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Subshell coupling eff'ects in L-shell ionization of gold by proton impact
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The effect of subshell couplings on L-shell ionization cross sections for protons on gold has been

estimated in the energy range 0.15-3 MeV. The applied model treats the couplings dynamically

solving a set of coupled diN'erential equations &which govern the time evolution of the L-substate

amplitudes. The e6'ect has been found to be particularly large for the L2 subshell, reaching 40%
at low collision energies. The results of the calculations were used to correct the cross-section

values obtained by Chen and Crasemann in the plane-wave Born approximation with use of
Dirac-Hartree-Slater eave functions. The combined theory reproduces the structure observed re-

cently by Jitschin etI aI. in the energy dependence of the L2- and L3-shell cross-section ratio.

For a long time the atomic inner-shell ionization by
light ions has been the subject of many theoretical and ex-
perimental investigations. One of the most frequently
used ionization theories is the plane-wave Born approxi-
mation' (PWBA). To increase its accuracy in the
description of the experimental data, various effects, such
as the deflection of the projectile in the Coulomb field of
the target nucleus, the distortion of the state of the elec-
tron to be ionized (increased binding energy, polarization
of the charge cloud), and the electronic relativistic efl'ects,
have been incorporated into the theory. Further im-
provements have been obtained employing more realistic
than hydrogenlike wave functions.

For degenerate or nearly degenerate subshells, the con-
sideration of the dynamical couplings between the sub-
shell ionization amplitudes is necessary. The subshell cou-
plings take place through a secondary (or multiple) in-
teraction between the projectile and the target electrons,
and can be considered as higher-order processes. There-
fore, the coupling effect increases with increase of the
atomic number of the projectile Zt. We have found
order-of-magnitude deviation from the first-order theories
for L-subshell ionization by heavy-ion impact or heavy
target. 'o '5 However, in the case of heavy-ion impact,
only gross features are studied because of other disturbing
effects: the screening efl'ect due to the projectile elec-
trons's and the large probability of charge-transfer pro-
cesses. For proton impact such disturbing effects do not
exist, but the subshell couplings are expected to be weak.

In order to study the subshell coupling effects the L2-
and L3-shell ionization cross-section ratio is an especially
suitable quantity for the following reasons. First, the ra-
tios of cross sections can be measured with much higher
accuracy than absolute cross sections. Second, the L2-to-
L3 ratio is a smooth function as a function of the projectile
energy, because both states are 2p states with difference in

the binding energy only (exactly speaking, there is a small
difference in the radial wave functions due to the relativis-
tic effects).

Figure 1 shows the comparison of theoretical and exper-
imental L2-to-L3 ratios for protons on gold target in the
energy range of 0.15-3 MeV. The effect of the relativity

and of the choice of the wave functions is demonstrated by
comparing the PWBA calculations with screened hydro-
genic nonrelativistic' (PWBA-SH) and Dirac-Hartree-
Slater (RPWBA-DHS) wave functions. The latter
model corrected for the Coulomb deflection and binding
effects (RPWBA-DHS-BC) is also plotted as the most
complete description of L-shell ionization by the first-
order theories. The experimental data are taken from
Jitschin, Kaschuba, Nippier, and Lutz. '~ It can be seen
from Fig. 1 that the RPWBA-DHS-BC is in satisfactory
agreement with experiment and this is the reason that the
contribution of the higher-order terms of the Born series
to the subshell cross sections has been thought to be negli-
gible. '2

However, it should be noted that the experimental L-
subshell ionization cross sections have been converted
from the measured x-ray production cross sections' and
sensitively depend on fluorescence yields and Coster-
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FIG. 1. L2-to-L3-subshell cross-section ratios for ionization of
gold by protons. Theories: dashed-dotted curve, P%8A-SH
(Ref. 1); dashed curve, RPWBA-DHS (Ref. 9); solid curve,
RPWBA-DHS-BC (Ref. 9). The experimental data (solid cir-
cles) are from Jitschin et ai. (Ref. 17).
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Kronig factors. Recently Jitschin er al. ' measured the
vacancy decay parameters for the L subshells of gold us-
ing synchrotron radiations and found significant devia-
tions from the published values. Using the new set of
atomic parameters, they reevaluated their earher mea-
surements. ' The revised values for the L2-to-L3 ratio are
reproduced in Fig. 2 (solid circles).

From comparison of Figs. 1 and 2, it is clear that the
new decay parameters have a considerable effect on the
experimental cross-section ratios. The agreement with
the RPWBA-DHS-BC theory (dashed curve) becomes
worse both in shape and magnitude. At the same time, a
new interesting feature, a flattering at about 0.4 MeV, ap-
pears in the energy dependence of the reevaluated data.
The reason for the absence of this structure in the old data
can be ascribed to the large f1' Coster-Kronig transition
probability adopted above:2o The old value is 0.14, while
the new one is 0.047.

The insufItciency of the 6rst-order theories for the
reevaluated data and particularly the appearance of the
structure in the energy dependence have motivated us to
estimate the couphng effects in L-shell ionization by pro-
ton impact. In the present work, we apply the couIpled-
states model, whose details can be found elsewhere. ' " '
We use the impact-parameter approach in the semiclassi-
cal approximation (SCA) and consider only terms con-
taining L-subshell amplitudes. Then we have one equa-
tion for each transition into unoccupied final states with
amplitudes af (t) (in atomic units):

Qf -—igvf„,a„, ,
n,

and eight coupled equations for the L substate amplitudes

a„,(r):

Here nI. represents a set of quantum numbers I, j, and mj.

of the eight L substates. The V k(r) matrix elements for
the projectile-target-electron interaction are defined as

V k(t) V k(t)exp(iro kr),
Zl

V k(r)- dry'(r)
t t

yk(r), (3)
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where R is the internuclear vector, b is the impact param-
eter, and y~(r) and E~ are the one-electron energy eigen-
states and eigenvalues of the unperturbed target atom.
The cross section for vacancy production in a state labeled
byi is given by23

a; 2ir dbbg t af(t + )
~

(4)40

Here the af amplitudes are obtained by integration of Eq.
(1) using the. same set of a„, amplitudes for every final
state at a fixed impact parameter. The a„,(r) functions
are obtained by solving Eq. (2) with the initial condition
a„(r —~) b„,;.

For simplicity, only some representative, dominant
transitions with a limited number of final states are chosen
to characterize the ionization process. In low-velocity col-
lisions, where the coupling effects are expected to be large,
the dominant transitions are those which take place with
minimum energy transfer. For a similar reason the angu-
lar momentum of the ionized electrons in the final state is
restricted to lf 0 and 1. The higher-order effects es-
timated in this are incorporated into a first-order theory as
a correction factor which is de6ned for the ith subshell by

a~(c)( ~(l ) (5)
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Here a (' and a,'(') denote the subshell ionization cross
sections corresponding to the first-order theory [i.e., solu-
tion of Eq. (1) with a„,(r) b„,;] and to the coupled-
states theory [Eqs. (1) and (2)), respectively. The prime
indicates that the cross sections are calculated with a lim-
ited number of final states as described above. We assume
that the subshell coupling effects do not differ much for
transitions with larger values of energy and angular
momentum transfer and use C;, de6ned by Eq. (S), to
correct cross sections obtained from the 6rst-order theory
(e.g., PWBA):

(c) C ~(1)

FIG. 2. L2-to-L3-subshell cross-section ratios for ionization of
gold by protons. The dashed curve denotes the RP%8A-DHA-
BC theory (Ref. 9); the solid curve represents the same theory
but ~ith inclusion of the subshell coupling e6'ects. The experi-
mental points are from reevaluation of the x-ray data of Jitschin
et al. (Ref. 17) with use of atomic decay (Ref. 19) parameters
obtained by synchrotron-radiation excitation (Ref. 19) (solid
circles), and applying decay parameters taken from theory
(Rcfs. 26 and 27) (open circles).

It is also assumed that the subshell coupling processes are
mainly sensitive to the symmetry of the states involved
but not to the details of the wave functions. The bound-
bound and bound-free matrix elements of the projectile-
electron interaction [Eq. (3)j are evaluated with the
screened nonrelativistic hydrogenic wave functions. '

Since the Coulomb deflection effect is large at low col-
lision energies, the hyperbolic Kepler orbit is used for the
projectile path. ' The binding effect is automatically in-
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eluded in the solution of the coupled equations ' and no
correction is needed for o ('). This is not the case for the
first-order cross section cx ~'~, where we foHow the pro-
cedure of Brandt and Lapicki, i.e., modify the binding
energy of the initial state

with

~~, -V;, (b, r-0) .

The time t 0 corresponds to the distance of the closest
approach of the two nuclei at a given impact parameter.

The obtained correction factors for the three subshelis
are listed in Table I. The subshell coupling effect is
surprisingly large for the L2 subshell„almost 40% at low
proton energies. Using the correction factors we have
modified the RPWBA-DHS-BC cross sections according
to Eq. (6), and plotted the L2-to-L3 ratio in Fig. 2 (solid
curve). Though there still remains a disagreement in ab-
solute scale, considerable improvement can be observed in

description of the shape of the energy dependence. The
present model gives account of the curious structure,
correctly reproducing its position, but slightly overes-
timating its extent.

One can hardly attribute the remaining deviations be-
tween the theory and experiment, at an average 35%, to
any known effect infiuencing the theoretical ionization
cross sections. Particularly the deviation at large proton
energies (20%) is unexplainable from the theoretical view

point because all the corrections (Coulomb defiection,
bind, subshell coupling effects) rapidly decrease with in-
creasing collisional energy and the RPWBA-DHS cross
sections have been calculated with realistic atomic wave
functions.

Since the experimental data are sensitive to the atomic
decay parameters adopted, it is interesting to use another
set of atomic parameters to find the reason of the
discrepancy. For this purpose, we used theoretical decay
parameters in evaluation of the same x-ray experimental
data, and took the fiuorescence yields and Coster-Kronig
rates from Chen, Crasemann, and MarkM and the x-ray
emission rates from Scofield. The data set of Chen er

TABLE II. Fluorescence yields and Coster-Kronig factors for
gold.

&3

fi2
fl3
f23

Krause
(Ref. 20)

O. 1O7(16)
0.334(17)
o.320(to)
O. 14O(14)
0.530(27)
0.122(18)

Jitschin
(Ref. 19)

O. 135(9)
0.401(20)
0.320(10)'
0.047(10)
o.590(20)
o. loo(9)

Chen
(Ref. 26)

0.076
0.355
0.310
0.074
0.704
0.129

Present

0.100
0.390
0.320'
0.030
0.700
0.100

'Normalized to the value given by Krause (Ref. 20).
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al. 26 is interesting due to the fact that their f12 Coster-
Kronig rate is 0.074, i.e., a low value supporting the result
of the synchrotron radiation measurement. We used the
proton-induced L x-ray intensity ratios (L„,/L, and

L„„JL,) given by Jitschin et al. ' in tabulated form and
derIved the new subshell cross-section ratios. The results
are shown in Fig. 2 by open circles. The agreement with
the present calculations is quite good. We regard this re-
markable agreement as a great success in the theoretical
description of L-shell ionization: The complete collision
process including both ionization and decay of the atom is
well accounted by the theory. Furthermore, it is clear that
the subshell couplings are relatively strong for proton im-

pact and cannot be neglected in cross-section calculations.
Finally, we attempted to get an even better agreement

between theory and experiment by treating the fluores-
cence yields and Coster-Kronig transition probabilities as
free parameters and by adjusting them in a small extent.
The best parameters thus obtained are listed in Table II
together with the values of Krause, o Jitschin, Materlik,
Werner, and Funke'9 and Chen, Crasemann, and Mark

TABLE I. Correction factors for inclusion of the subshell
coupling effects in L-shell ionization of gold by protons of energy
E~ (in MeV).

0.15
0.20
0.25
0.30
0.40
0.60
0.80
1.00
1.50
2.00
3.00

0.99
0.96
0.93
0.90
0.86
0.84
0.85
0.85
0.91
0.94
0.96

CL, 2

1.25
1.38
1.39
1.37
1.25
1.09
1.00
0.96
0.94
0.95
0.97

CL3

1.03
1.00
0.98
0.96
0.95
0.94
0.94
0.95
0.96
0.97
0.98
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FIG. 3. L2-to-L3-subshell cross-section ratios for ionization of
gold by protons. The solid curve is a repetition from Fig. 2. The
open circles represent a fit to the curve obtained ~ith use of opti-
mized values of fluorescence yields and Coster-Kronig factors
converting the x-ray data of Jitschin er al. (Ref. 17) into sub-
shell ionization cross sections.
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(corresponding to Figs. 1 and 2) and the fitted cross-
section ratios are plotted in Fig. 3. The agreement is ex-
cellent. We note that this result is obtained with decay
parameters which seem to be realistic from comparison
with other parameter sets in Table II. However, we do
not regard these values as recommended ones, because the
analysis of the L ~-to-L2 ratio would be necessary, and also
we do not believe that the experiment and theory are
without errors.

In conclusion, we have strong evidence for the existence

of the subshell couplings in L-shell ionization of gold by
proton impact. The revelation of the coupling effects hid-
den in the L x-ray production cross sections, however, crit-
ically depends on the atomic decay parameters used to
deduce the subshell ionization cross sections from the raw
experimental data. Further studies are needed especially
in this context.

This paper is based on work supported by the Japan So-
ciety for Promotion of Science.
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