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Ratios of ionization cross sections for proton impact to those for *He-ion impact have
been measured on AlK and Y L shells at projectile energies of 7, 9, 12, 16, and 21
MeV/amu. The ratio tends to unity with an increase in the projectile energy for both the
AlK and Y L ionizations. This behavior can well be explained in terms of the Binstock-
Reading theory combined with the distant-collision theory of Hill and Merzbacher: The
polarization effect in distant collisions and the decreasing electron-density effect in close
collisions cancel out each other in this high-energy region.

I. INTRODUCTION

Inner-shell ionizations by heavy-charged parti-
cles have been calculated in terms of the plane-
wave Born approximation (PWBA),! binary-
encounter approximation (BEA),”> and semiclassical
approximation (SCA).> An extensive series of ex-
perimental studies have been carried out in the re-
gion of V, <V,, where V, is the projectile velocity
and V, is the velocity of an orbital electron to be
ionized, and detailed comparisons with theoretical
predictions have been reported. In accordance
with these simple theories, the inner-shell-
ionization cross section is in proportion to the
square of the projectile charge Z;: The ratio be-
tween the ionization cross section divided by Z}
for two kinds of projectiles of the same velocity

R=23%0(Z,)/Z}0(Z,) with Z,>Z,

should be unity. From the experimental point of
view, the ratio of ionization cross sections mea-
sured under the same experimental condition can
be obtained with a high accuracy because of can-
cellation of large errors coming from the target
thickness, corrections for absorption in window
material and air path, and from the detection effi-
ciency including the solid angle for the detector.
Hence, the experimental result of the ratio provides
a rigorous test of theoretical predictions.

The result on R obtained heretofore shows regu-
lar deviations from unity*>: In a region of very
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low projectile velocity, R is considerably larger
than unity and this deviation has been explained by
the Coulomb deflection effect. With an increase in
the projectile velocity, R decreases and becomes
less than unity. This behavior has been well inter-
preted in terms of the effect of increase in the
binding energy. After reaching a minimum, R be-
gins to increase since collisions of large impact
parameter become effective with an increase in the
projectile energy and the two effects mentioned
above disappear; R becomes again larger than unity
because of the polarization effect, which implies an
effect of increase in the electron density near the
projectile due to the attractive force of the projec-
tile. In the region near V,~V,, the electron
transfer from the target atom to the projectile
plays an important role and it gives rise to the
maximum in the ratio; afterward the ratio de-
creases again with an increase in the projectile
velocity.

In the region of V), >> V, experimental studies
on inner-shell ionization are still scarce; in particu-
lar, no measurement of the projectile-charge depen-
dence has been done. On the other hand, theoreti-
cal calculations of the ratio have been carried out
by Basbas et al.,’ and by Binstock and Reading.®
Basbas et al.’ have estimated the contribution of
the polarization effect in the high-energy region in
terms of the distant-collision theory and have
shown that this effect makes the ratio R larger
than unity. On the other hand, Binstock and
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Reading® have evaluated the effect in terms of the
Glauber approximation and obtained the result that
the ratio R in the high-energy region is less than
unity, in contrast to the prediction by Basbas et al.
Binstock and Reading have interpreted this fact as
follows: The polarization effect makes an increase
in the electron density in the vicinity of the
projectile—increasing-density effect—while it
makes a decrease in a distant region—decreasing-
density effect—and in the high-energy region the
decreasing-density effect becomes predominant
more than the increasing-density effect. Hence, R
becomes less than unity with an increase in the
projectile energy. Their result is not consistent
with the result of Basbas et al. This discrepancy
results from the fact that the effect of polarization
of the atom as a whole is estimated from the
distant-collision theory, while the Glauber approxi-
mation gives a local change in the electron density,
which is expected to affect the ionization by close
collisions. It is therefore desirable to develop a
theory on the basis of the ionization mechanism
discussed in our previous paper.’

The aim of the present work is to obtain the ra-
tio R in the region ¥, > ¥, with high accuracy by
measuring the AlK and Y L x-ray production cross
sections for proton and *He bombardments and to
compare the results with the theoretical predictions
of the effects mentioned above. The polarization
effect in the high-energy region is also discussed on
the basis of ionization mechanism.’

II. EXPERIMENTAL PROCEDURE
AND RESULTS

Targets of 100-ug/cm? thick Al and 40-ug/cm?
thick Y were bombarded with beams of protons
and doubly ionized *He ions with energies of 7, 9,
12, 16, and 21 MeV/amu, accelerated with the
Tohoku University AVF cyclotron. The whole ex-
perimental setup has been reported elsewhere.’
The beam energy has been determined to an accu-
racy of 0.1% with a beam-analyzing magnet,
which is set in a beam-transport line other than
that shown in Fig. 1 of Ref. 7. The beam was
focused to a 3-mm-diam spot on the target. The
Al target was self-supporting and the Y target was
prepared by vacuum-evaporating Y onto a Mylar
foil of 4-um thickness. AlK and YL x rays have
been measured with an ORTEC Si(Li) detector of
energy resolution of 160 eV for 6.4-keV x rays
through a Ta slit of 3-mm diameter. The detector

was set at 135° with respect to the beam. When
the charge state of a projectile changes in passing
through a target, the number of projectiles cannot
be evaluated simply from the beam current, and
the x-ray yield may not be proportional to the
beam current. Such an effect has actually been ob-
served in experiments of heavy-ion impact.® By us-
ing the semiempirical formula for average equili-
brium charge,9 however, it is estimated that the
charge state of protons and *He?* ions changes
within a range of 0.1% in the present energy re-
gion. Thus the target-thickness effect on the
charge state and the change of charge state due to
the 4-um Mylar backing can be neglected in the
present work. The ionization energies of AlK and
Y L shells are, respectively, 1.56 and 2.37 keV, so
that the projectile velocity ¥, at 21 MeV/amu is a
factor of 2.7 larger than the velocity V, of Al1K
electrons. Electric pulses from the detector were
analyzed with a minicomputer (MELCOM 35/70)
and have been stored in magnetic tapes. The mean
beam current had been kept at several nanoamperes
and the counting rates has been about 100
counts/sec in order to prevent a pileup effect.

At each bombarding energy, measurements on
Al and Y targets were alternately repeated twice in
order to check a fluctuation of the measuring con-
dition. Since the measurements for protons and
*He ions were carried out under the same experi-
mental conditions, errors in the target thickness,
the detection efficiency, the solid angle, the
fluorescence yield, and the correction for absorp-
tions cancel out in the ratio of the cross sections
for protons to those for *He ions: the ratio is
directly given by

R=Y, /4Y,,

where Y3, and Y, are the counts per projectile,

respectively, for *He-ion and proton impact. In
the case of Y L x rays, anisotropic angular distri-
bution induced by the inner-shell alignment'® must
be taken into consideration. However, the devia-
tion from the isotropy for the present bombarding
energy is estimated to be smaller than 0.1% and
can be neglected.

Energy losses of proton and *He-ion beams in
the Al and Y targets were estimated and it was
found that differences in the effective energy be-
tween the proton and *He-ion beams are only 0.2
and 0.5%, respectively, for the Al and Y targets at
7 MeV/amu, and 0.03 and 0.01%, respectively, for
the Al and Y targets at 20 MeV/amu. Errors of
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the cross sections coming from the energy loss can
therefore be neglected. Therefore, the error of R
originates from the statistical fluctuation of the
counts, the background subtraction, uncertainty of
integrated beam currents, nonuniformity of the tar-
gets, and the difference in energies for protons and
*He ions. Among these, the statistical fluctuation
is negligible owing to the large counts.

Typical spectra obtained for the Al and Y tar-
gets at 21 MeV/amu are shown in Figs. 1(a) and
1(b). Assuming a Gaussian shape for the charac-
teristic x-ray peak and a polynomial of the sixth
order for the background, the spectra were fitted
with the least-squares method as shown with solid
curves in the figures. These backgrounds consist
of the secondary-electron bremsstrahlung,'! the
quasifree-electron bremsstrahlung,'? and ¥ rays and
neutrons from nuclear reactions; the low-energy
continuum x rays are much reduced by absorption
in the beryllium window of the Si(Li) detector, the
air path, and the 10-um Mylar window of the tar-
get chamber. In Fig. 1(a), the depression of the
background in the middle of the peak can be un-
derstood as the result of overlapping of the
decreasing-continuum x rays with the neutron
background which becomes predominant in the
lowest energy region. In the case of Y L x rays
shown in Fig. 1(b), the continuum x rays play an
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FIG. 1. (a) and (b) Typical spectra of AlK—(a)—and
Y L—(b)—x rays obtained from 21-MeV proton bom-
bardments. The solid curves were calculated by fitting
to the experimental results with the least-squares
method, assuming a Gaussian shape for the characteris-
tic x-ray peak and a polynomial of the sixth order for
the background.
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important role in the background. Thus the back-
grounds fitted with the least-squares method seem
to be quite reasonable within the ambiguity deter-
mined from the statistical errors. The error due to
the background subtraction €5 is therefore estimat-
ed from

Evng(i)
BETSam

where ng(i) are the background counts in a chan-

nel i obtained from the least-squares method, n (i)

are the signal counts, and the summation is taken

over the channel range which gives 90% of the to-
tal signal counts. Values of € thus estimated are
smaller than 0.1% in the present experiment.

The data obtained on the Al and Y targets, al-
ternately repeated twice, are shown in Table I.
Fluctuations of the data are considered to be due
to the error of integrated beam currents and the
nonuniformity of the targets, and the data are con-
sistent within 0.5% for Al and 1% for Y. The

TABLE 1. Uncertainty of the data for Al K- and Y
L-shell ionizations.

Counts/n Coulomb

E, Target (1) (2) (1/Q2)
6.893 Al 12.416 12.437 0.998
6.893 Y 8.0609 8.0747 0.998
9.003 Al 11.057 11.154 0.991
9.003 Y 7.5418 7.6987 0.980
12.07 Al 9.5813 9.5766 1.000
12.07 Y 6.8888 6.8578 1.005
16.02 Al 7.8686 7.8376 1.004
16.02 Y 5.9827 5.9554 1.005
20.80 Al 6.7860 6.7373 1.007
20.80 Y 5.0831 5.0985 0.997
Counts/n Coulomb
Ey Target (1) (2) (1/Q2)
EaHe
20.78 Al 52.492 52.320 1.003
20.78 Y 34.048 34.066 0.999
27.04 Al 46.448 46.302 1.003
27.04 Y 31.976 31.890 1.003
35.57 Al 39.104 39.404 0.992
35.57 Y 28.896 28.402 1.017
47.50 Al 32.034 32.212 0.994
47.50 Y 24.170 24.524 0.986
63.98 Al 26.656 26.726 0.997
63.98 Y 20.254 20.030 1.011
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larger value for Y might be due to the Y target
evaporated on a Mylar film.

In order to obtain the value of R, the cross sec-
tion for proton impact must be compared with that
for *He-ion impact with the same velocity. To do
this the yields, divided by the projectile number
and square of the projectile charge and multiplied
by the projectile energy, are plotted as a function
of the energy in logarithmic scale and are shown
for A1K and Y L x rays in Figs. 2(a) and 2(b),
respectively, where almost straight lines are ob-
tained. In this figure, the yield for *He ions with
the same velocity as protons was estimated from
interpolation of the *He line corresponding to a
given value of proton energy. Since energies of the
proton and *He-ion beams have been measured to
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FIG. 2. (a) and (b) The x-ray yields, divided by the
projectile number and square of the projectile charge
and mulitplied by the projectile energy, are plotted as a
function of the logarithm of the projectile energy
(MeV/amu) for Al1K- and Y L-shell ionizations in (a)
and (b), respectively.
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TABLE II. Experimental ratios R of the AlK shell
and the Y L shell.

E R
(MeV/amu) Al Y
6.890 1.054 1.055
8.966 1.042 1.047
11.79 1.012 1.026
15.75 1.010 1.010
21.21 0.998 1.001

an accuracy of 0.1% and the measurements have
been carried out at nearly equal beam energies for
these two beams, the errors corrected for by this
process are quite small and are not larger than the
experimental errors of the data. The results of R
thus obtained are shown in Table II. Uncertainties
of these values are estimated to be 1 and 2% for
Al and Y, respectively. Figure 3 represents the re-
sults for Al K-shell ionization together with the re-
sults obtained by Basbas et al.® Both results are
quite consistent with each other. Figure 4 shows
the present results for Y L-shell ionization. As
seen in these figures, R converges to unity with an
increase in the projectile energy.

III. COMPARISONS WITH THEORIES
AND DISCUSSION

A. The Glauber approximation

Reading and Fitchard,'® Binstock and Reading,®
and Golden and McGuire'* have applied the
Glauber approximation to the calculation of the
K-shell ionization cross section for light-ion im-
pact. On the basis of the Glauber theory, Reading
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FIG. 3. The present experimental results of the ratio
R for AlK-shell ionizations are shown together with
those obtained by Basbas et al.’
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FIG. 4. The present experimental results of the ratio
R for Y L-shell ionizations.

and Fitchard have derived formulas for the Al K-
shell ionization in terms of the Glauber approxi-
mation and the Cheshire approximation, which
will be described below, and the results are com-
pared with the experimental results in Fig. 5,
respectively, by the dotted line and the solid line.
Binstock and Reading® have developed a more ac-
curate approximation, as will be described below,
and the results are shown by the dot and dashed
curve in Fig. 5. It is seen in this figure that the
ratio R approaches unity with an improvement of
the approximation: the contribution of
decreasing-density effect becomes smaller. The
best approximation of R by Binstock and Reading
shows a crossover behavior at E=7.8 MeV/amu
and predicts a value of R about 5% less than unity
in the energy region of E > 12 MeV/amu, in con-
trast to the present experimental result.

B. The perturbed-stationary-state
approximation

Basbas et al. have calculated the effect of the
orbital-electron polarization on the inner-shell ioni-
zation cross section by using the theory of Hill and
Merzbacher!® on the basis of the perturbed-
stationary-state approximation. On the other hand,
Morgan and Sung'® have estimated a contribution
of the polarization effect to the stopping power in
terms of the second-order Born approximation.
The results of calculation by Basbas et al. are com-
pared with the experiment in Fig. 6, where the
solid curve was obtained by taking account of the
effect of the orbital-electron polarization and the
dotted curve was obtained by adding the effect of
electron capture by the projectile to the solid curve.
In the intermediate-energy region, the calculation
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FIG. 5. The experimental results on AlK-shell ioni-
zations are compared with the theoretical predictions
from the Glauber approximation; the dotted, the solid,
and the dot and dashed curves show the results of calcu-
lations by Glauber, Cheshire, and Binstock and Reading,
respectively.

produces rather well the experimental result,
whereas in the high-projectile-velocity region, the
agreement is not so good. It can also be seen in
Fig. 6 that the electron transfer is little effective in
the present energy region.

C. The Glauber approximation combined
with the distant-collision theory
of Hill and Merzbacher

In conformity with the Glauber approximation,
a scattered initial wave function is expressed by

;=e' X Ry (FS(R,T), (1)
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FIG. 6. Comparison of the experimental results with
the calculations based on the perturbed-stationary-state
approximation. The solid curve calculated by Basbas et
al. shows the effect of the orbital-electron polarization
and the dotted curve further takes account of the effect
of electron capture by the projectile.
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where 1,,(T) is the wave function of the 1s-state
electron and K is the wave number of the projec-
tile. The function S(R,T) is to be derived from

i 2SR, D= |H,——2— |S®D,
oz |R—T|
(2)
with
= PV # 9
" 2m, ' mea, Or
E§"+.§9
and
a=20
s=

where R and T are the position vectors for, respec-
tively, the projectile and the electron with respect
to the target atomic nucleus, a is the Bohr radius,
z; is the effective nuclear charge, m, is the electron
rest mass, v is the projectile velocity, and ¥ and

4 are called, respectively, the freely recoiling term
and the binding term.

The approximation of H, =0 in Eq. (2) is called
the Glauber approximation. The Cheshire approxi-
mation of setting # =0 leads S(R,T) to be the
Coulomb wave function in the projectile field: the
orbital electron is scattered by the projectile as a
free electron. Hence, this approximation refers to
the Rutherford scattering between the projectile
and the atomic electron—a close collision.!” Bin-
stock and Reading have calculated S (R,T) by tak-
ing account of both & and # terms but neglecting
the exchange term between them.

In the present case of V' >> V,, where ¥, is the
average velocity of the orbital electron, a solution
of Eq. (2) is approximately given by'®

z/f i z ,
exp 70 f . Vidz

SR, P)=e B 3)

87ra0 zl ®
doclz))=—3— |,
Z Nk min

where 7g, Wyin, and Qi should be referred to by
Merzbacher and Lewis.! The function FE<(W,Q)
is the generalized oscillator strength of the K shell
for close collisions and has been defined in the pre-

with

. 2

iHz/h —21€
|IR—T|

iH,z /%
The operator e ¢

—if z/#
VI =e € .

in Eq. (3) is modified by

Hz /B _(iz/)F iz /W) 1 iz ~
e =e e ex 3’ —
P77 fw T
= BT iz /h0)B o iz /B)g (NF" @)
Here,
glr)=i—=, (5)
= # |3 139
F'=F+—— |—+—=|.
+ 2m, | ar2 + 3 (6)
If we assume that
Za, 7
r

the exchange term can be neglected. The effective
value of z is estimated from the uncertainty princi-
ple by

z=1/q,

where g is the transfer momentum of the projectile.
Therefore, Eq. (7) becomes gr > 1, which means a
close collision. The Binstock and Reading approx-
imation should therefore be applicable to a close
collision.

On the basis of the ionization mechanism and
the PWBA theory, we”!” recently divided the ioni-
zation cross sections into those for close and dis-
tant collisions, where a distant collision means a
collision with an atom as a whole or a photoelec-
tric ionization by virtual photons induced by the
projectile: gr < 1. Consequently, if the Binstock
and Reading calculation takes into account only
close collisions, the contribution of the polarization
effect to the ionization cross section is expressed
by

me 9Q e w,0) [, dxFle(1—x)17) , ®)

l

vious paper.” The term F(c(1—x'?)!/?) represents
the effect of the local change in the electron densi-
ty and has been defined in Ref. 6. Values of R
calculated from Eq. (8) are shown in Fig. 7, where
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FIG. 7. Comparison between the experimental results
and the calculation using the Glauber approximation in
which the difference between close and distant collisions
is taken into account.

it is seen that the decreasing-density effect is
smaller than that estimated by Binstock and Read-
ing (see Fig. 5).

As was mentioned above, the Glauber approxi-
mation is not applicable to the calculation of the
polarization effect in distant collisions, whereas the
distant-collision theory of Hill and Merzbacher or
the second-order Born approximation is applicable.
Using the theory of Hill and Merzbacher, Basbas
et al.’ have estimated the contribution of the polar-
ization effect in distant collisions, which were de-
fined as the collisions of large parameter, and the
result is given by

617'2(1% 2:1; 41]K
S = In —1.6 N
op(zy) PR Ox
9)

where Oy is the screening constant defined by
Merzbacher and Lewis.'

Using the second-order Born approximation and
the dipole approximation of gr << 1, Morgan and
Sung'® have given the result nearly the same as Eq.
9.

As the result, the inner-shell ionization cross sec-

tion for high-energy impact can be expressed by
O'i(Zl)=0PWBA(21)+80’D(Z|)+80’c(21) ’ (10)

where opwga is the ionization cross section given

E (MeV/amu)

FIG. 8. Comparison between the experimental results
and the calculation using the Glauber approximation
combined with the perturbed-stationary-state theory [see
Eq. (10) in the text].

by Merzbacher and Lewis.! The predictions from
Eq. (10) are compared with the experiments in Fig.
8, where the agreement is quite satisfactory. It is
thus found that the polarization effect in distant
collisions and the decreasing-density effect in close
collisions cancel out each other in the high-energy
region.

IV. CONCLUSION

The AlK and Y L x-rays produced by bombard-
ing the targets with protons and 3He ion of 7—21
MeV/amu have been measured with a Si(Li) detec-
tor. The projectile-charge dependence of the ioni-
zation cross section was obtained with high accura-
cy. The ratio of the cross sections between the
proton and *He-ion impact tends to unity in con-
trast to the Binstock and Reading prediction.
However, by taking only close collisions into ac-
count, the discrepancy between the theory and the
experiment seems to be removed.
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