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Absolute ionization cross sections for the L subshells of Au by proton bombardment (0.25-5.2 MeV)
have been determined from data obtained using a Si(Li) detector and the presently available values for
radiative transition probabilities, fluorescence yields, and Coster-Kronig factors. The measured cross
sections are compared with values calculated by Choi using the plane-wave Born approximation
(PWBA) with either relativistic or nonrelativistic hydrogenic wave functions for the Au electrons.
Except at low energies (1, /6 < 0.2) where the uncorrected PWBA is questionable, the agreement is
good. A plateau in the 2s ionization cross section attributable to the bimodal 2s-electron wave function
is observed in the region 0.5-1.0 MeV. Ionization by He ions (1-12 MeV) is similar, but significant

differences in subshell behavior are observed.

Considerable effort in recent years has gone
into the theoretical and experimental determina-
tion of inner-shell ionization by heavy-ion bom-
bardment.! The case of K-shell ionization has
been extensively investigated, and agreement be-
tween theory and experiment for simple projec-
tiles (i.e., protons and helium ions) is remarkably
good. Similarly, total ionization cross sections
for L-shell electrons are in fair accord with pre-
dictions. Separate contributions of L subshells
have been calculated but have not been well estab-
lished experimentally. Of particular interest is
the energy dependence of the 2s,,, ionization.
Here we have the first case of an orbital with a
radial node. Insofar as the plane-wave Born ap-
proximation (PWBA) can be viewed as predicting
an increasing effective impact parameter for ion-
ization with increasing energy, a nonmonotonic in-
crease in the ionization cross section might be ex-
pected. Subshell ionization cross sections for Au
have been calculated by Choi using both relativis-
tic? and nonrelativistic® hydrogenic wave functions
for the L electrons. These have been partially
tested by Bissinger et al.,* who compared the inten-
sity ratios of gross spectral features (Lo, LB, Ly)
with the predictions of Choi, but neither the abso-
lute subshell cross sections nor the subshell cross-
section ratios were adduced.

In this work we have measured Au L x-ray spec-
tra induced by proton (0.25-5.2 MeV) and helium-

2

ion (1-12 MeV) bombardment in thin (100-pug/cm?)
Au targets using Oak Ridge Van de Graaff acceler-
ators and a Si(Li) detector (resolution: 175 eV).

A typical spectrum is shown in Fig. 1. The spec-
trum anticipated assuming equal probability of
2S,,, 2b,,,, and 2p,,, ionization is shown in Fig. 2.
(Except as noted, the radiative transition proba-
bilities used in this work are taken from the cal-
culations of Scofield,® and the fluorescence yield
and Coster-Kronig factors used are those of
McGuire.%)

With the resolution attainable, the Au L x-ray
spectrum can be subdivided into three main por-
tions: the a, , group, which arises from 2p,,, va-
cancy filling; the 8 group, which contains unre-
solvable contributions from all three subshells;
and the y group (Fig. 3), which contains contribu-
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FIG. 1. Au L x-ray spectrum recorded with a 175-eV-
resolution Si(Li) detector.
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FIG. 2. Radiative transition probabilities for lines in
the Au L x-ray spectrum. The solid lines, dotted lines oqb v b b b b b
Y P ’ ’ 0 1.0 2.0 3.0 4.0 5.0

and dashed lines correspond to transitions in which va-
cancies in 2s; /5, 2p1/2, and 2p3/, levels, respectively,
are filled. Transition probabilities are taken from the
calculation of Scofield (Ref. 5).

tions from 2p,,, (¥}, vs, and v;) and 2s (v,,4, V4 4')-
The y, and v, ; lines are unresolvable, but, if the
transition probability ratio 716/ Ty, is known, the
¥, contribution to the intensity can be subtracted
from the area A(y,,,+v,) complex. This ratio was
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FIG. 3. Variations in the y portion of Au L x-ray
spectra observed by bombardment with protons at 1.5
MeV (dotted curve) and 0.25 MeV (solid curve). The
vertical lines indicate the positions of the anticipated
x-ray lines (dashed lines originate from 2p,, vacancies
and solid lines from 2s,/, vacancies). The heights of
the lines are proportional to the transition probabilities
calculated by Scofield (Ref. 5).
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FIG. 4. Ratio of 2sy/, to 2py/, ionization cross sec-
tion in Au for protons (0.25-5.2 MeV) and He ions (1-12
MeV) compared with relativistic PWBA and nonrelativis-
tic PWBA calculations of Choi (Refs. 2 and 3).

determined by Cooper” to be 0.11 and calculated by
Scofield® to be 0.094. Since the ratio of the inten-
sities in the y group varies significantly with ener-
gy (Fig. 3), an independent determination of the
relative transition probabilities 176/ Ty, could be
made, i.e.,

Alyy,5+7e) =(Ty /Ty VAW ) + (14, /Ty, )A(rga0) .

A plot of A(y,, ;+v,)/Aly,) versus Ay, ,)/A(y,)
was indeed linear and, from the intercept, TYs/Th
was found to be 0.125+0.01.

The initial vacancy production in the 2s subshell,
V(2s), could then be determined from
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FIG. 5. Ratio of 2p3/, to 2p,/, ionization cross sec-
tion in Au for protons (0.25—5.2 MeV) and He ions (1-12
MeV) compared with relativistic PWBA and nonrelativis-
tic PWBA calculations of Choi (Refs. 2 and 3).
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V(2s) = [14(28)/(7,, )(w,)]
X[A(Yz, 3 + 76) - (17’6 /TYI)A‘)’lJ 2

where 7, is the radiative transition probability for
a given line, 7,(2s) is the total radiative transition
probability, and w,, is the 2s fluorescence yield.

The initial vacancy production in the 2p,,, sub-
shell could then be obtained from

V(2b112) = (7201 AW )/ Ty 05, 1= £,2V(29),

where f, ,=0.083 is the Coster-Kronig fraction
feeding 2p,,, from 2s. Here we used 7y, =0.33,
which we obtained from the recent determination
of Salem et al.® for (r, /7g )=0.211 and the cal-
culated value? for 74, .

Finally, for the 2p;,, subshell we have

V(2by,5) = [7:(28,,2)A( @y, )/ T . 2“’2,3/2]
'f1. 3V(23) "fz. 3V(2p1/2) ’

where f, ,=0.6444 and f, ,=0.132 are the Coster-
Kronig fractions for feeding 2p,,, and 2p,,,, re-
spectively.

As a check on the consistency of the transition
probabilities used, we computed the total area of
the unresolved g-complex spectrum from

ABcomplex = (A"‘x. 2/7‘11. 2)(752. ntTest Tﬁe)
+A.’1 (1'ﬁl/‘r71 )+ (A /1.,2' 3)

X(Tg,+Toy + Toy*+ Th,0)

Y2.3

using the transition probability ratios given by
Salem et al.® for the 2p,,, and 2p,,, factors and the
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calculated values of Scofield® for the 2s portion.
The average deviation of the calculated S-complex
peak area from 17 measured areas was only 2%,
with a maximum error of 4%.

The ratio of ionization cross sections for the 2s
subshell [0,(2s)] to that for the 2p,,, subshell is
obtained simply from V(2s)/V(2p,,,) =0,(2s)/0,(b,,,).
This ratio is plotted in Fig. 4 versus particle en-
ergy in MeV/nucleon for both proton and He-ion
projectiles. A similar plot for 0,(2p,,,)/0,(2p,,,)
is shown in Fig. 5.

Absolute ionization cross sections were deter-
mined as follows: The absolute cross section for
generation of ¢, , X rays, 0*(a, ,), was obtained
by comparing the number of counts in the «, , peak
to the Rutherford scattering counts on a solid-state
detector placed at 90° to the beam direction. The
efficiency of the x-ray detector was calibrated
with standard x-ray sources obtained from the
National Bureau of Standards and the International
Atomic Energy Agency. The solid angle subtended
by the Rutherford detector was determined with a
calibrated #*Cm o source made by the Transura-
nium Research Laboratory at Oak Ridge National
Laboratory. The vacancy production cross sec-
tion in 2p,,, is given by

Ov(2p3/2) = (0;1, 2 /wz, )[Tt(pg/z)/'ra

3/2 1’2]

=0,(204,5) + f5,391(2D,5) + f1,304(25) .

Using the above-determined values of the subshell
cross section ratios the absolute ionization cross
sections are determined, e.g.,
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01(2D,,2) =04(2,,5)/{ £, o[ 0,(28)/0,(2D, ;)]
+ [0[(2P3/2)/0,(2P”2)] ““fz, 3} .

These cross sections are plotted in Fig. 6 as a
function of energy. The energy units are given
both in MeV and the reduced energy units® n, /62
Here 1, =mE/MZ3}R,, and the screening parame-
ter 6, =41,,/Z2R., where Z; =Z - 4.15 is the ef-
fective Z of the nucleus corrected for screening
by inner-shell electrons and I, is the binding en-
ergy of the 2s electron (14.3 keV for Au). For the
proton-Au system 7,/62 =0.0126E (in MeV).

The plateau in the 2s,,, ionization cross section
(Fig. 6) has been anticipated by Merzbacher® and
Hansteen and Mosebekk.!° It can be understood
either in terms of the bound-electron momentum
wave function or the corresponding configuration-
space wave function. As Merzbacher shows, the
cross section at low energies is proportional to
the square of the magnitude of the momentum
wave function. The 2s,,,-state momentum wave
function has a zero at a momentum of Z,%/2a,,
and a corresponding change in the energy depen-
dence of the cross section is predicted®:® at 7, /62
=~0.01 (0.8 MeV). This is clearly apparent in the
data shown in Fig. 6.

Perhaps a more descriptive picture is provided
by the semiclassical analysis (SCA) of Hansteen
and Mosebekk.!® In this analysis one may think of
only impact parameters less than 7%v/I; contribut-
ing to the ionization cross section. The electron
density profiles shown in Fig. 7 indicate that at
low energies, where small impact parameters
dominate, the projectile interacts primarily with
the 2s,,, electron.
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FIG. 7. Radial distribution of electron densities (y,/
7)? for 2s,/, and 2p , electrons in Au calculated with
relativistic Hartree-Fock-Slater wave functions [T. A.
Carlson (unpublished)].

As the energy and relevant impact parameter
increase, the relevant portion of the 2s,,, density
profile goes through a node, while the relevant
portion of 2p, , density increases monotonically
—implying a different energy dependence for the
ionization of these two subshells.

A comparison with the absolute PWBA cross sec-
tions calculated by Choi is shown in Fig. 8. The
calculations, using nonrelativistic hydrogenic
wave functions, agree very well with the data at
energies greater than 1 MeV. Below 1 MeV the
data drop below the calculated curve and at 0.25
MeV are a factor of ~4 lower than the nonrelativ-
istic calculation and a factor of ~10 lower than the
PWBA utilizing relativistic wave functions. Al-
though the use of hydrogenic wave functions may
partially contribute to the discrepancy, this de-
parture probably reflects the inadequacy of the
PWBA at low velocities for the high-Z target used.
The effects of hyperbolic paths!! and binding'? tend
to decrease the cross section at low velocities,
and calculations on these effects for this system
are presently underway.'® Since these effects
should affect all of the partial cross sections in a
similar manner, a comparison of cross section
ratios might be instructive. In Fig. 4 the o,, /2/
O2,,, Fatio is shown to match the predictions of the
relativistic PWBA exceedingly well in the range
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FIG. 8. Comparison of calculated L subshell ioniza-
tion cross sections using relativistic and nonrelativistic
electron wave functions with experimental results.
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covered in the calculations, and to fit very well
with the nonrelativistic PWBA at higher velocities.
Again, in Fig. 5, the 02',3,2/03,1,2 ratio is a some-
what better fitted by the calculations using rela-
tivistic wave functions.

The He-ion data shown in Figs. 4 and 5 show sig-
nificant deviations from the proton data at low en-
ergies. Especially puzzling is the downward trend
in 02,3,2/03,1/2 at below 1.5 MeV/nucleon. At this
point it is well to recall that the ionization cross
sections deduced from the data and presented here
are based upon the validity of a set of radiative
transition probabilities, fluorescence yields, and
Coster-Kronig fractions, which can be affected by

multiple excitation of the target atom. In particu-
lar, in this analysis ¢,(2p,,,) is deduced from tran-
sitions which involve electrons in the N and O
shells, whereas 0,(2p,,,) is determined primarily
by transitions involving electrons in the M shell.
Evidence for a greater degree of multiple ioniza-
tion by low-energy He ions vis a vis protons has
been shown,!* and the apparent cross-section ef-
fects may be due to these differences.

The authors gratefully acknowledge stimulating
discussions with Professor E. Merzbacher and
thank Dr. B. H. Choi for giving us the results of
his calculations prior to publication.

*Paper first presented at the International Conference
on Inner Shell Ionization, Atlanta, Ga., April 17-22,
1972,
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