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Total L x-ray production cross sections of Y and Sn and M x-ray production cross sections of Au and Bi for
proton impact have been measured over the projectile-energy range 3.0-40 MeV and the ionization cross sections
obtained for these shells are compared with calculations of the plane-wave Born approximation and the binary
encounter approximation. The inner-shell ionizations by close and distant collisions are theoretically discussed in
terms of the generalized oscillator strength and the contributions from these two kinds of collisions are separately
estimated in the framework of the plane-wave Born approximation. Distant collisions in this energy region are not
so effective as in the case of K-shell ionization, while at a very high energy the two kinds of collisions contribute
nearly equally to the ionization. The experimental results show good agreement with the plane-wave Born
approximation calculation except for the M-shell ionization of Bi. '

I. INTRODUCTION

Inner-shell ionizations by heavy-charged parti-
cles can be classified into those by close or hard
collisions and by distant or soft collisions. The
former one is due to a quasifree scattering between
the projectile and an inner-shell electron and the
latter is attributed to the photoelectric effect by
virtual photons induced by the projectile. Contri-
butions from these two processes depend on the
projectile velocity and the state of target electrons.
The cross section for inner-shell ionization-has
been calculated in terms of plane-wave Born ap-
proximation (PWBA),! and the binary-encounter
approximation (BEA),? and semiclassical approxi-
mation (SCA).® The BEA, which takes into ac-
counts only close collisions, gives the most prac-
tical result and is in good agreement with experi-
mental results? in the energy region E/AU<1,
where E is the projectile energy, A is the ratio of
the projectile mass to the electron mass, and U is
the ionization energy. This fact means that close
collisions play a predominant role at the low bom-
barding energy. In the high-energy region of E/
AU>1, however, the BEA predicts that the ioniza-
tion cross section is smaller than the experimen-
tal,*® and this fact suggests that the contribution
from distant collisions might become effective at
high energy.

In order to estimate separately the contributions
from these two kinds of collisions, measurements
of the cross section over a wide range of projec-
tile energy are needed, while the data in the re-
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gion E/AU>1 are still scarce.*'® We® have re-
cently measured the K-shell ionization cross sec-
tions of Al and Cu over the projectile-energy
range 0.5-40 MeV and the cross sections were
separated into those due to close and distant colli-
sions on the basis of the behavior of the general-
ized oscillator strength given by PWBA; it was
found that the contribution from distant collisions
becomes effective in the region E/AU>1 and these
two kinds of collisions approximately equally con-
tribute in the region E/AU>10. In this paper, this
discussion on ionization mechanism will be ex-
tended to the L- and M -shell ionizations.
Concerning the experimental results on the L-
and M -shell ionization including the energy region
E/AU>1, Bissinger et al.'' measured the Ag L-
shell ionization over the energy range E/AU,
=0.31-4.65, where U, is the average L-shell ion-
ization energy. Watson et al.'? and Hardt et al.*®**
measured the L -shell ionization cross section
over the range E/AU,=0.28-2.64 on Sn, Te, Nd,
Tb, Tm, Au, and Pb. Maeda et al.'® obtained the
L -shell ionization cross section of Ar over the
proton-energy range E/AU,=1.0-5.5 from mea-
surements of the Auger electrons. Busch et ql.'®
measured the M x-ray production cross sections
of Pb over the proton-energy region E/AU,=0.11-
2.93. In order to study the contribution from dis-
tant collisions, we have here measured the L x-
ray production cross sections of Y and Sn by pro-
ton impact over the energy range E/A\U,=0.4-10.0
and the M x-ray production cross sections of Au
and Bi over the range E/AU, =0.541-8.44, Poncet
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and Engelmann'’'® have determined the total L -
shell ionization cross sections of Sn and Y over
the energy range E/AU,=0.53-7.3 and also the
total M-shell ionization cross sections of Au and
Pb over the range E/AU,=0.75-4.637. In their
papers, however, neither the estimation of experi-
mental errors nor the uncertainty of the fluores-
cence yield used have been mentioned, and we are
afraid that there might be large backgrounds from
a beam collimator, which is very close to the tar-
get. Their results on the M-shell ionization of Pb
show substantial deviation from those of Busch et
al.'® Thus, we are incapable of evaluating the re-
liability of their results, and these are not in-
cluded in the detailed comparison with the present
calculation.

The experiment is briefly described in Sec. I
General discussions of the distinction of ionization
cross section between those due to close and dis-
tant collisions are developed in Sec. III and the re-
sults are then applied to the L- and M -shell ioniza-
tions. Results of the calculation will be compared
with the experimental results in Sec. IV.

II. EXPERIMENTAL

Targets of Y, Sn, Au, and Bi were bombarded
with proton beams of 3—-40 MeV from the cyclotron
of Tohoku University, and the L and M x rays
from the targets were measured with a Si(Li) de-
tector. The Y targets of 24 ug/cm? was prepared
by vacuum evaporating Y onto a 4-um-thick Mylar
foil and the self-supporting targets of Sn, Au, and
Bi were of 339-, 282-, and 270-pug/cm? thicknes-
ses, respectively, which were determined with an
a-ray thickness gauge'® and from Coulomb scatter-
ing of *He and deuteron with a Van de Graaff gen-
erator. In order to reduce the background due to
nuclear y rays, the target room is separated from
the magnet room with 1-m-thick concrete wall and
50-cm thick heavy concrete blocks and the beam
was focused on the target without collimator in the
target room. After passing through the target,
the beam was focused with a pair of quadrupole
magnets on the end of a Faraday cup, which is
distant by 5.6 m from the target and is shielded
with blocks of 100-cm-thick heavy concrete. The
detailed experimental arrangement has previously
been reported.® The L and M x-ray spectra ob-
tained at E,=40 MeV, respectively, for Sn and Bi
are shown in Fig. 1. The x-ray spectra thus ob-
tained were divided into various x-ray lines by
least-squares fitting with a computer assuming
Gaussian peaks and a 10th-order polynomial for
the background, and after correcting for the de-
tection efficiency, absorption in the air path, and
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FIG. 1. The L and M x-ray spectra from Sn and Bi
targets, respectively, bombarded with 40-MeV protons.

self-absorption for each line, the intensities of
each line were summed up, and we obtained the
total L - and M- x-ray production cross sections.
The results are shown in Table I. The accuracy
of these cross sections is estimated to be about
12% from the following errors: background sub-
traction, 2%; target thickness, 5%; counting sta-
tistics, 1%; uncertainty of solid angle, 1%; and
the detector efficiency and absorption correction,

11%.

IIIl. THEORETICAL

PWBA and SCA theories include, in principle,
ionizations due to both distant and close colli-
sions, ard in the SCA calculation, collisions of
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TABLE 1. Experimental L and M x-ray production
cross sections for proton impact (in units of 10722 cm?).
The experimental errors are about 12%.

Y : Sn Au Bi
E, (MeV) af of oX %
2.92 14.1 8.68 20.3 12.3
3.97 14.9 11.1 23.4 16.2
6.13 14.9 13.7 25.6 16.8
12.31 11.3 14.2 22.9 15.8
18.12 9.37 12.7 19.6 14.4
24.21 8.02 11.0 16.8 11.9
30.52 6.72 9.61 14.6 11.0
39.34 5.37 8.27 11.9 9.49

impact parameter smaller than the orbital radius
of electrons to be ionized are regarded as close
collisions and those of impact parameter larger
than the radius are taken as distant collisions.?
Hence, the contribution from the two kinds of col-
lisions to the ionization can separately be esti-
mated in the SCA and can be compared with ex-
perimental results, if the ionization cross section
was measured as a function of the impact param-
eter.

A similar distinction in the PWBA calculation
can be done in relation to the integration over the
transfer momentum ¢. As 1/g must be an order of
magnitude of the domain of collision from the un-
certainty principle, the ionization can be consid-
ered to be primarily due to close collisions for
collisions of 1/q smaller than the electronic ra-
dius, while distant collisions are predominant for
collisions of 1/q larger than the atomic radius.
However, this separation based on the domain of
collisions is not equivalent to a distinction be-
tween the ionization mechanisms; the Rutherford
scattering between the projectile and the inner-
shell electron—close collisions—and the photo-
electric effect by virtual photons produced by the
projectile—distant collisions. On the basis of the
generalized oscillator strength of the PWBA, ion-
ization cross sections for these two ionization
mechanisms are separately derived in this section
and are applied to L- and M -shell ionizations be-
low.

A. Inner-shell ionization cross section from PWBA

The inner-shell ionization cross section from the
nonrelativistic PWBA theory can be calculated by

11 f f*‘zeze"a'i o _,lz
Ow,n™ 37 7202 qdql Y(F) Y v (F)dT dR

2\2 .. 2
=81rzz<;-;%> [4 | [z eiviyar

(1)

where 7gq is the transfer momentum of the projec-
tile, v is the projectile velocity, z is the projec-
tile-charge number, and » and »’ are, resepctive-
ly, the initial and final states of the electron. By
doing sums on the final state in Eq. (1), the total
cross section for inner-shell ionization is obtained
by

SPSR. Eo L
0,= 87z ZnJ, L Q F(W,Q), (2)

w
min min
where
_ni® 1 _m _E
“Zm ZZRy’ " MzRy’
2
Qmin— 4n ’ and Wmin= o/nz’

and Z, is the effective atomic number of the target
nucleus for the electron, and M and E are the mass
and incident energy of the projectile, respective-
ly. Further, W is the transfer energy of the pro-
jectile measured in units of Z2Ry, and 6 is the
screening constant.”? The transfer energy W is
related to the wavelength % of the ionized electron
in the final state by

W=k*+1/n?, (3)

where % is measured in units of Z,/a,. The final
state is expressed by & hereafter. The quantity
F(W,Q) in Eq. (2) is defined by

w dﬂk

F(W,Q)=(21,+1)— 2

Suzeiiyaz|

’

(4)

and is called the generalized oscillator strength.?

B. Generalized oscillator strength

Behavior of the generalized oscillator strength
in the space of transferred momentum-transferred
energy is characterized by the Bethe surface®;
in the region of low transferred momentum,
F(W,Q) is flat, while in the region of high trans-
ferred momentum, it has a peak at @= W, which is
known as the Bethe ridge. This behavior in the
two extreme cases reflects the two kinds of colh-
sions and can be understood as follows.

The generalized oscillator strength for low
transferred momentum of gr <1 corresponds to
the collision between the projectile and the cloud
of inner-shell electrons, and the dipole approxi-
mation can be applied to Eq. (4) by

Wfdﬂk

namely, F (W, Q) is just the optical oscillator
strength and becomes flat independently of Q.

FW,0-22 [uzaz|, ®
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Hence, the ionization in this region is due to the
virtual photoelectric effect, distant collisions.

On the other hand, the domain of collision is
much smaller than the cloud of inner-shell elec-
trons for a high-momentum transfer of g >1 and
the inner-shell electrons can be regarded as
free, since the change 6V,/V, of the Coulomb
field V, of the target nucleus in the collision do-
main can be neglected because of §V,/ V,=1/gr,
so that the Coulomb field can be assumed to be
constant in the collision domain., For such an im-
pulse approximation, Eq. (4) can be modified by*

W Ry
2Q h—q 13 Ry

he

FERAW, Q)= (21, +1) f"(v)%ﬁ.

|W=Ql

(6)

Here f,(v) is the velocity distribution of electrons
in the initial state and [, is the azimuthal quantum
number. The superscript BEA means that the
BEA theory is based on Eq. (6). The value of
FBEA(W, Q) becomes maximum at Q= W, which
corresponds to the Bethe ridge. It has also been
shown® that FBEA(W, Q) given by Eq. (6) is in good
agreement with F,(W, Q) given by Eq. (4) in the
region of Q= W.

It is thus possible for us to try to separate the
exact form F (W, Q) given by Eq. (4) into the ap-
proximate generalized oscillator strength
FS(W, Q) corresponding to close collisions and
that FP¢(W, Q) corresponding to distant collisions
over the whole range of the transfer momentum as
expressed by

F(W,Q)=FSS(W,Q)+ FP%(W,Q). (7)

For this purpose, F, (W, Q) is divided into two
parts on the basis of FEEA(W, Q) given by Eq. (6)
and F (W, Q) given by Eq. (5). The function
FPEA(W, Q) is considered to have the character of
the generalized oscillator strength of close colli-
sions over the whole range of the transfer momen-
tum, since Eq. (6) is derived from Eq. (4) which
is based only on the free-electron assumption—the
close collisions. Using the velocity distribution
function f,(v) derived from a hydrogenlike wave
function, Eq. (6) can be expressed by

3 2 N =(2n+1)
Faew, @)= 2 wos[w -+ (2)¢]

x ) [BXQ(W -@)'], (8)
J

where BY(Q) is a polynomial of Q. On the other
hand, F(W,Q) of Eq. (4) can generally be ex-
pressed by

2 = 2k/n
exp (‘E tan” o7y 2/n2)
1 — exp(-2m/k)

x [(W— Q*+ ( E)ZQ]-(M

x 3 [ANQIW - Q)] (9)
J

F,(W,Q)=2'w

where AXQ) is a polynomial of Q.

Equations (8) and (9) have already been success-
fully applied to K- and L-shell ionizations,®?* and
will be proved to hold for M-shell ionizations be-
low. The factors in Egs. (8) and (9), respectively,
Q'/?%/2m and exp{-(2/k) tan™[(2k/n)/(Q = W+ 2/n?)]}/
[1 — exp(-27/k)] agree with each other under the
conditions of W=@ and 2>1, and slowly change
depending on Q. Hence, the factor AXQ) in Eq. (9)
is to be compared with B}(Q) in Eq. (8). Using the
asymptotic solution® of f,(v) for a high velocity »
in Eq. (6), FEEA(W, Q) for small Q can be ex-
pressed by

FEBEA(W, Q)= const@*/?Q"**, (10)

where [ is the quantum number of the angular mo-
mentum. Making a comparison between Egs. (8)
and (10), we obtain B}(0)=0. Thus the part cor-
responding to close collisions in F (W, @) of Eq.
(9) must be AY(Q), which becomes AJ(0)=0, while
the part corresponding to distant collisions can
approximately be taken as A}O) from the deriva-
tion of Eq. (5). As a result, we can divide A}(Q)
into A%Q) — A%0) and A%0), corresponding to
close and distant collisions, respectively, and
consequently, F(W,@Q) can be divided into the two
parts as expressed'by

exp (_ 2 i 2k/n )
FSW, @)= 2 — Rt

x [(W —Qr+ (E)ZQ]'W)

x 3{[A%Q) —ANXO) (W - @)},
J

(11)
and

o2 tan-t —_2k/n )
CXP\~% Q-W+o/m®

1 —exp(-27/k)

x [(W -Q)%+ (s)zQ]-(zmu

x 3 [ANO)W -Q)']. 12)
J

FR(W,Q)=2'W

It has been confirmed® that FBEA(W, Q) given by
Eq. (6) gives good agreement with the exact
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F{(W,Q) in the region Q> W. Hence F2°(W, Q)

can be neglected in this region, and we obtain
FSC(W,Q)=F,(W,Q),

and : (13)
F2¢(w,Q)=0, for Q=W.

From FS¢(W, Q) and F2°(W, Q) thus obtained and

from Eq. (2), we can separately calculate the ion-

ization cross sections for close and distant colli-

sions. Besides the result on the K-shell ioniza-

tion,’ calculations for L- and M -shell ionization
are reported here,

C. L-shell ionizations

L -shell ionization cross sections have been cal-
culated in terms of PWBA by Choi,*** and by
Benka and Kropf.?® From these results, the func-
tions F,,( W, Q) for electrons in the 2s and 2p states
are obtained by :

5
Fo(W, Q)= AW, QB(W, Q) Y [AZ(Q)(W - Q)]
§=0
(14)

and

Fup(W, Q) =AW, QB(W, Q) D [A%(Q(W-Q)],
j=0

(15)
where
2 k
exp (— z tan™ —————-——)
_ Q-W+1/2
AW, Q)=2'W 1 —exp(-27/k) ’
16
B(W,Q)=[(W-Q)2+Q]'5. (16)
The coefficients A3°(Q) are given by
APQ)=(£+ £ Q)%
A2(Q)= 1(Q+ 1)@,
AF(Q)= £ (1-40Q)Q, (17)

AFQ)=2Q,
AP=3+%Q,
AZ(Q)=1.
Similarly, A¥(Q) are given by
AXQ)=(F+2 Q%
APQ)=(L£+2Q),
AF(Q)= 4 (49+120Q)Q, (18)
AP(Q)=1%+29,
AP(Q)=%.

On the other hand, the generalized oscillator
strengths for the 2s and 2p states in terms of the
impulse approximation are calculated from Eq. (6)
using hydrogenlike wave functions in the momen-
tum representation by

FEEAW, @)= 2 ot (W - @)%+ )

x & [BEHQW-QF],  (19)

§=0,2,4

3
FEEA(W, Q)= WQH 2[(W - @)+ Q]®

x 2, [BPQ(W-Q)], (20)

§=0,2
where BY(Q) are given by
B(Q)= £ ¢°,
BQ)=-%1@%,
BF#(Q)=1Q, (21)
BYQ)=%@Q°,
BYQ)=4Q,
and, for odd j,
B/(Q)=0.

In comparison of Eqs. (17) and (18) with Eq. (21),
we can find in A;’(Q) a term corresponding to
BX(Q). The functions F,(W, Q) given by Eq. (15)
and FBEA(W, Q) given by Eq. (20) are plotted in
Fig. 2 as a function of transfer momentum @ with

F2e (W,Q)
—

\
v
'

o
T
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o
w
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$5-4 -3-2 -1 0 | 2 3 4

FIG. 2. Comparisons of the generalized oscillator
strengths for 2p-state ionization between the PWBA and
the BEA. The generalized oscillator strength is shown
as a function of logarithm of transfer momentum Q. The
transfer energy W is taken as a parameter.
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FIG. 3. Generalized oscillator strengths for 2s-state
ionization by close collisions in the PWBA, estimated
from Eq. (11), are compared with those of the BEA.
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a parameter of transfer energy W. As seen in
this figure, F (W, Q) agrees well with F2*A(W, Q)
in the region @ = W, and FEEA(W, Q) rapidly de-
creases with a decrease in Q. The situation is
same for the 2s state. As are shown in Figs. 3
and 4, the functions FS$S(W, Q) given by Eq. (11)
approximately agree with FEEA(W,Q). It is thus
shown that the separation method described in the
preceding section is applicable to L-shell ioniza-
tions. '

The functions FSC(W, Q) and F2¢(W, Q) given by
Egs. (11) and (12), together with F (W, Q), are
shown in Figs. 5 and 6, respectively, for 2s and

8 -

= |

= —— PWBA CLOSE
& w=02s BEA

10

-5-4"2'IOI234|1

FIG. 4. Same as Fig. 3, except for the 2p state.

—— PWBA TOTAL
""" PWBA CLOSE
L ——=- PWBA DISTANT

S
=

FIG. 5. The generalized oscillator strengths Fo (W, Q)
for 2s-state ionization from the PWBA—solid lines—are
decomposed into dashed lines F‘z:f(W, Q) for close colli-
sions and dash-dot lines Fy (W, Q) for distant collisions
in accordance with Egs. (7), (11), and (12).

2p states. Since the 2s-state wave function has

a node, F,(W,Q) has structure. As can be seen in
Fig. 5, however, the ionization cross section due
to distant collisions does not reflect this struc-
ture. We can thus obtain the ionization cross sec-
tions of 2s and 2p states separately for close
and distant collisions in conformity with Egs.
(2) and (11)—(15). The total L x-ray production
cross sections for Y and Sn, thus calculated, are
illustrated as a function of incident energy in Figs.
7 and 8 together with the present experimental re-
sults. In these figures, the total L—x-ray produc-

S

= —— PWBA TOTAL

W ----- PWBA CLOSE
. W=025 ——- PWBA DISTANT

10

1 2 3 4 5

-5 4 3 2 -

FIG. 6. Same as Fig. 5, except for the 2p state.
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FIG. 7. The total L x-ray production cross sections
of Y for proton impact are compared with the PWBA
calculation (the solid line) and the BEA (the dashed line).
The dot-dash line and the dotted line are, respectively,
the PWBA cross sections decomposed into those for
close collisions and those for distant collisions.

tion cross section o7, the contribution from close
collisions 0¢¢, and that from distant collisions
o2¢, are calculated by

3

0fs =2, Wi $%,
ial
3
otz- 3 et @
isl
07,=035+025,
where
Wt = + f1,0,+ (f13+f12f 23) W3 s
w;“= Wyt fa3W; (23)
and
20r1 p on Sn
----BEA
- — PWBA
R S | [ PWBA CLOSE
5 - PWBA DISTANT
k=]
< 1o}
b

J

100 Ep(MeV)

Ol | 10
FIG. 8. Same as Fig. 7, except for Sn. The circles

represent the present data and the triangles show the
previous experimental results of Ref. 34.

3 -
woﬂ_ W5 .

The subscripts 1, 2, and 3 stand for the L-shell
substates L,, L,,, and L,,,, respectively. The
cross sections o$€ and ¢?° are the subshell-ion-
ization cross sections calculated from Eq. (2) and
Egs. (11)=(15). The notations w, and f, are, re-
spectively, the fluorescence yield and the Coster-
Kronig transition probability, and were taken
from a table of Bambynek et ql.?° It is seen from
the figures that the contribution from distant col-
lisions becomes effective in the region E/AU>1,
but not so remarkable as in the case of K-shell
ionization.®* At very high proton energy beyond
the experimental points, the contribution from
distant collisions becomes nearly equal to that
from close collisions.

D. M-shell ionizations

In conformity with the PWBA calculation of
Choi® for M-shell ionizations, the generalized
oscillator strengths for the 3s, 3p, and 3d states
are given by

9

Fal(W, Q) = A(W, QB(W, Q) 3, [AX(@)W-Q)],

=0

(24)

FolW, Q)= AW, @BV, @) 3 [4%QW - Q)'],

(25)

FyW,Q)=A(W,Q)B(W, Q). 2 [A34Q)W - Q)]

(26)
where
exp (— 2 tan™ sk )
k Q-W+£2
w,Q)=2'W ol |

AW, Q) 1 — exp(-2n/k)

B(W,Q) =[(W-Q)2+2Q]", (27)
with

W=k%+ f;.

The coefficients A}(Q), A}, and A}(Q) are given
by
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AP(Q):
528384 561152
3s, —_
A(Q)= (502 211745 * 55 801 305

68 608 ,
* $200145 Q)33 e,

321768 2048
3s, _
A°(Q)= (167 403915 ' 413343
7424 \2
~ 6200145 ¢ )FQ ’
8192 63 488 17 408 2)
6200145 1240029 © ~98415 @ )T 9 »

256768 256 \2'
(6200145 *mQ)EEQ ’
11008 30976 15744 Q)
885735 T 98415 © 10935 ¢ )T Q>

2816 10912 |23
-7o535 9)5 @

AF(Q)=

AFQ)

A¥(Q)=

(28)

/—\/-\

_( 495616 443392
167403915 © 18600435 @
8192 )\ 20

{3343 Q)ﬁQ ’

65536 546 304
3

A%(Q)= (167403915 +18600435 <

38912 ,\20

*413343Q)— ’
274944
18600435 * 2066715

135424 2048 .
* 8561 @ )1 e,

4006 15872 22528
3p __2U90 _
A5%(Q)= ( 657205 1137781 ¢ ~ 32805 @ ) 7

A¥(Q) =

512 2368 _ 512
32805 110935 © ~ 243 Q)ss Qs

8992 1664 )23
32805 T 729 ¥/ 3

AP(Q)= (29)

A¥(Q)=

224 560 128
3p
ALQ)= (6561 *943 U aT Q)

208 64 ) 2°
47(Q)= (729 P Q)?f’

g 2
AQ-m

AJ(Q);

253952 904192
3d —_
As(Q)= (55 801305 * 55801305 ©

131072
*+ 6200145 Q)sﬂ Q,

45056 1440256
34, -
A4:1Q)= (16 7403915 * 16 600435

149504
*m‘?>§@’

140 800 4 211968 32768
A34Q)= )33 e,

3720087 ' 6200145 * ' 98415 Q

A3(Q)

2048 2657792 48128
735 * 6200145 ©* 32805 € 33Q’

(30)

885735 © 98415 ©+3645 ¢ ) 39

256 6304 22912 )
59049 ' 10935 3B

A3(Q)

A(Q)=

(75 008 193472 8192

*10935 ¢

736 6416 \ 2°
34,
As(Q)= (19 683 10935 Q>§5 ,

80
A7Q)= (2187) E

The generalized oscillator strengths calculated in
terms of the impulse approximation FEEA(W, Q) are
obtained from Eq. (6) by using the wave functions
in momentum representation for the 3s, 3p, and
3d states as expressed by

FEMW, Q=2 Wi *{(W - @+ £ Q1"

x 2, [BSQIW-Q)], (31)
§=0

3
FEMW, Q)= 2 wQH/ (W - @+ £ @1

x 2 [BQUW -Q)], (32)

§=0
23 :
F3rh (W, Q) =— W' *[(W - @)*+ 5. Q]

x 2 [BIQ(W -@)], (33)
Fi
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where the coefficients B3%(Q), BP(Q), and B3(Q)
are given by
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FIG. 9. Same as Fig. 3, except for the 3s state.

B¥(Q):
68 608 2°
B =\g300143 Qz) :9

1740 23
B3(Q)= (- S Q2>§ Q,
15744 23
B (Q)= (m Q* 339 (34)
[ 64 )20

B¥(Q)= (——7 Q* 33

—— PWBA CLOSE
----- BEA

Fe(W,Q)

S5 -4 3 2 - 0 | 2 3 4 5
In @)

FIG. 10. Same as Fig. 3, except for the 3p state.
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FIG. 11. Same as Fig. 3, except for the 3d state.
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FIG. 12. Same as Fig. 5, except for the 3s state.
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FIG. 13. Same as Fig. 5, except for the 3p state.

B}4Q):
131072 )\ 2°
B Q)= (6 300145 Qz) T
23
mo-(Ba)ge,  w

8192 23
Bi%Q)= 3645 Qz)'s—a Q,

where B,(Q) having odd j are zero.

Making a comparison between Eqgs. (28)-(30) and
Eqs. (34)-(36), we can find in the coefficients
A,(Q) the terms corresponding to B,(Q) as in the
case of L-shell ionizations. By using Egs. (11)-
(13) and Eqgs. (24)-(30), we can calculate the
close-collision part FC°(W, Q) and the distant-col-
lision part FP€(W, Q) of the generalized oscillator
strength for M shell. Figures 9, 10, and 11 show
FCS(W, Q) for the 3s, 3p, and 3d states, respec-
tively, calculated from Egs. (31)-(33) and
FBEA(W, Q). From the agreement between
FS¢(W, @) and FBEA(W, Q) seen in these figures,
the assumptions of Eqs. (11)—(13) are justified
also for M-shell ionizations. Figures 12, 13, and
14 show FCS(W,Q) and FP¢(W,Q), together with
F(W,Q). As seen in these figures, the behavior
of FP(W, Q) does not reflect the nodes of wave
functions of the initial state of electron.

By using Eqgs. (2), (11)-(13), and (24)-(30), we
can obtain the ionization cross sections for the
3s, 3p, and 3d shells corresponding to close and
distant collisions separately. In terms of these

‘cross sections, the total M x-ray production
cross sections are expressed by
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(@
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FIG. 14. Same as Fig. 5, except for the 3d state.

(05%) =@y 2 (05,
k=1

(02°)u= 5u§<o?.i>u, (37)

(0" )u=(0% N+ (03N

Here w, is the average fluorescence yield for M
shell and is taken to be 0.023 for Au and 0.035 for
Bi from the table of Bambynek et al.,” and o, ,

30, p on Au
---BEA
— PWBA
25 ¥FINY - PWBA CLOSE

-------- PWBA DISTANT

B
g 20t
°©
<. 151
b

Tt

100 E» (MeV)

0l l 10

FIG. 15. The experimental M-shell ionization cross
sections of Au for proton impact are compared with
theoretical predictions from the BEA and PWBA. The
PWBA cross sections are decomposed into the cross
sections for close and distant collisions. The circles
represent the present data and the triangles show the
previous experimental results of Ref. 35.
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FIG. 16. Same as Fig. 17, except for Bi.

denotes the ionization cross section for a subshell
M, of the M shell. The results of calculation for
Au and Bi are shown in Figs. 15 and 16, together
with the present experimental results. These fig-
ures reveal that the contribution from distant col-
lisions to the total ionization becomes still smaller
than that for the L -shell ionization. However,
contributions from distant and close collisions be-
come again equal at very high projectile energy.

IV. RESULTS AND DISCUSSION

In the PWBA calculation of ionization cross sec-
tions, it is necessary to take account of the rela-
tivistic effect of inner-shell electrons or the
screening effect. The electronic relativistic ef-
fect®® becomes considerable only for heavy target
atoms and low projectile energy, and this can be
neglected in the present case. The screening ef-
fect has usually been brought into consideration
by taking the effective nuclear charge,?' %27
Furthermore, in some cases of direct Coulomb
ionization, secondary effects such as increasing
binding energy, Coulomb deflection, polariza-
tion, and inner-shell electron transfer to the pro-
jectile, considerably contribute to the cross sec-
tion. These effects have been discussed and cal-
culated in detail.'®®+3% In the present work, how-
ever, we are concerned with incident protons of
velocity higher than that of inner-shell electrons
to be ionized—E/AU>1—and these effects can
practically be neglected.®

Hence, the comparison between the nonrelativ-
istic PWBA calculation and the experiment is
discussed here. Theoretical predictions obtained
using the values of fluorescence yield calculated
by McGuire®3® are compared with the experimen-
tal results in Figs. 7 and 8, where the data on Y
agree well with the PWBA, while those on Sn are
in rather good agreement with the BEA. The ex-

DISTAN
)C/LOSE

12}

1.O}

0.8t

06}

04r

0.2

0.0

0.l

FIG. 17. Ratio of cross sections for distant collisions
to those for close collisions in K-, L-, and M-shell ioni-
zations plotted as a function of E/AU.

perimental results on Sn in the lower projectile-
energy region, shown by triangles, have previous-
ly** been obtained. Comparisons between theories
and experiments on the M -shell ionization of Au
and Bi are illustrated in Figs. 15 and 16, where
both the BEA and PWBA are in substantial agree-
ment with the data on Au, while the theoretical
values for Bi are 1.6 times larger than the experi-
ment. This discrepancy seems to be due to an
error in fluorescence yield, since the present ex-
perimental results are quite consistent with our
previous results,* which have independently been
determined with a Van de Graaff generator. Al-
though the value of w, of Bi has been reported to
be 0.037 (+19%) and 0.035 (+6%) by Jaffe*® and
Konstantinov,*” respectively, an accurate rede-
termination of this quantity is desirable. In the
figures, the cross sections predicted from the
BEA at E/AU=1 are larger than those from the
PWBA both in L - and M -shell ionizations as in
the case of K-shell ionization,® and the projectile
energy corresponding to the maximum cross sec-
tion is a little larger for the BEA than for the
PWBA. The contribution from distant collisions
to the L- and M-shell ionization cross sections

in the energy range of E/AU=1~10 is not so large
as in the case of K-shell ionization,® and it seems
that the contribution becomes smaller with the in-
crease in the principal quantum number. Garcia
pointed out that®® the ionization cross sections for
high-energy impact are in better agreement be-
tween the BEA and PWBA calculations with the in-
crease in the principal quantum number, and this
fact is quite consistent with the present result.
Figure 17 shows the ratios of contribution between
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close and distant collisions for various subshells
plotted as a function of E/AU. This figure reveals
that the contribution from distant collisions de-
pends primarily on the principal quantum number
and is not sensitive to the azimuthal quantum
number. Indeed, the ratio of the cross section
for distant collisions to that for close collisions
can be calculated as follows.

In a case where the projectile velocity is much
greater than the velocity of inner-shell electrons,
the inner-shell electrons can be regarded as
free, and the ionization cross section for close
collisions has been calculated in terms of BEA

by3 9
(t

where e is the electronic charge. On the other
hand, the ionization cross section ¢P° for distant
collisions is obtained from Eq. (2) by

2,4 ©
pcy 2e 1 4_Eif aw
n STGT BT, AU, 7R e W 7AW,
(39)

where f (W) denotes the optical oscillator strength
for one electron. From Egs. (38) and (39), the
ratio of cross sections between distant and close
collisions is calculated by

4E 1 ([~ aw
oo T Insg o ), w AW

1 1

zze4 1 )
"4 E/NU,)’

1
0CC=1—x

n U2 E/AU, (38)

(o

O.DC

(40)
In accordance with Bethe and Salpeter (see p. 208
of Ref. 26), an approximate expression of f (W)

for transitions between discrete states is given by

(41)
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From this equation, Eq. (40) becomes

og2¢ In(4E/A\U,)
W S, - (42)
The principal-quantum-number dependence and
the projectile-energy dependence of the ratio
oP¢/gCC, given by Eq. (42), are in substantial
agreement with the present results.

The experimental errors in the present work
are about 12%, while the errors in relative cross
sections are only ~2%, so that the experimental
projectile-energy dependence of the x-ray produc-
tion cross sections can be compared with theo-
retical predictions more accurately than the ab-
solute cross sections. This comparison can be
done in terms of least-squares method by

ARSI
with
(oxg_,m (E)
7 T B\ *
>( %)

where 0§, (E;) and oX ,(E,) are, respectively, the-
oretical and experimental x-ray production cross
sections at an incident energy E,. Since we are
here interested in the region of E/AU>1, the data
only in this region are summed up in Eq. (43),

and N is the number of data which are summed up.
Hence, o, means the degree of agreement of the
projectile-energy dependence of x-ray production
cross section between the experiment and the the-
oreticals of%al, 0555, and oBFA) and A is the
fitting parameter. The values of ¢, are shown in
Table I for L shells of Y and Sn and M shells of

(43)

TABLE II. Least-squares fitting of projectile-energy dependence of the x-ray production
cross sections between the experimental results and the theoretical predictions ofSifly,
0§Gpa and oBEA The values of o), defined by Eq. (44), represent the degree of agreement

between the theory and the experiment.

Y-L Sn-L Au=-M Bi-M
O Ox= Oz Ox-y
oA 0.17 0.097 0.056 0.59
of¥sa 0.055 0.157 0.101 0.55
oBEA. 0.25 0.0105 0.053 0.66
(% A (% A [N A o) A
ok, 0.014 0.86 0.0093 1.11 0.028 1.05 0.048 0.63
ofGsa  0.052 0.98 0.023 1.18 0.054 1.09 0.074 0.65
gBEA 0.051 0.81 0.0081 0.993 0.048 1.01 0.54 0.60
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Au and Bi. The degree of agreement of absolute
cross sections between the experiment and the
theories, which is given by the values of o, for
A=1, is also shown. These values explain quite
well the results obtained from comparisons be-
tween the experiment and the theories shown in
Figs. 7, 8, 15, and 16; the value of g, is the
least for o{3%2l, in all the elements, and the de-
viation of A from unity, except for Bi, is less
than ~10%, which is consistent with our experi-
mental errors of +12%. A clear difference in g,
is seen between o343, and 6$§5,, especially in
cases of Y-L and Au-M values. This fact proves
the contribution from distant collisions to L - and
M-shell ionizations in the energy region of E/AU
=1-10, and also the fairly good agreement of o,
between oSGy, and oBFA shows the same projec-
tile-energy dependence, which can be understood
from discussions given above.

V. SUMMARY

The total x-ray production cross sections for
L -shell ionizations of Y and Sn and for M-shell
ionizations of Au and Bi have been measured for
3-40-MeV proton impact—E/AU=0.4-10. Inner-

et al. 22

shell ionizations by close and distant collisions
have been discussed on the basis of the generalized
oscillator strength and the general formulas for
inner-shell ionization by these two kinds of colli-
sions have separately been derived from the
PWBA theory. The experimental results, except
those for Bi M -shell ionizations, were in agree-
ment with the PWBA and BEA calculations within
~10%. The projectile-energy dependence of the
cross sections proved that the distant collision
surely contributes to the L- and M-shell ioniza-
tions, but is not as remarkable as in the K-shell
ionization in agreement with the theoretical pre-
diction.
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