States of this
type have been studied theoretically by Ong and
Russek.” It is important to recognize that in the
regime of this experiment an ion’s final charge is
determined largely by the autoionization processes
it undergoes and not by binary electron-electron in-
teractions. Thus, the final charge is directly relat-
ed to the number of outer electrons that were
pumped into high levels including notably those
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originally in the 3s level. There is little likelihood
that the excited electrons form configurations with
high 2p fluorescence rates. The larger the number
of electrons excited, the greater the likelihood they
will reach or rearrange by cascade into a long-lived
configuration; a configuration that effectively re-
moves the electrons able to radiatively fill the L
hole, reduces the x-ray yield, and produces a net
inverse ion charge to x-ray yield correlation.

An inspection of the lower curve in Fig. 5 shows
that all ions of one specific final charge state exhi-
bit a monotonic increase in fluorescence as r, de-
creases. Under similar constant charge conditions
measurements of the inelastic energy loss Q, show
that Q increases with decreasing ry. The same stu-
dies indicate that the portion of Q attributable to
inner shell vacancy creation is relatively constant.
It is therefore likely that the increase in Q results
from excitation of outer electrons. If one carries
the arguments of the preceding paragraph a step
further and makes the simplistic approximation
that for each pair of electrons excited one is ulti-
mately expelled?!, then by implication, all ions that
possess the same final charge evolve from precur-
sors with like numbers of excited electrons. For
ions of a constant final charge state a decrease in
ro increases the average energy of the fixed number
of electrons that are excited. The likelihood of
their 3s depopulation does not increase, but the
further excitation of spectator electrons does in-
crease the coupling between the 3s electrons and
the core. It is reasonable to expect a corresponding
increase in the ion’s fluorescence yield. Keep in
mind that this approximation is crude and is clear-
ly inadequate for quantitative description of the
complex states produced in these collisions and the
multiply decay modes available to them.

0.13 A>ry>0.05 A. The onset of the
3dm—3d6 and 3do— 3d6 rotational coupling pro-
cesses change the character of the fluorescence
dramatically. Ions appear with more than one L
vacancy. Our Auger studies® found ions with as
many as four L holes near the lowest values of 7.
Over the entire range of r, the x-ray yield grows
by nearly two orders of magnitude and the
charge-yield correlation becomes direct. Both ef-
fects may be understood in terms of the probable
fate of an ion that has undergone encounters that
leave it with multiple L holes. In these very
violent events the Auger work® indicates that most
outer electrons, including 3s, climb into excited
levels. However, the 3dm—3d& and 3do—3d6
transitions strongly pump L electrons into an x-ray

radiative separated atom level, namely the 3d. The
situation is in sharp contrast to that of the previ-
ous region in which the excitation served only to
deplete x ray allowed levels. The first L vacancies
to decay are likely to be filled by complex Auger
schemes that reduce the number of M and higher
level electrons. The combination of 3d level popu-
lation enhancement and loss of spectator electrons
in low-lying levels can be expected to sharply in-
crease the 3d-2p fluorescence of the last vacancy.
Since the 3d-2p fluorescence yield is directly relat-
ed to the extent of ionization and excitation of
spectator electrons,!”~!? it is not surprising that
direct x-ray yield-charge state correlations are ob-
served.

0.05 A>r,. The lack of parallel Auger-electron
coincidence data makes a discussion of this regime
somewhat speculative. The rotational model'®
predicts a continuing rise in L-vacancy production
with increasingly close encounters, yet the x-ray
yield appears to level off. A clue to the origin of
this effect may lie in the closest events studied.
Note at 575 keV, 14°, some Ar*® ions are ob-
served. Certainly in these ions all L hole filling
takes place in the presence of multiple L vacancies;
conditions that strongly favor Auger decay?? and
the subsequent stripping away of the outer shells.
By the time the last vacancy is filled there are no
more electrons in appropriate L x-ray allowed lev-
els. The result is an overall decline in fluorescence
yield.

IV. SUMMARY

The present ion-x-ray coincidence study has pro-
duced measurements of the x-ray yields of
Art 4+ Ar collisions having known trajectory and
ion charge. The two-step rise in inner shell vacan-
cy production which accompanies increased colli-
sion violence and was observed during our previ-
ous Auger work is reflected in the present x-ray re-
sults. It confirms once again the validity of the
quasimolecular description of L vacancy produc-
tion in the events. Furthermore, the present study
demonstrates that the participants in the collision
are excited into one of a myriad of possible
configurations—some, in harder collisions, with
multiple L vacancies. The L vacancies in these
latter events show a dramatic x-ray fluorescence
enhancement. We believe this effect is a conse-
quence of electrons in long-lived excited levels, of
the decay of other L vacancies in the same ion,
and of the preferential pumping of electrons from
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inner shells into x-ray radiative levels. Less close
collisions can also be qualitatively described by
similar inferences about the condition of the outer
electron shells.
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