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Impact-parameter dependence of K-vacancy production in chlorine-argon collisions*

C. L. Cocke, R. R. Randall, ~ S. L. Varghese, and B. Curnutte
Kansas State University, Manhattan, Kansas 56506

(Received 28 May 1976)

%e have measured the probability per collision for the production of Cl and Ar K vacancies in the
bombardment of argon gas targets by 15- and 30-MeV chlorine projectiles. By detecting the Cl and Ar K x
rays in coincidence with Cl ions scattered to a known angle we have deduced the dependence of the
probability on impact parameter b. The sum of Ar and Cl K-vacancy production probabilities, presumably a
measure of 2po. vacancy production, is found to depend in magnitude on the charge state of the Cl projectile,
but the shape of the summed probability curve, when plotted versus b, is not charge-state dependent. The
measured shape is close to that expected for K-vacancy production via 2pcr-2pn. rotational coupling. The data
suggest that, for these collisions, the production of 2p7r vacancies at large internuclear distances is important
and that a two-step mechanism for the production of the K vacancies is operating.

INTRODUCTION

The production of K vacancies in slow ion-atom
collisions between nearly symmetric collision
partners of low nuclear charge (Z) is well de-
scribed in terms of the electron-promotion model
of Fano and Lichten. ' ' Vacancies in the 2Po. mo-
lecular orbital (see Fig. l) are produced via rota-
tional coupling at small internuclear distances
with the 2Pm orbital, provided 2/m vacancies are
brought into the collision. Further transfer of
2Po vacancy to the 1sv orbital, "vacancy sharing, "
allows both the lighter and heavier collision part-
ners to have nonzero K-vacancy production prob-
abilities. ' The 2Pm-2' coupling process has re-
ceived considerable theoretical investigation by

Briggs and Macek for symmetric' and by Taulb-

jer g, Br igg s, and Vaaben for asymmetric colli-
sions. '' Experimental total cross sections for
Ne-Ne collisions are in good agreement with the
calculations at low energy. " Impact-parameter-
dependent vacancy production probabilities give
further support to the model for first-row colli-
sion partners. '' "

If the number of 2Pm„vacancies brought into the
collision, N„ is zero, the rotational coupling
mechanism cannot operate, and this effect has
been seen at very low velocities by Fastrup pt

g/. ' "" However, there is evidence' that at high-
er velocities even collision systems which bring
no initial 2Pp vacancies into the collision may pro-
duce such vacancies at large internuclear distances
which then enable the 2p7t-2Pg rotational coupling
to operate. The number of 2Pm vacancies brought
into the close encounter region, V, (U), then be-
comes a function of the dynamics of the collision.
Both total cross-section measurements of Fastrup
et al. '2 and Stolterfoht et al. ' and impact-param-
eter dependent probabilities of Lutz ef al." show
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FIG. 1. Correlation diagram for the Cl-Ar system.
The level order for large R is that appropriate to the
ionization states of Cl used in the present experiment.

that this two-step process is important in colli-
sions between first-rom partners at scaled veloc-
ities as low as 0.1. For higher-Z systems, evid-
dence for creation of 2Pm vacancies at large inter-
nuclear distances via the sharing of 2P vacancies
between heavy and light collision partners has
been given. " Meyerhof has attempted to treat
systematically the dynamics of the production and
destruction of 2Pp vacancies in terms of vacancy
sharing between the more tightly bound 2P shell
and nearby atomic orbitals. "
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For higher Z collision systems the 2P binding
energies become large and the production of 2pp
vacancies in a single collision becomes less prob-
able. Under such conditions the production of 2Pg
and 1sv vacancies might proceed v1a direct excita-
tion to the continuum or to higher vacant orbitals. "
It is not clear at what Z this direct process be-
comes competitive with the two step process.

winters ef ak."have previously measured total
cross sections for K-x-ray production in colli-
sions of sulphur RIll chlorine ions with targe'ts of
similar nuclear charge. They found no proportion-
ality between the cross sections and V, . It was
suggested that this might be interpreted as evi-
dence for the direct process. The present work
was undertaken to investigate further whether the
direct or two-step process dominates the K-va-
cancy production. Since hT, (v) may depend in a
rather complex way on the parameters of the col-
lision, it is difficult to determine on the basis of
energy or g dependences of total cross sections,
which mechanism, if either, is operating. Qn the
other hand, the impact parameter dependence of
the probability for 2' vacancy production in the
rotational coupling model may be predicted on a
sound theoretical basis' and should be a distinct
signature of the process. Thus, we have under-
taken to measure the impact parameter dependence
of the probability for producing either Cl or Ar
K x rays in Cl-Ar collisions at Cl energies of 15
and 30 MeV, corresponding to scaled velocities
of 0.27 and 0.38, respectively, relative to the Ar
K-shell electron velocity. The sum of the two
vacancy-production probabilities is presumably a
measure of 2' VRcRncy production Rnd 1s 1nde-
pendent of the subsequent sharing of this vacancy
between Ar and Cl K shells.

EXPERIMENT

Chlorine beams of 15 and 30 Me& from the KSU
Tandem Van de Graaff were directed onto a target
of argon gas. A schematic of the cell is shown in
Fig. 2; further detail is given in Ref. 18. The inci-
dent Cl charge state could be chosen by post-strip-
ping the accelerated beam with a 10-gg/cm2 C
foil and selecting the desired charge state with the
beam switching magnet. Incident charge states of
+5, +6, and +11 were used. Cl, and Ar x rays
were detected by an 80-mm' Si[Li] detector which
viewed the cell at right angles to the beam through
25-p, m Be and 6-gm Hostaphan" windows. The Si
crystal was located 2.4 cm from the beam axis.
The beam was collimated by square apertures lo-
cated 5.6 m apart adjusted to half widths between
0.2 and 0.5 mm. The downstream slit was located
15 cm before entrance to the 1.5-cm-long gas cell.
Scattered Cl ions were detected in a, surface bar-
rier detector located at a distance downstream
ranging froIQ 2.18 to 0.65 m. Th1.s detector wRS

collimated by annuli of inner/outer diameters
ranging from 4.09/4. 60 to 17.1/19. 1 mm and could
be scanned laterally to the beam axis in both di-
mensions. Positioning of each annulus was done
on the beaxn, by seeking symmetry in the scatter-
ing distribution, to a precision of 0.1 mm. The
gas cell was differentia1. ly pumped in such a way
as to maintain beam line pressure below 8 &&10 '
Torr for target pressures as high as 200 m Torr.

Standard coincidence circuitry was used to
record coincidences between Ar or Cl K x rays
and scattered Cl ions. Typical count rates were
10 and 4x 103 Hz in the Si[Li] and surface barrier
detectors respectively, yielding coincidence rates
between 1 and 10 ' Hz. The time window used
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mas typically 100 nsec, with a reals to randoms
r atio always above 3. With the thin gas targets,
the count rate in the SiILi] detector due to slit
scattering was not negligible. The ratio of this
background to scattering from the gas, measured
by removing the gas from the target, mas never
allowed to exceed 10%.

In order to minimize the fractional slit scatter-
ing and in some cases to achieve sufficiently high
count rates, much of the data were taken at target
pressures as high as 180 mTorr. Under such con-
ditions there is appreciable alteration of the pro-
jectile charge state within the gas cell, although
alteration in the beam line before the cell remains
small. In order to directly assess the importance
of this effect, we installed a charge-state spectro-
meter beyond the gas cell consisting of a small
magnet and a position sensitive-surface barrier
detector. Exit charge-state distributions were
measured as a function of target gas pressure
under the same conditions as those used for the
coincidence measurements. While charge purity
of the incident beam mas not maintained, we were
able to deduce the charge-state distribution
present at the center of the gas cell. We describe
the average charge state of the beam at the target
center in terms of a parameter

Xr= p(q- v-)f, ,

where q is the chlorine charge state and f, the
measured fraction of that charge state at half the
target thickness. Were the projectiles in their
ground-state configuration, N' would represent
the average number of L-shell vacancies born by
the Cl beam. Since charge-changing collisions did
take place within the gas cell, there is no reason
to expect the chlorine ions to be in their lomest-
energy configurations throughout their passage
through the cell. For example, even chlorine iong
with q ~7 may possess L-shell vacancies if there
are one or more M-shell electrons present. Such
systems will usually relax quickly to fill the L
vaeaney, however. For example, the lifetime of
the (2P'3s)'P' state in C1VIII is 1.0x 10 "sec,"
during which a 30-MeV Cl ion will travel only 0.13
rnm, a distance substantially smaller than the
path through the cell. Systems which may autoion-
ize mill usually be even shor'ter lived. Thus the
interpretation of N as the average number of L
vacancies borne by the Cl is not unreasonable. We
po int out that me tastable states with L vacancie s
will not relax quickly and may cause departures
from this interpretation. In no case did N at the
tar get center diff er from that charac ter iz ing the
incident beam by more than 1.1.

TABLE I. Summed target-projectile K-x-ray pro-
duction cross sections for chlorine on argon.

(MeV) Projectile
f 2&P (blbdb~ a

(tO-" cm-) (~O-'" cm')

30

C1+11

( l+5
2.92
o.f8

3m 37
0.62

3.05
1.24

5.84
4.29

2.88
1.32

5.87
3.90

~ Present experiment.
Interpolated from Ref. i7.

Were there no dynamic rearrangements within
the f. and higher shells, bf, (v) would just equal No

which is related to N' for symmetric collisions,
(which we take to be appropriate to our collisions)
by N', = N. The possibility exists that, under
high-pressure conditions, collisions might excite
the Cl 2p shell without changing the projectile
charge. Such an excited system would not be ex-
pected to live long, as discussed above. Neverthe-
less, it is important to examine directly the possi-
bility that Cl 2P vaeaneies are created in collisions
inside the gas cell and subsequently carried into
a second collision in which Cl or Ar K x rays are
produced. Were the two-collision mechanism
important, the apparent total cross section for
(Ar +Cl) K-x-ray production would initially in-
crease linearly with target pressure. In Ref. 17
a careful study of the pressure dependence of the
same cross sections as those studied here was
made down to target pressures of 1 m Torr. No

target-pressure dependence of the cross sections
was observed for pressures to 10 mTorr and con-
siderably higher. A pressure of 10 mTorr in the
gas cell of Ref. 17 would represent roughly the
same target thickness as a pressure of 37 mTorr
in our target, approximately the lower end of our
working range. Our total cross sections from the
thicker targets, as shown in Table I, agree with
the thinner target results of Ref. 17.

An independent investigation of this point was
made for incident charge states +6 and +5. One
would expect the observed x-ray production proba-
bilities to be especially sensitive to multiple col-
lisions for these incident charge states, since the
projectiles bring in no 2P vacancies. Thus excita-
tion of the Cl 2P shell in a multiple collision pro-
cess might strongly affect the observed probabili-
ties by opening the otherwise closed rotational
coupling channel. To investigate this point for the
lower-charge incident beams, data. points mere
taken at gas pressures of 180 mTorr (filled circles
in Figs. 3 and 4) and at 45 m Torr (open squares in

Figs. 3 and 4}. If the observed probabilities were
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due to two-collision events in which 2pm vacancies
were created in the first collision, they should
have appeared to decrease by a factor near 4 in

going from the higher to lower gas-pressure data.
This was not the case. The resulting probabilities
were found to depend not at all on gas pressure at
15 MeV. The small pressure dependence seen at
30 MeV is probably due to the slightly lower
charge state characterizing the lower-pressure
data and may be a fluorescence-yield effect, as
discussed below. Thus we are given confidence
that we are not studying a multiple-collision pheno-
menon.

The relationship between impact parameter b and
scattering angle 0 was established following the
procedures described by Everhart et a/. " A
screened Coulomb potential given by V(R) = (Z, Z, e'/
R)e " was used, with a =0.53 X 10 ' cm/I Z', '
+Z', ']' '. To investigate the validity of this ex-
pression we compared our measured elastic scat-
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FIG. 3. The upper figure shows the probability for
production of Cl or Ar K x rays, for 15 MeU Cl on Ar,
plotted vs impact parameter, b. The open and filled
circles show data for incident Cl charge states of +11
and+5 on 180 mTorr targets respectively. The open
squares are for incident charge state + 5 on a 45 m Torr
target. The parameter N is defined in the text. The
solid and dashed lines are theoretical curves for the
2p7I —2pcr rotational coupling and direct ionization of the
united-atom 2p shell, respectively. Each theoretical
curve is normalized to give the total cross section
represented by the higher charge incident beam. The
lower figure shows the ratio between higher- and lower-
incident charge data.

FIG. 4. Similar to Fig. 3, but at a Cl energy of 30
MeV. The open and filled circles are for incident charge
states of + 11 and + 6 on 180 m Torr targets. The open
squares are for incident charge state of + 5 on a 45
m Torr target.

tering angular distribution with that predicted
from the above potential. Good agreement was ob-
tained.

Figures 3 and 4 show our results for 15- and 30-
MeV Cl projectiles, respectively. The (Ar + Cl)
K-x-ray production probability, P„(b), is defined
as the ratio of the number of (Ar +Cl) ff x rays to
the number of scattered Cl ions, divided by the
absolute efficiency of the x-ray detector. This ef-
ficiency was calculated to be 5.5 x10 ' from the
known geometry of the system and known absorp-
tion in the detector and gas cell windows, assum-
ing isotropic x-ray emission. The absolute scales
in Figs. 3 and 4 are based on the efficiency thus
obtained. We place an error bar of 50'Pq on our
absolute scale, although our relative errors are
much smaller and are shown on the figures. Total
x-ray production cross sections obtained by inte-
grating these curves are shown in Table I. These
are in good agreement with those of Ref. 17.

FLUORESCENCE YIELDS

The Cl charge-state dependence of Cl and Ar
x-ray production seen in Figs. 3 and 4 and in Ref.
17 could be due to a charge-state dependence of
either the primary K-vacancy production probabil-
ity or of the fluorescence yields of the departing
ions. In order to isolate the charge-state depen-
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dence of the K-vacancy production alone, we mea-
sured the cross sections for production of Ar g-
Auger electrons for 30-MeV Cl", Cl'", and Cl"'
on Ar. The cylindrical mirror analyzer described
in Ref. 1S was used to disperse electrons from the
collisions. Target gas pressures below 25 rnTorr
were used. Data handling and reduction procedures
are described in Ref. 18. Absolute cross sections
given in the table were obtained by assuming the
atomic Ar fluorescence yield of 0.12" for colli-
sions with the Cl beam and taking 0„ for this
collision from Ref. 17. This procedure was
deemed preferable to relying on the ratios of ab-
solute x-ray and Auger cross sections from in-
dependent experiments, especially since the ab-
solute precision available in either experiment
was not high. The results are shown in Table II.
While the Ar &-x-ray production cross section in-
creases by a factor of 2 in going from Cl" to Cl"'
the Ar K-Auger production cross section rises by
only a factor of 1.13. Although the cross sections
presented in Table II are for the target only, the
ratio between intensities of target and projectile
x rays was found by Winters et al. to be indepen-
dent of charge state. " Thus it appears probable
to us that the outer-shell electrons of two so near-
ly symmetric systems are shared in such a way
during the collision that the fluorescence yields of
the de par ting ion s, while diff e rent from the ir atomic
values, are in a ratio which is not dependent on the
projectile charge state. Thus much of the charge-
state dependence seen in Figs. 3 and 4 and in Ref.
17 must be attributed to a dependence of the final
fluorescence yields on the initial projectile charge
states.

D ISCU SSION

If the two-step rnechanisrn dominates, then the
shaPe of the plot of P„(b) vs b should be tha. t pre-
dicted for the 2P7T-2P(T rotational coupling mech-
anism. We presume that the production of 2Pz
vacancies in the first step is not b dependent over
the range in b covered by the data. This appears
likely, since the first step must occur at much
larger internuclear distances than those necessary
for effective 2P7)-2PO coupling.

We have evaluated the theoretical probability,
P„(b)i for 2Po vacancy production assuming a
single initial vacancy in the 2Pm„orbital, from the
universal tables a,nd scaling laws of Taulbjerg,
e( el. ' The solid curves shown in Figs. 3 and 4

are normalized curves for the rotational coupling
process, AP„(b), where A has been chosen such
that Af 2aP, (b)b db is equal to J 2vP, (b)bdb for the
higher-charge beam in each figure. The similarity
between experimental and theoretical shapes is

TABLE II. Auger-electron and x-ray production cross
sections and fluorescence yields for the E-shell of ar-
gon in collision with 30-MeV chlorine ions.

0 R
a

Projectile (10 cm )

b
0&

(10-"cm')

C i+b

( i+10

C i+11

—:8.8
10.6 +2.1

9.9 +1.0

1.20 +0.12 =0.12
2.26 +0.23 0.18 +0.04
2.53 +0.25 0.20 +0.03

~ Present experiment.
"From ref. 17.' From ~„=0.„/(0-„+0,); ~~ (Cl+6) taken from Ref. 22.

remarkable. Qf particular interest is the de-
crease of the experimental P, (b) at small b, which
is predicted by the theory. We consider the near
agreement between theoretical and experimental
shapes to be strong evidence that the primary
mechanism responsible for 2Pcr vacancy produc-
tion here is the 2PO-2Pm rotational coupling.

This conclusion relies on the supposition that
other possible mechanisms, such as direct 2t)g
ionization, will not have the same impact-param-
eter dependence. The total cross sections for
this process have been calculated by Thorson. "
Unfortunately, the calculated P(b) for direct 2Po
ionization is not immediately available. We think
it unlikely that the P(b) for such a process will
have the same shape as tha, t for the rotational
coupling, especially for small b. Indeed, one
might expect" the direct process to behave in a
manner similar to direct Coulomb ionization" of
the 2P shell of the united atom (8'=35). The
impact-parameter-dependent probabilities for this
process, PscA(b), have been calculated from the
tables of Hansteen et al." The resulting curves
are shown as da.shed lines in Figs. 3 and 4. Each
curve has been normalized such that J2mP&c~(b)bd'b
is equal to 12vP, (b)bdb for the higher-charge in-
cident beam. At 15 MeV the Psc,(b) curve de-
creases monotonically as b increases from zero,
in qualitative disagreement with the data. At both
energies the direct ionization curve places far
too much cross section at large b. Thus while a
more definitive exclusion of the direct process in
this case cannot be made without a theoretical
study more appropriate to these nearly symmetric
collisions, we feel that the data strongly suggest
the dominance of the rotational coupling mechan-
ism.

In order that the rotational coupling mechanism
operate, 2Pp vacancies must be present when the
nuclei a,re at small internuclear separations. The
data shown in Figs. 3 and 4 suggest that iV, (U) is
not simply related to the number of chlorine L-
shell vacancies brought into the collision, as
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would be the case if no rearrangement of I.-shell
electrons took place during the collision. In par-
ticular, no proportionality between P,(b) and N is
seen. The ratio between P, (b) curves for high and
low values of N, given in the lower curves in Figs.
3 and 4, is nearly constant with 5, suggesting that
the vacancy production mechanism is not particu-
larly sensitive to V,'. Indeed, if the curves were
divided by the fluorescence yields interpolated
from Table II, they would very nearly lie on top
of one another at 30 MeV. Our interpretation of
these observations is that N„(u) at the higher en-
ergy is almost entirely determined by transitions
within the manifold of I. and higher orbitals which
take place at large internuclear separation. In
particular, it is not possible to write N, (v) = N,
+ N, (o), where N,(v) is the dynamic component of
V, (v). Such a separation of dynamic and static
contributions to N, (v) is apparently appropriate
at sufficiently low velocities' '""since N, (0) =N,'.
%e see no reason for expecting it to be valid in

general, however.
Experimental data on the fluorescence yields

at 15 MeV are not available, but it is expected
that their dependence on projectile charge state
is at least no greater than that at 30 MeV. Thus,
the increase in P,(b) in going from N =0.18 to 2.92
must be due at least in part to a dependence of
N, (v) on the incident Cl charge state at the lower
velocity.

If the two-step process is assumed to dominate,
absolute values for N, (v) may be extracted from
the data using P(b) = N, (u)P„(b) Here P(b. ) =P,(b)/
~„where ~, is a weighted average of the Cl and
Ar fluorescence yields. If one takes the atomic
fluorescence yields" for Ar and Cl (0.12 and 0.095
respectively) to be valid for the lower N data in

Figs. 3 and 4, evaluation of the above expression
at the maximum of the P„(h) curves gives N, (v)
=0.25 and 0.59 for 15- and 30-MeV projectiles,
respectively. Similarly one may extract V, (v)
from the total cross sections of Ref. 17 using 0„

N(v) „owhreeo„ is the sum of K-vacancy pro-
duction cross sections for Cl and Ar and v„
= J2vP„bdb. Only the lowest charge-state data
were used, for which the fluorescence yields were
interpolated from Table II.

In Fig. 5 we show a plot of N, (v) vs I/v. Meyer-
hof has suggested that N (v) zs due to radial
coupling at large A between the 2Pm and higher
vacant m orbitals, and has applied Demkov's model
for vacancy transfer between parallel orbitals.
Although the high velocities of the present colli-
sion call into question the quantitative applicabil-
ity of this model, we find it informative to pursue
it nevertheless. The probability se for vacancy
transfer from the 2/m orbital with asymptotic ion-

i.o—
(Winters et ol.)

rot

(Pf esent)

)
O. l

o.ol l I l

FIG. 5. Experimental values for N~ |v) in C1-Ar col-
lisions, plotted vs 1/v, where v is the Cl velocity in
a.u. The open circles are derived from the low-charge
state cross sections of Winters et al,. (Ref. 17). The
filled circles are from the present data.

ization energy I, to a vacant orbital with energy I,
is given by'

ur = I /(I + e~ i i )

Here I, and I, are in keV, v in a.u. The solid line
in Fig. 5 is of the form N, (U} =C/(1+e "). From
the data points at low v we find ~ = 11, C =3.36. If
one takes I, =348 eV, the 2P binding energy for
Cl" (empty M shell), "this value of o. gives I, =23
eV. The exact value of I, is rather sensitive to the
value of I, used. In the vacancy-sharing model C
should equal 2.0 and N, (U) should not exceed unity.
[For total emptying of the 2Pv orbitals before the
close encounter, N, (U) may be as la'rge as 2, since
there are two 2Pv, orbitals. ] The higher value of
C obtained here may reflect deficiencies in the
model, although the discrepancy is almost within
the 50% absolute error bar quoted on the data.

The true mechanism for production of 2Pm va-
cancies is certainly more complex than that sup-
posed by the vacancy-sharing model. It is diffi-
cult to identify a single orbital to which the trans-
fer might go. Initially the nearest vacant m orbital
is the 3Pm which correlates to the Cl 3P shell and
whose asymptotic binding energy is near 90 eV
for Cl". There are numerous vacant m orbitals
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with which sharing might occur, many of which
lie at least as close to the 2Pvr orbital as does the
fictitious level whose binding energy is 33 eV.
Thus, we conclude that the production of 2Pm va-
cancies with probabilities as high as are needed
to explain the present data seems quite possible,
and indeed the operation of the two-step mechan-
ism is in no way surprising.

CONCLUSION

We have presented exper imental evidenc e that
the impact-parameter dependence of the 2P0 va-
cancy production probability in Cl-Ar collisions
is very close to that expected if the vacancy pro-
duction is produced by the strong 2Pm-2PO coupling.
This is true independent of whether 2pm vacancies
are present initially in the incoming projectile.
We interpret this as evidence that 2Pm vacancies
are produced at large internuclear distances in

single collisions. A vacancy-sharing model for
the production of 2Pm vacancies suggests that the
2P7T vacancy production probabilities needed to
explain those data are not unreasonable. While
we do not pretend to exclude the operation of di-
rect 2Pcr ionization processes in collisions where

the 2p p-2Pg channel seems to be more than mar-
ginally closed, we point out that, as supported by
the experimental evidence of this paper, it is not
surprising that the two-step process is important.
Presumably at sufficiently high Z the 2Pm vacancy
production probability will become low enough that
the multistep process may be ignored, but this
may not occur until one goes to considerably larg-
er Z than is often assumed, certainly above Z = 18.
So long as the multistep process is important,
total K-vacancy production cross sections may be
dominated by higher-shell processes, and studies
of the cross sections' dependence on g and colli-
sion velocity may be a study of N, (v) rather than
of the inner-shell process itself. Thus, one must
use caution in the interpretation of &-vacancy
production cross sections for nearly symmetric
collision partners in terms of inner-shell interac-
tions alone.
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