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Excitation of Sn K- and L- and Ta L-shell x rays by 1.4-4.4-Mev protons
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Excitation functions and absolute cross sections for Sn K- and L -shell and Ta L-shell x-ray

production by proton impact have been measured over the energy range 1.4-4.4 MeV with a Si(Li)
detector. The results, combined with our measurements on other elements, are compared with existing

theories. In the calculation of ionization cross sections from the plane-wave Born approximation, we

discuss the effect of a relativistic correction for the ionization potential. The plane-wave Born

approximation with the correction due to the Coulomb deflection gives the best fit for Sn E x-ray
production and the binary-encounter approximation is the best for Sn L and Ta L x-ray production.

The semiclassical approximation based on the impact-parameter treatment predicts values which are not

in agreement with the data on Sn L x rays. The scaled universal excitation curve based on the

binary-encounter approximation gives good fits to K-shell ionizations but seems to show-some

disagreement for L-shell ionizations. The dependence of the Ka/KP ratio of Sn on the target

thickness was investigated but it was found that the ratio is constant within the experimental

uncertainty. Relative intensities for the transitions Lcl., LP, Ly, and I, are also compared with the

theories.

I. INTRODUCTION

Inner-shell ionization by heavy charged particles
due to direct Coulomb interaction has been studied
theoretically by Merzbacher and co-workers" in
terms of the plane-wave Born approximation
(PWBA), by Garcia' in t'erms of the binary-en-
counter approximation (BEA), and by Bang and
Hansteen4 using the semiclassical approximation
(SCA). Recently, modification of the PWBA has
been developed by Basbas and co-workers'6 by
taking into account the effects of the Coulomb de-
flection of the projectile by the taxget nucleus and
also of the increased binding energy of the target
electrons induced by the presence of the projectile.
The SCA calculation has been applied in the adia-
batic energy region by Hansteen and Mosebekk. '

A number of experiments using thin targets have
been done on K-shell ionization in these several
years and the agreement between the theories
and the observed total ionization cx'oss sections is
generally acceptable 'with variations being less
than 30%%up.

In the theox'ies recently developed by Hansen, '
Choi et al. ,' and McGuire and Richard, ' structure
has been found in the I, -subshell-ionization cross
sections, whereas L,- and L,-subshell-ionization
cross sections are monotonically increasing func-
tions of ion energy. Howevex', measurements on
L-shell ionization are still scarce. Recently,

Shafroth et al." and Busch et a/. ' have reported the
measurements on total x-ray production cross
sections for the L shell of Au and Pb and also on
the intensity ratios of L&, LP, Ly, and L, groups
for these elements. Datz et al. ,

"and Abrath and
Gray'4 have determined the absolute ionization
cross sections for the L subshells of Au and Sm,
respectively, by proton bombardment.

In this work, following our previous report" on

Zn K- and Pb L-shell ionization, the K- and L-
shell ionizations for Sn and L-shell ionization for
Ta have been studied for protons over the energy
range 1.4-4.4 MeV. Partial cross sections and
intensity ratios'for the L x-ray groups have also
been measured as a function of proton energy.
Comparisons are made to the PWBA, BRA, and
SCA calculations. Dependence of the Ko.'/KP ratio
for Sn on the target thickness has also been in-
vestigated.

II. EXPERIMENTAL PROCEDURE

The proton beam was accelerated by the 5-MV
Van de Graaff generator at Tohoku University and
was defined by a carbon slit of 3-mm diameter.
Background x rays from the brass chamber wall
due to scattered protons were reduced by a factor
of 4 by coating the inner surface of the chamber
with Aquadag. The self-supporting targets of 636-
pg/cm2-thick Sn and 1.34-mg/cm2-thick Ta were
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prepared by vacuum evaporation and rolling, re-
spectively, and were mounted at 45' to the proton
beam. An Ortec Si(i.i}x-ray detector with a res-
olution of 205 eV at 5.9 keV was mounted at 90'
to the beam outside the vacuum system and its
effective solid angle was defined by a lead slit of
3-mm diameter. X rays passed through a 10-p, m
Mylar window and 2.2-cm air path before entering
the detector with a 25-p. m Be window. One or two
15-p.m aluminum absorbers were used to reduce
the count rate due to the unresolved M-shell radia-
tion. During the measurements, the count rate of
the detecting system has been kept below 100 Hz
in order to avoid a piling-up effect. To monitor
the beam current and possible depletion of the
targets, the elastically scattered protons were
observed simultaneously with a surface-barrier
silicon detector at 136' to the beam. It was con-
firmed that the proton scattering was Rutherford.

The solid angles were determined from the geom-
etry to be 5.16~10 4 sr for the x-ray detector
and 5.43x10 ' sr for the proton detector, respec-
tively. The efficiency of the x-ray detector was
determined using standardized x-ray emitting
sources of "Co and "'Am. Assuming that the
x-ray production is isotropic and referring to the
elastically scattered protons, the x-ray production
cross section can be obtained from
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III. RESULTS AND DISCUSSION

Typical spectra obtained are shown in Figs. 1(a)-
1(c) for Sn K, Sn L and Ta L x rays, respectively.
In Figs. 1(a) and 1(c), the groups are well sepa-
rated, whereas smooth curves in Fig. 1(b) show
peak separation by a least-squares-fitting program
assuming Gaussian shapes and a linear background.
Each peak is still a composite of several unre-

o„= 4Qp 4m%„Np 4Q„e,
d0'

R
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where E„ is the number of counts in each peak of
the x-ray spectrum corrected for the self-absorp-
tion in the target and absorption in the Mylar win-
dow, air, and aluminum absorber; e is the effi-
ciency of the x-ray detector; (dc/dA)s is the
Rutherford scattering cross section; N~ is the num-
ber of counts in the back-scattered proton peak;
AQ„and AQ~ are the solid angles subtended by the
x-ray and proton detectors, respectively.

In estimating the correction for absorption men-
tioned above, the photoabsorption cross sections
for air and target materials were taken from a
compilation of Storm and Israel. " The absorption
in the aluminum foil was measured experimentally.
The energy loss of the incident beams in the targets
was estimated to be 106-60 keV in the Ta target
and 60-32 keV in the Sn target for 1.4-4.4-MeV
protons.

Errors of the present measurements are esti-
mated to be about 15%, including those of the de-
tector efficiency (10%), the x-ray absorption (5/g),
and the solid angle (50/p). Statistical errors are
less than 2% for Sn K, Ta Ln and I,p x-rays, but
varied from 5~/g to 25/p for weaker groups of Ta L
and Sn I..
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FIG. 1. (a), (b), and (c) Energy spectra of Sn X and L
and Ta L x rays, respectively. Smooth curves in (b)
show peak separation by a least-squares-fitting program
assuming Gaussian shapes and a linear background.
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solved lines because of the limited detector resolu-
tion.

A. Theoretical

The procedures to determine total and partial
cross sections and x-ray intensity ratio and their
comparisons to theories have been discussed pre-
viously. " Briefly, the theoretical L-shell x-ray
production cross section g~ is related to the theo-
retical subshell ionization cross section g, , the
subshell fluorescence yields , and the Coster-
Kronig transition probabilities f by the formula

jeff g. 1+ jeff g 2+ eff g 3
x Z $ 2 f 3

where

I I ~12 2 + (~13 ~12~23) 3P

"2" =".+f2.~.
The values used for the fluorescence yields and

the Coster-Kronig transition probabilities are
taken from the work of Bambynek et at." The
theoretical subshell-ionization cross sections are
calculated from the BEA or PWBA. Concerning
the L-subshell cross sections, the x-ray produc-
tion cross sections are related to the ionization
cross sections by the expressions,

where I„R represents the nonrelativistic ionization
potential neglecting the screening potential.

Similarly, we obtain tQe following equation from
the relativistic treatment, which is necessary
for heavy atoms,

g2 ~2@2

j+—,
' 4z

(7)

where I,' is the measured ionization potential, I„
is the solution of the relativistic equation [see Eq.
(5)] and represents the relativistic ionization
potential neglecting the screening potential, j is
the total angular momentum number, n is the fine-
structure constant, N, is the rydberg constant.

From Eqs. (6) a.nd (7),

I~ —INR I~ + I
In the calculation of ionization cross sections from
the PWBA, the parameter 0, , often called the
screening number and defined by I, = O,I~, is used
for describing the binding energy. For the rela-
tivistic treatment,

Io I„—INR

NR

Meanwhile, for the nonrelativistic case, I„=IN„
and then,

+ (o,. 'f„+o',. ')~,r,s/r, + o,. '~, r, ~/r„
(4)

which is usually used for the PWBA calculations.
In the following discussions, the PWBA calcu-

lated by using 6}~, is represented by the PWBA-B
and is compared with the PWBA-A, which uses
&,
" [see Eq. (9}]. The values of 9, , concerned

here, are shown in Table I.
where the I"s are the radiative widths taken from
the theoretical work of Scofield, "which is based
on the relativistic Hartree-Slater theory and in-
cludes the retardation effect.

Ionization cross sections calculated from the
PWBA depend on the minimum energy transfer
W . According to Merzbacher and Lewis, ' W

is equal to the effective ionization potential I, ,
which is the solution of the (nonrelativistic) equa, —

tion

B. Excitation curves

The experimental and theoretical excitation
curves for Sn K and L and Ta L x rays are shovi'n

in Figs. 2-4, respectively. As seen in these
figures, the PWBA-A gives better fits than the
PWBA-B for Sn K and L, and, especially, the

TABLE I. Values of &

g
4.= (-r. —v.)4. , (5)

I' (keV) eA
S es ~+s ~NREM@

r, = (z', /s') a —v, =r„„v„- (6}

where Z, is the effective nuclear charge taking
into account the screening due to the inner shells,
V, is the screening potential due to the outer-shell
electrons, and s is the principal quantum number.
Then,

Sn

Ta

K
1.(
L2
L3

L(
L
L)

29.2
4.465
4.156
3.929

11.68
11.136
9.88

0.836
0.589
0.546
0.542

0,645
0.612
0.597

0.869 0.96
0.624 0.94
0.581 0.94
0.549 0.99

0.724 0.89
0.691 0.89
0.613 0.97

0.97
0.97
0.97
0.99

0.93
0.93
0.99
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PWBA-A including the correction due to the Cou-
lomb deflection is the best for Sn K.' On the other
hand, the PWBA-B is better than the PWBA-A
for Ta L. This is contradictory to the fact that
the relativistic effect is bigger for Ta than for Sn
(see Table I}. In order to improve this inconsis-
tency, calculations would be desirable by using
the relativistic wave function for L-shell elec-
trons" or by taking account of the perturbation of
the target atomic states by the projectile. ' Cor-
rections due to the Coulomb deflection for Sn L
and Ta L x rays were estimated to be very small.
Generally, the BEA calculation can reproduce best
the experimental results, especially the change
with energy, whereas the SCA curve for Sn L
x rays deviates significantly from the others and
gives values which are about one order of magni-
tude smaller than the experimental results at
about 10 MeV. '

The over-all comparison of the experimental
results, together with our measurements on other
elements, with the scaled universal BEA curve
is shown in Fig. 5, where the abscissa shows
E/XU and the ordinate is U'&x. Here, E is the bom-
barding energy of protons in keV, A. =1836.1 is the
mass ratio of proton to electron, U is the binding

energy of the electron in the target atom inkeV, and

cr is the ionization cross section. Regarding the
L-shell ionizations, o, ', 0, ', and v,. ' were esti-
mated from the vacancy-production cross section
given by Datz et al. ,

"neglecting the intensities
of o„' and v„", and only the o, ' are shown, as
0,. ' and o, ' are small and their errors large. In
this figure are @so shown the Au M-shell-ioniza-
tion cross sections, details of which will be pub-
lished in a separate paper. The absolute cross
sections of Au M-shell ionization have considerably
large uncertainty because of the ambiguity of the
fluorescence yields for these shells" and of the
corrections for detector efficiency and absorption
for these low-energy x rays.

It must be noted that the v 3 and o" show some-
what different behavior from the universal curve,
though the K-shell ionizations are generally in
good agreement with the BEA curve. This fact
might be due to the difference in spacial distribu-
tion of the wave functions for different shells which
gives rise to different behavior of the overlapping
integral.

Sn-i -'(c m')

Sn —K
~ ~ -—/0

~ ~ ~ -21

&x

(cm'j

IO
—IO

j —~-
~~~

a

IO
~ 0 ~

~ ~

pl0
"

I
0-22

IO
25 -- -- PWBA —A

PWBA- B
--- - — Corrected PWBA-A

— BEA

~ ~ ~

~ 0

1

I
0-23

IO 2.0 3.0

Ep (MeV)

4.0

I.O 2.0 3.0 4.0
1 s i s i I s s s

FIG. 2. Excitation curve for Sn K x rays. PWBA-A
and -B are calculated using relativistic and nonrelativ-
istic values of the ionization potential, respectively
(see text). Corrected PWBA-A includes the correction
due to the Coulomb deflection of incident protons.
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FIG. 3. Excitation curves for Sn L x rays. SCA is the
semiclassical approximation. The notations are the
same as in Fig. 2.
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TABLE II. Comparison ofK+/XP for Sn in experi-
ments and theory.
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4.46
4.89
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FIG. 4. Excitation curves for Ta L x rays. Same as in

Fig. 2.

C. X-ray production ratios

In theoretical calculations of the x-ray produc-
tion ratios, the effects of the Coulomb repulsion
of theprojectile by the target nucleus are can-
celled out or at least reduced. From an experi-
mental point of view, many uncertainties, such
as the inhomogeneity of target thickness and un-
certainty in the geometry, are eliminated. There-
fore, the experimental values of the ratio provide
a more rigorous test for theoretical calculations.

The Ko./Kp ratio for Sn was obtained after cor-
rection for absorptions and for the x-ray detec-
tion efficiency and was found to be 4.41 and is
constant within the experimental errors of %.11,
independently of the projectile energy. A com-
parison of the ratio Ko'/KP obtained from various
experiments' "and from the theoretical calcula-
tion of Scofield' is given in Table II. The present
value is consistent with those obtained by Hansen
et al.' using a carrier-free radioisotope, by
Hardt and Watson" using 30-80-MeV n particles
and by Close et al. '4 using protons. However, it
is a little less than those obtained by Mistry and
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10 22- 45

0 2
10 I.Q 10

FIG. 5. Comparisons of the experimental excitation .
curves with the scaled universal curve of the BEA.

4.0

10 100 1000

Thickness (pg /cm2j

FIG. 6. Thickness effect of Kn/KP ratio of Sn. Closed
circles, present results; open circles, Mohler-Cothern
results. The theoretical value of the ratio is 4.89.
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Quarles" with 120-keV electron bombardment
and by Middleman et al.23 with several-hundred-
MeV electron bombardment. The theoretical value
of Scofield is still higher (10%}than the experi-
mental results. It is generally expected that, in
the case of proton bombardment, the effect of simul-
taneous outer-shell ionization on the Ko/KP ratio
would be small.

As in this case, the experimental values of
K&/KP ratio for medium Z elements are consis-
tently lower than the theoretical values by
(10-20)%. Recently, Mohler and Cothern" have

reported that the Kn/KP ratio of tin depends on the
sample thickness. For very thin samples, the
ratio seems to agree with the theoretical value
and this effect could be due to the surface effects
involving different bonding of the L and M levels,
or the nonuniform distribution of tin could produce
a differential charging effect. To check this thick-
ness effect on the Ko.'/KP ratio, Sn targets of
various thickness evaporated on 10-p, m Mylar
were bombarded with 3.5-MeV protons. The thick-
ness of tin was determined from the Rutherford
scattering of protons. Our results on this effect
are shown in Fig. 6, together with those of Mohler
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FIG. 7. Lu/LP and La/L& ratios for Sn L x rays.
Same notations for the theoretical curves as in Fig. 2.

FIG. 8. L~/LP, L&/Ly, and L&/L, ratios for Ta L
x rays. Same notations for the theoretical curves as in
Fig. 2. The theoretical Lo/L, ratio is constant.
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and Cothern, where the bremsstrahlung from
'4'Pm was used for the x-ray excitation. Contrary
to their results, no evidence for the thickness
effect was found in our case.

Intensity ratios of L&/Lp, La/Ly, and Le/L,
for Sn and Ta are shown in Figs. 7 and 8, respec-
tively, as a function of proton energy. Theoretical
values from the P%'BA and BEA are also shown.
The difference between the P%'BA-8 and BEA is
not so great for Sn and the P%'BA-A. is the closest
to the experimental results. For Ta, the experi-
mental values lie between the P%'BA-A and -8
and are closest to the BRA. The theoretical Ln/L,
ratio is independent of proton energy, as these
two transitions originate from the filling of a hole
in the L, subshell exclusively. On the other hand,
the ratjo for Ta is energy dependent and this might
be due to the effect of multiple ionization.

IV. SUMMARY

Productions of Sn K and L and Ta L x rays by
proton impact have been measured over the energy

range 1.4-4.4 MeV. K~/Kp, Le/Lp, Ln/Ly, and
Ln/L, ratios have also been measured. The re-
sults are compared with the PNBA, BEA, and
SCA calculations. The SCA does not agree with
the experimental results for Sn L x-ray produc-
tion. In the P%BA calculation, the effect of rela-
tivistic correction for the electron binding energy
is discussed. Though the K-shell-ionization er oss
sections are well described with the BEA, some
deviations from the scaled universal curve of the
BEA are found for the L-shell ionizations. Thick-
ness effect on the Kn/Kp ratio of tin was investi-
gated, but no evidence was found. Contrary to the
theoretical prediction, an energy dependence of
La/L, ratio for Ta was observed.
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