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K -shell ionization of Al and Cu for 0.5-40-MeV-proton bombardment
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K -shell ionization cross sections of Al and Cu for proton impact have been measured over the projectile-
energy range 0.5-40 MeV, and the results are compared with calculations of plane-wave Born
approximation (PWBA) and binary-encounter approximation (BEA). In the PWBA calculation,
contributions from close and distant collisions are separately estimated by an approximate calculation. It is
found that the distant collisions make a predominant contribution in the high-projectile-energy region and
the experimental results are in better agreement with the PWBA than the BEA, which takes into account

only the close collision.

I. INTRODUCTION

K-shell ionizations in the energy region E/AU<1,
(where E is the projectile energy, X is the ratio of
the projectile mass to the electron mass, and U is
the ionization energy of the target atom) have
been extensively studied by many researchers, and
it has been well established that the increased-
binding-energy effect and Coulomb deflection play
an important role in the ionization process.! On
the other hand, systematic measurements of the
ionization process in the high-energy region of
E/A\U>1 are still scarce.?® Inner-shell ionization
is theoretically divided into that produced by close
collisions and by distant collisions. The former
process is calculated by the Rutherford scattering
between the projectile and free electrons of veloc-
ity distribution corresponding to the inner-shell
electrons, and the latter process is treated as the
photoionization process by virtual photons pro-
duced by the projectile. It is expected from the
results of Ref. 3 that in the low-energy region of
E/2\U<1, close collisions are the primary contri-
bution to the ionization, whereas in the high-energy
region of E/AU>1, distant collisions also become
effective. Thus it must be worthwhile to measure
the inner -shell ionization cross section in the
high-energy region and to study the contributions
from both close and distant collisions.

In the present work, K-x-ray production cross
sections of Al and Cu for proton impact have been
measured over the energy range 0.5-40 MeV. The
ionization cross sections were obtained using the
values of fluorescence yield given by Bambyneck
‘et al.,® and the experimental results are compared
with calculations of plane-wave Born approxima-
tion (PWBA) and binary-encounter approximation
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(BEA). In the PWBA calculation, the ionization
cross sections for close collisions are approxi-
mately separated from those for distant collisions
by utilizing the behavior of generalized oscillator
strength for these two kinds of collisions.

II. EXPERIMENTAL

Aluminum and copper were chosen as target
atoms, since the relativistic effect of orbital elec-
trons can be neglected in comparing it with theo-
retical calculations. Thicknesses of these self-
supporting targets were measured by the Ruther -

" ford scattering of protons to be 100 ug/cm? for

Al and 32 pg/cm? for Cu. The Van de Graaff
generator of our university was used to produce
protons of energy 0.5-3 MeV and the newly built
680-type cyclotron of Sumitomo- CGR-MeV Inc.
was used to produce 3-40-MeV protons. The pro-
ton beam extracted from the cyclotron was de-
flected by 15° with the first switching magnet in
the cyclotron vault, and was again deflected by 35°
with the second switching magnet in the magnet
room as shown in Fig. 1. After passing through a
concrete wall of 1-m thickness and also a heavy
concrete shield of 50-cm thickness between the
magnet room and the target room, the beam en-
tered the target chamber, and then it was focused
by a pair of quadrupole magnets on the end of a
Faraday cup, which is 5.60 m from the target and
is shielded with 100-cm-thick, heavy concrete
blocks in order to reduce the background of nucle-
ar y rays from the Faraday cup. The beam duct
consists of stainless-steel tube of 10-cm inner
diameter.

K-x rays of Al and Cu were measured with a
proportional counter, and an Ortec Si(Li) detector
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FIG. 1. Arrangement for the cyclotron experiment.
In order to reduce the background due to nuclear Y rays,
the target chamber and the detector are heavily shielded
from the beam-switching magnet and the Faraday cup,
and no slit is used in the target room.

with an energy resolution of 160 eV for 6.4-keV
x-rays. The calibration and efficiency measure-
ments of the detectors have already been re-
ported!®!! and the results for Al obtained with the
Van de Graaff generator have alsobeenreported.!
K-x-ray spectra of A1 and Cu obtained from 40-
MeV -proton bombardments with the cyclotron are
shown in Fig. 2, where the backgrounds are quite
.small compared with the K-x-ray peaks.

The x-ray production cross sections obtained
for Al and Cu are shown in Table 1. The accuracy
of these cross sections is estimated to be 12% from
the following errors: background subtraction, 2%;
target thickness, 5%; counting statistics, 1%; and
the detector efficiency and absorption correction,
11%.
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FIG. 2. K-x-ray spectra of Al and Cu produced by
40-MeV-proton impact.

III. PWBA CALCULATIONS

The PWBA calculation of inner -shell ionization
by heavy-charged particles was first carried out
by Bethe!? using the dipole approximation, and has
been developed by many authors.!3"'® The BEA and
semiclassical approximation (SCA) theories have
been calculated by Garcial” and by Hansteen and
Mosebekk,'® respectively. In the BEA theory, or-
bital electrons of the target atom are considered
to be free electrons of the same velocity distribu-
tion as the orbital ones, and the ionization is as-
sumed to occur by the Rutherford scatterings be-
tween the projectile and the electrons, i.e., close
collisions. Besides these collisions, the inner-
shell ionization can also be produced by the dis-
tant collision, which results from the photoelec-
tric effect of virtual photons produced by the pro-
jectile. In this section, the contribution of these
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TABLE I. K-x-ray production cross section of Al and
Cu for proton bombardment. 2

E, Al 0§ Cu o%
(MeV) . (barn) (barn)
0.5 0.699
0.625 1.35
0.75 296 2.47
0.875 3.95
1.00 478 6.01
1.25 616 11.9
1.50 698 19.3
1.75 29.2
2.00 810 39.5
2.25 54.7
2.50 947 68.5
2.75 84.1
3.00 993 97.0
2.985 969 92.2
3.94 992 145
6.07 879 246
9.13 733 350
12.21 613 406
18.29 469 423
23.98 394 412
30.13 342 396
35.61 297 374
39.56 277 356

2The data from 0.5-3.00 MeV were obtained with the
Van de Graaff generator, and those from 2.985-39.56
MeV were obtained with the cyclotron.

two kinds of collision to the total ionization is
separately estimated in terms of the PWBA calcu-
lation.

In accordance with the nonrelativistic PWBA
theory, the inner-shell ionization cross section is
expressed by **

1 1 - zezei;‘fL - - =]
O 1, e e d * '
n,n 2T h:zvz f qaq |f¢,{(r) lﬁ r"l an(r)drdR\

2\2 N
(2 [ B foa, o

2
0,,=87rzz—Zq-2% j %VW_ f%F,,(W,Q) . (2)

Here z is the atomic number of the projectile,
7q is the transfer momentum of the projectile and
W is the transfer energy in units of the K-shell
ionization potential ZZR ; W=£*+1 with the wave
number of the ejected electron 2, and @ and 1 are
defined by
P _1

V=7 7R,

and

_1 E,
T=\7R,"

The generalized oscillator strength F,(W,Q) in
Eq. (2) is defined by '?

v X Lide T ?
F(W,Q)= 'f YheiFy dF| 3)
and for the K shell it is given by *°
Fo(W,Q)=2"W(Q+ sW)[(W - Q)* +4Q]™
X[1 - exp(-27/k)]?
2
Xexp (— Etan'l 'é—:zfgi—l' > (4)

The final states in this calculation have been taken
as continuum. Discussions hereafter are confined
to the K-shell ionization. The generalized oscil-
lator strength has been characterized by the

Bethe surface,” and it is divided into two regions
in the transfer-momentum space as seen in Fig.
3, where F,(W,Q) is shown as a function of InQ
taking the transfer energy W as a parameter. As
this figure shows, F,(W,Q) is flat in the region of

. low-transfer momentum, and at high-transfer

momentum near @ =W it reveals a peak known as
the Bethe ridge.!® The plateau in the low-Q region
comes from the fact that F,(W, @) is approximated
by an optical oscillator strength and the ionization
is produced by the photoelectric effect, namely,
distant collisions. On the other hand, if we as-
sume free electrons of velocity distribution of K-

1021~
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FIG. 3. The generalized oscillator strength for K
shell Fg(W, Q) obtained from PWBA and BEA is shown
as a function of InQ; W and @ are the transfer energy
and the transfer momentum, respectively.
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shell electrons for the initial state in Eq. (3), the
generalized oscillator strength is expressed by ?°

FYA(W, Q) =2°(3m) W@ 2[(W - QF +4Q1", (5)

on which the BEA theory is based. Dashed curves
in Fig. 3 represent Fg** (W, Q), and it is seen
that, in the high-@ region, FE**(W, @) corresponds
to F (W, Q) given by Eq. (4). Thus the generalized
oscillator strength can be divided into two regions
corresponding to the two kinds of ionization proc-
ess. It must be noted, however, that the F(W, Q)
itself cannot be readily divided into two terms cor-
responding to the two kinds of collisions, because
these two kinds are induced by the same interaction
in the PWBA theory and are treated as a single
process, whereas they are distinguished only from
a point of view of classically based kinematics.
Hence, the ionization cross section cannot exactly,
but only approximately, be separated into two
terms corresponding to the two processes as dis-
cussed below.

The ionization cross section 0% of Eq. (2) given
by W-Q representation can also be expressed by
the impact-parameter representation, SCA, and
if we define collisions of impact-parameter b
smaller than the orbital radius of the electron a
as close collisions and those of b>a as distant
collisions,? then the ionization cross sections,
0CC and oPC, corresponding to close and distant
collisions, respectively, can be calculated by

a
occ — f p(®)21b a0 ,
0

w (6)
oPC f p(®)21bdb .

However, this distinction based on the domain
of collision is not equivalent to the classification
which we here look for: close collisions due to
the Rutherford scattering and distant collisions
due to the photoelectric effect.

Corresponding to the distinction of Eq. (6), a
similar separation in the W-@ space can be con-
sidered. In conformity with scattering theory,
the transfer momentum ¢ is related to the radius
of scatterer a by ga>1, and the scattering can be
described by the classical approximation.” Taking
a as the orbital radius of inner-shell electrons,
this condition becomes @>1. Thus, in the @ in-
tegration of Eq. (2) of the PWBA calculation, the
ionization cross section can be divided into the
regions of @>1 and @ <1, corresponding to close
and distant collisions, respectively.

As seen in Fig. 3, however, this distinction is
not valid in the region of high-transfer energy,
where the process behaves as distant collisions
even in the region of @>1. Thus, the separation

of the ionization cross section into the two parts
cannot appropriately be done on the basis of the
domain of collision nor on the kinematic space.
Hence, a separation is tried here on the basis of

a formula from impulse approximation (BEA) for
close collisions and a formula from dipole approxi-
mation for distant collisions.

The function Fy " (W, Q) given by Eq. (5) is chos-
en as the basic function for the separation, since
FZEA(W, Q) was derived from close-collision ap-
proximation and shows the behavior of only close
collisions in the whole region of W-Q space. As
seen in Fig. 3, F (W, Q) almost agree with
FPEA(W, Q) in the region @ = W, and the term
FGC(W,-Q) corresponding to close collisions in
F,(W,Q) can be taken as Fy (W, Q) itself, namely,

FSC(W,Q)=Fy(W,Q), for @= W. (7)

By comparison of Eq. (4) with Eq. (5) and also
from the behavior of Eq. (5) for small @, the fol-
lowing function FG°(W, Q) is tentatively chosen:

FSE(W,Q)=2"W 3Q[(W - Q)* +4Q]
x[1 —exp(-2n/k)™"]

X exp (—- —z-tan'1 2k

5 m), forQsW.

(8)

The functions F$C (W, @) and Fp-A(W, Q) are com-
pared in Fig. 4, showing a good agreement with
each other over the entire range of W-@ spé.ce.
Thus, it is shown that FE(W,Q) can be taken as
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FIG. 4. The function FE© (W, Q) given by Eqs. (7) and
(8) in the text is compared with the generalized oscillator
strength of the BEA.
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the term corresponding to close collisions.
term Fp°(W, Q) corresponding to distant collisions
can be derived from Fy (W, Q)= F2C (W, Q) +

F$C(W,Q) and Egs. (5), (7), and (8), and is given

by

FRC(W,Q)=2"Wz(W - Q)[(W - Q) +4Q]*
x[1 - exp(~27/k)™]

2k

goTT) T s W

X exp (— %tan'l

(9)

and
FRe(W,Q)=0, for @=W.
The functions FS° (W, Q) and FR¢(W,Q) thus ob-
tained are represented in Fig. 5 together with
F(W,Q). As seen in this figure, F3°(W,Q)

agrees with theoptical oscillator strength in the

small-@ region.
By using F2¢(W,Q) and F$°(W,Q), K-shell

ionization cross sections corresponding to distant
collisions 02 and to close collisions 0§ are ex-
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FIG. 6. Theoretical calculations for the K-shell ioni-
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shell ionization of Al by proton impact are shown
in Fig. 6 together with the BEA calculation. The
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FIG. 5. The generalized oscillator strength F};WBA
(W, Q) is divided into the dashed lines, FEC(W,Q) and
the dot and dashed lines, F}}c( W, @) corresponding to

close and distant collisions, respectively.

cross section 0 ¢ has a maximum at E/AU =1 in
accordance with the BE A theory, and this fact is
a characteristic feature of close collisions. In
the region E/A\U <1, almost all of the ionizations
are due to close collisions; in the region E/AU>1,
distant collisions also become effective and as the
incident energy gets higher, both collisions con-
tribute equally to the ionization. The fact that
the projectile energy corresponding to the maxi-
mum cross section given by the PWBA is larger
than E =\U is due to the contribution from distant
collisions. At very high-projectile energy where
the relativistic treatment is needed, the transverse
parts of the electromagnetic interaction between
the projectile and the inner-shell electron, which
have been neglected in the present calculation, be-

come effective,?

IV. COMPARISONS BETWEEN EXPERIMENT AND THEORIES

Using the values of fluorescence yield w, =0.0333
and 0.445 for Al and Cu, respectively,® ionization

cross sections were obtained from the x-ray pro-
The experimental re-

duction cross sections.
sults, obtained over the incident energy region
E/\U =0.1746-11.179 for Al and 0.0303-1.94 for
Cu, are shown in Figs. 6 and 7, together with the

results predicted from the PWBA and BE A theo-
Besides the present experimental results,

ries.
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K-shell ionization cross sections of Al and Cu for
proton impact have been reported by Garcia

et al.,” Basbas et al.,! Tawara et al.," and Basbas
et al.” Earlier data were mostly deduced from
thick-target x-ray yield with large uncertainties
of about 20% or more and obtained in the proton-
energy region below ~5 MeV, except the work of
Basbas et al.,” which deals with the data in the
energy region 0.01-10 MeV/amu. Only the pres-
ent results are shown in Figs. 6 and 7, since our
results are in agreement with the others, par-
ticularly in excellent agreement with those of
Basbas et al., within the experimental error in
the overlapping energy regions. Furthermore,
our main interest here is focused on the high-
energy region.

In the region E/\U<1, the experimental results
for Al are smaller than the theories,” while those
for Cu are in good agreement with theories. In
the region of E/AU=1, the experimental cross
sections for both Al and for Cu agree well with the
PWBA, while the BEA is considerably higher.?
This behavior corresponds to the fact that the gen-
eralized oscillator strength given by the BEA is
larger than that of the PWBA, as seen in Fig. 3.
However, in the low-energy region, where the
minimum momentum transfer becomes large, the
situation is just the opposite. The experimental
K-shell ionization cross sections for Al in the
energy region E/A\U>1 agree well with the pre-
dictions from the PWBA. From the point of view
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of the PWBA, distant and close collisions are ex-
pected to contribute approximately equally in this
energy region. Our present experimental results
are in good agreement with PWBA rather than
with the BEA,

According to Bissinger et al.,* a value of screen-
ing constant 6, smaller than the relativistic one is
needed to obtain an agreement with the PWBA,
while in our case the relativistic value does not
agree with the experiment, especially in the re-
gion E/AU=1, representing no contradiction to
the theory.

A systematic deviation of experimental results
from the PWBA calculation has been reported by
Bissinger et al.® in the case of C K-shell ioniza-
tion with protons of E/AU>1, and they pointed
out that this discrepancy would probably be due to
use of unrealistic wave functions for the inner-
shell electron. In our case of Al, however, no
such discrepancy is found and it seems that a
hydrogenlike wave function is plausible. On the
other hand, the discrepancy reported by Bissinger
et al.® may be understood in terms of interference
effect between the first and the second Born terms
calculated by Reading et al.*® In our case, how-
ever, this interference effect is supposed to be
negligible because of the fact that this effect is
about 4% in the experimental results obtained by
Basbas et al.” on the proton and He-ion bombard-
ments of Al at E/AU =2.6 and from the projectile-
energy dependence of the effect—inversely pro-
portional to the projectile velocity —given by
Reading et al.”®

The K-shell ionization in a region of interme-
diate-projectile velocities has been discussed ex-
tensively by Basbas et al.’s They analyzed the
contributions from various effects such as the
charge transfer process and the polarization ef-
fect. In the present work, however, these con-
tributions are smaller than the experimental er-
rors of 12%, since the projectiles are protons,
and these effects are not discussed here.

V. SUMMARY

K-shell ionization cross sections of Al and Cu
for proton impact have been obtained from x-ray
measurements over the proton-energy range
0.5-40 MeV. The results were compared with
the theories of BEA and PWBA. Taking the BEA
theory as a basic close-collision approximation
and dividing the generalized oscillator strength of
the PWBA into two parts corresponding to close
and distant collisions, the ionization cross sec-
tion from PWBA was separated into contributions
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from these two kinds of collisions. The good
agreement between the experimental results and
the PWBA theory, especially in the high-energy
region of E/XU>1, reveals the important contribu-
tion from distant collisions in this region.
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