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K-shell x rays of selected elements from Nb through Gd for incident protons and alpha
particles from 0.6 to 2.4 Mev
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K-shell x-ray production cross sections and KP/Ka ratios are presented for 0.6- to 2.4-MeV protons and

alpha particles incident on thin targets of selected elements from Nb to Gd. The KP/Ka ratios are
compared to the theoretical predictions of Scofield and agree within 10%. The experimental cross sections
are compared to the theoretical predictions of the plane-wave Born approximation (PWBA) and the PWBA
modified to include binding energy, Coulomb deflection, and relativistic effects. It is seen that the PWBA
modified for binding energy and Coulomb deflection effects agrees with the experimental data for Nb to
within uncertainties, but its predictions are lower than the data by larger amounts as the target Z increases.
Inclusion of an ad hoc semiclassical relativistic correction to the theoretical cross section, as suggested by
Hansen, improves the agreement with the data, but overestimates the data for the highest-Z elements,

I. INTRODUCTION

In the past few years there has been consider-
able interest in inner-shell ionization produced
in light-ion-atom collisions. Earlier experimen-
tal data have been summarized in review articles
by Rutledge and Watson' and by Garcia, Fortner,
and Kavanagh. ' These results have been com-
pared primarily to two theoretical models of Cou-
lomb ionization: (a) the binary-encounter approx-
imation' (BEA) and (b) the plane-wave Born ap-
proximation (PWBA). The present data are out-
side the range of values tabulated by McGuire and
Richard' for the BEA, and therefore the BEA
theory will not be compared to the data.

The PWBA developed by Merzbacher and Lewis'
has been found to be in good agreement with ex-
perimental cross sections for incident projectiles
of atomic mass ~4 and for energies greater than
a few MeV."However, at lower incident pro-
jectile energies, the PWBA overpredicts the cross
sections. '" The PWBA has been modified by
Basbas, Brandt, and Laubert'" to include Cou-
lomb deflection of the incident ion by the target
nucleus and increased binding of the target elec-
tron due to penetration of the K shell by the pro-
jectile. Both of these modifications, which are
important at lower incident velocities, reduce
the theoretical cross sections and improve agree-
ment with experiment. '

Relativistic effects which are believed to be im-
portant particularly at low incident ion velocities
for heavier targets are expected to increase the
theoretical cross sections. "" Nor targets with
high Z„ the crucial relativistic effect has its
origin in the singularity of the K-shell wave func-
tion at the origin. This increases the form factor
for the large values of momentum transfer which

are needed for ionization by projectiles with low
velocities. The enhancement of the form factor
increases the cross section at low velocities and
the effect subsides as velocity increases. Merz-
bacher and Lewis' have noted that the apparent
agreement between K-shell cross sections of
uranium for proton bombardment and the nonrela-
tivistic PWBA is coincidental and is most likely
due to a cancellation of the effects of increased
binding energy and Coulomb deflection with rela-
tivistic effects. Merzbacher and Lewis' discuss
a relativistic correction due to Honl. " Recently,
Caruso and Cesati" have also modified the PWBA
to include relativistic effects. Both of these cor-
rections"" modify the target screening param-
eter I9K and do not depend on the incident particle's
velocity. Hanseni4 has suggested a semiclassical
relativistic correction for the BEA, and this cor-
rection has been applied in an ad hoc manner to
the PWBA in the present work. This correction
consists of a multiplicative factor applied to the
nonrelativistic theoretical cross section and de-
pends on the ratio of the incident particle velocity
squared to the average target K-shell electron
velocity squared.

The majority of K-shell x-ray production cross-
section data reported for 0.5-3.0-MeV protoni7 "
and a. -particle' ' bombardment are for ele-
ments in the range of Z, from 20 to 40. Gray and
co-workers '" have reported proton-induced
cross sections for selected elements between 4,Mo
and 57La Liebert et aE."reported proton data
for 4,Mo, „Ag, and 4,Cd. McKnight, Thornton,
and Karlowicz" present data for o. particles on
„Mo, „Ag, and, Pn. Lin, Duggan, and Carlton"
have presented data for ot particles on 47Ag.

Absolute cross sections for elements in the
range of Z, =40-65 are needed to provide a test
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of relativistic corrections to the PWBA since rela-
tivistic effects are expected to be large for pro-
tons and n particles incident on heavy elements
at energies less than a few MeV. These cross
sections should also be quite useful to the many
laboratories involved in particle-induced x-ray
emission studies of trace elements. "

K-shell x-ray production cross sections and
KP/Ko. 'ratios are measured in this work for 0.6-
2.4-MeV protons incident on thin targets of „Nb,
„Hh, „Ag, „ln, „I, „Cs, „Ce, 5,Pr 6ONd, 63Eu,
and, 4Gd. Also presented are data for n particles
incident on „Nb, 4,Mo, 45Rh, 4,Ag, 5OSn, ,~Sb, 53I,
„Ba, »Ce, and «Gd. The KP/Ko. ratios are com-
pared to the theoretical predictions of Scofield "
and the experimental values compiled by Salem
et a/. " The cross-section data are compared to
the theoretical predictions of the PWBA with and
without modifications for increased binding, Cou-
lomb deflection, '" and relativistic effects."
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FIG. 1. Atomic foil wheel scattering chamber.

TABLE I. Experimental target thicknesses.

Target Thickness {pg/cm )

4)Nb
42Mo

45Rh

4)Ag
4gIn

5pSn

ggSb

53I

55Cs
56Ba
58Ce
59Pr
,pNd

63Ell

64Gd

3.24
3.00
8.70

53.0
133
86.0
11.7
26.6

136
50.2
96.5
39.1
31.5
15.9
12.1

II. EXPERIMENTAL PROCEDURE

The targets used in this experiment were from
3 to 136 pg/cm' thick, and are listed in Table I.
The targets were made from vacuum evaporation
of the element or compound of the element on car-
bon backings. The backings, which had been
mounted on Al frames, ranged in thickness from
25 to 50 pg/cm'.

The proton and a-particle beams were produced
by the 2.5-MV Van de Graaff accelerator at North
Texas State University. The beam was collimated
to 2 mm in diameter before entering the target
chamber which is shown in Fig. 1. The transmis-
sion targets were mounted at 45' with respect to
the incident beam direction, and the x-ray detec-
tor was positioned inside the scattering chamber

at 90' with respect to the incident beam direction.
Two x-ray detectors were used in this work: (i)
an Ortec Si(Li) detector with a full width at half
maximum (FWHM) resolution of 165 eV at 5.9 keV
and (ii) an Ortec intrinsic Ge detector with a
FWHM resolution of 237 eV at 5.9 keV and 511 eV
at 122 keV. Both detectors were calibrated for
energy and efficiency by placing calibrated x-ray
sources of "Co, "Zn, '"Eu, and "'Am in the
target position. These point sources simulated
the actual geometry of x-ray emission from the
targets due to ion bombardment. This method of
calibration is widely used and has been discussed
in the literature. " The total efficiencies for both
detectors are shown in Fig. 2 as a function of x-
ray energy. The efficiencies include contributions
from the intrinsic detector efficiencies and the
detector solid angles. The solid angles subtended
by the Si(Li) and Ge detectors were 1.2 x 10 ' and
8.2 & 10 ' sr, respectively. The solid lines rep-
resent least-squares polynomial fits to the effi-
ciencies over the regions of interest for the pres-
ent work. Mylar foils of thickness 0.036 and 0.061
cm were placed over the Si(Li) and Ge detector
windows, respectively, and were used to attenuate
low-energy x rays. The Si(Li) spectrometer was
used to detect the characteristic x rays of 4,Nb,

4,Mo, 4,Rh, „Ag, 4,In, and»Cs. The x rays from
Ag In Sn 5ySb 3I 56Ba C e P r 6pNd

63Eu, and 64Gd whre detected using the Ge detector
because of its higher efficiency for x rays of these
energies. Both detectors were used in measure-
ments for protons on 4,In and n particles on 47Ag.
Results obtained for 4,In and 4,Ag using the two dif-
ferent detectors were found to agree within 10%%ug.

A Si surface-barrier detector, located at an angle
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III. RESULTS AND DISCUSSION

The measured values of the proton-induced E
x-ray production cross sections and the KP/Kn
intensity ratios for the various elements are pre-
sented in Table II. Table III presents the ~-par-
ticle-induced x-ray production cross sections and
KP/Kn ratios. The proton-induced x-ray produc-
tion cross sections for 47Ag determined in this
work were compared to the results of Khelil and
Gray, "Hearse et al, ' and Bissinger, Shafroth,
and Waltner. " Results agreed to within 10% or
better at energies greater than 1.0 MeV and to
within 20% or better at energies ~1.0 MeV.
Bearse et al."reported only En x-ray produc-

FIG. 2. Experimentally determined detector
efficiencies.

of 150' with respect to the incident beam direc-
tion and with a solid angle of 8.1 @104 sr, was
used to detect incident particles that were Ruther-
ford scattered by the target atoms.

Charged-particle and x-ray energy spectra were
recorded simultaneously in a Nuclear Data multi-
channel analyzer in order to limit problems in
target uniformity. Consequently, the absolute x-
ray cross sections could be determined by nor-
malizing to Rutherford scattered ions, as discus-
sed earlier. " Corrections for beam energy loss
in the target as suggested by Laubert et al."
were &4% for proton data and generally ~10%for
a-particle data. Beam currents were constantly
adjusted to keep the particle and x-ray dead time
to 50/o or less.

tion cross sections, and it was necessary to multi-
ply these numbers by 1+KP/Kn in order to com-
pare their values with the present work. McKnight,
Thornton, and Karlowicz" have reported ioniza-
tion cross sections for & particles incident on

~,Mo, 4,Ag, and, gn. For comparison with the
present measurements, their data have been
multiplied by the fluorescence yields for single-
hole ionization taken from Bambynek et al."
Their data for „Mo agree to within a few percent
with the measurements of the present work. Their
results" for ~,Ag and, gn were lower than the
present measurements by 50-65%. In light of
the disagreements for „Ag and, gn, the cross
sections for incident 2-MeV n particles were remea-
sured in our laboratory and were found to be in
agreement with the previous NTSU measurements
to within 5/o for „Ag and to within 13% for 5+n.

Figure 3 presents the measured proton-induced
x-ray cross sections for 4$Nl3 458h 47Ag 49In,

ticle-induced x-ray cross sections for 4,Nb, 4,Mo,
Rh, ,Ag, Sn, ~Sb, 53I 56Ba, »Ce, and „Gd

are shown in Fig. 4. The smooth lines through
the data merely serve to guide the eye. These
two figures show the characteristic decrease in
cross section with increasing atomic number of
the target and the increase in cross section with
increasing projectile energy. It is noted that the
cross section for the lightest element, 4,Nb, and
that for the heaviest element, «Gd, differ by over
two orders of magnitude for the same projectile
at the same energy.

The experimental x-ray production cross sec-
tions for representative elements of „Nb and, 4Gd
are compared to the theoretical K-shell cross sec-
tions in Figs. 5 and 6, respectively, using fitted
values of the fluorescence yields for single-hole
ionization taken from Bambynek et al." The data
are compared to the plane-wave Born approxima-
tion (PWBA}"'";the PWBA modified for increased
binding (PWBA-B)'; the PWBA modified for Cou-
lomb deflection (PWBA-C)'; the PWBA modified
for both increased binding and Coulomb deflection
(PWBA-BC)'; and the PWBA modified for in-
creased binding, Coulomb deflection, and relativ-
istic effects" (PWBA-BCR}. Basbas, Brandt, and
Laubert" have suggested a further modification
to the I'WBA-BC to account for the target polari-
zation at higher velocities. This effect is not con-
sidered here because it changes the theory by less
than 1/o for the measurements of this work.

The uncertainties shown in Figs. 5 and 6 are
relative uncertainties only, and come from quan-
tities which vary with energy. These relative un-
certainties are due mainly to statistics and vary
from 5 to 20%%uo. Normalization uncertainties, those
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TABLE II. Proton-induced K-x-ray production cross sections ~ and Kg/Ke ratios. "

Protons
Ox (b) Energy (MeV)

Protons
(rx {b) KP/Ke

1.13
1.34
1.55
1.76
1.97
2.18
2.39
2.60
2.70

1.03
1.24
1.45
1.66
1.87
2.07
2.29
2.50
2.70

0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

0.6
0.8
1.0
1.2
1.4

4(Nb

3.6+
6.5 +
1.0+
1.6+
2.1 +
3,.0 +
3.6 +
4.5 +
4.8+

O.4( 1)
O.6( 1)
0.1
0.1
0.2
0.3
0.3
0.4
0.4

45Rh

1.0+0.1( 1)
2.1+O.2( 1)
3.4+ O.3(-1)
5.2 + 0.4{—1)
v.v+o.6( 1)
1.1 + 0.1
1.5 + Q.l
1.9+0.2
2.2 + 0.2

4~In

5.5+O.4( 3)
1.9~0.2( 2)
5.0+o.4( 2)
8.5+O.V( 2)
1.5 + 0.1{-1)
2.3+O.2( 1)
3.5+ 0.3(—1)
5.o+ o.4(-1)
6.6+O.5( 1)
8.5+ 0.6 (-1)

1.5+ 0.2 (-3)
6.2 + 0.5(—3)
1.4+O.l( 2)
3.2+ 0.3 (-2)
5.9+ 0.5 (—2)

9.0+ 1.0 (-4)
9.4+o.s( 3)
3.3+ O.3(-2)
7.9 + 0.6(—2)
1.4 + 0.1(—1)
2.3 + 0.2(-1)
3.6+0.3( 1)
5.2*0.4( 1)
v.5+o.6( 1)
9.9+0.8(-1)
1.3+0.1

0.15
0.18
0.17
0.18
p. 19
0.19
0.19
0.17
0.19

0.19
0.22
0.19
0.20
0.20
0.18
0,22
0.18
0.19

0.20
0.23
0.21
0.22
0.21
0.21
0.22
0.21
0.22
0.22
0.21

0.22
0.22
0.23
0.22
0.22
0.22
0.22
0.22
0.23
0.22

0.29
0.26
0.24
0.23
0.22

1.6
1.8
2.0
2.2
2.4

1.13
1.34
1.55
1.76
1.97
2.18
2.39
2.60
2.70

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

0.6
0.8
1.O
1.2
1.4
1.6
1.8
2.0
2.2
2.4

9.2+O.V( 2)
1.5+0.1( 1)
2.1+0.2 (-1)
3.o+o.3( 1)
3.6+O.3( 1)

SgCs

1.6+O.2( 2)
2.8 + 0.2(-2)
5.0 + 0.4(-2)
v.s+o.6( 2)
1.1+P.l( 1)
1.7+0.1( 1)
2.1 + 0.2(-1)
2.9+O.2( 1)
3.o~o.2( 1)

3.2+O.3( 4)
1.7+0.1( 3)
5.1+O.4( 3)
1.1+O.l( 2)
2.1+0.2( 2)
3.1+O.2{ 2)
5.6+ O.4(-2)
7.4 + 0.6(-2)
1.1 + 0.1( 1)
1.4+O. l( 1)

ssPr

2.9 + 0.3(-4)
1.3+0.1( 3)
3.7+0.3( 3)
8.3+0.7( 3)
1.6+0.1{ 2)
2.7 + 0.2 (—2)
3.9+O.3( 2)
5.v+o.4( 2)
8.1+0.6( 2)
1.0 + 0.1(-1)

2.1~0.3( 4)
1.1+0.1( 3)
3.4 + O.3(-3)
8.1+o.v( 3)
1.6 + Q. l (-2)
2.6+ O.2(-2)
3.9+O.3( 2)
5.3+O.4( 2)
7.5 + 0.6(-2)
9.7+ 0.8(-2)

0.22
0.24
0.24
0.24
0.22

0.16
0.23
Q.24
0.26
0.22
0.24
0.22
0.26
0.24

0.28
0.23
0.27
0.25
0.25
0.25
0.26
0.25
0.26
0.23

0.30
0.28
0.27
0.25
0.24
0.25
0.25
0.27
0.25
Q. 25

0.25
0.23
0.28
Q.27
0.28
0.27
0.25
0.28
0.25
0.26
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TABLE n. (Co tinued)

Energy (MeV)
Protons

Ox@) Energy (MeV)
Protons

~x (b)

0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

63Eu

8.5+ O.8(-4)
2.0~0.2( s)
4.5+0.4( s)
9.1+o.8(-s)
1.4+O.1( 2)
2.s+o.2( 2)
s.s+o.s( 2)
4.4+O.4( 2)
5.9+O.5( 2)

0.30
0.27
0.28
0.25
0.29
0.26
0.28
0.27
0.29

0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

64Gd

7.1+O.7( 4)
2.2+o.2( s)
4.9+o.4( 3)
8.6+ O.7 (-3)
1.5 + 0.1(—2)
2.1+0.2( 2)
s.s~o.s( 2)
4.4+O.S( 2)
5.6+O.5( 2)

0.29
0.28
0.27
0.29
0.27
0.28
0,28
0.28
0.27

The notation (—N) associated with the cross section means & 10
All KP/gn uncertainties are less than 10%.

which do not change with energy, are due primarily
to efficiency and solid angle uncertainties and vary
from 5 to 15/0. The uncertainties listed in Tables
II and III are total uncertainties found from the
square root of the sum of the squares of the rela-
tive and normalization uncertainties, and range
from 7 to 24%. The sources of uncertainty in the
measured cross sections have been discussed
earlier. '

All of the theories presented in Fig. 5 tend to
predict the general shape of the experimental data
for the lightest element studied, „Nb. The PWBA
modified for both binding energy and Coulomb
deflection (PWBA-BC) agrees with the proton-
induced cross sections for 4,Nb to within experi-
mental uncertainties. However, the PWBA-BC
predicts cross sections lower than the n-particle
data by 65% at the low energies and 45% at the

.IO- I

~INb

IO = I

4He IONS
PINb

IO =
0

IO =

IO = Nd
U

IO =
(f)

D

X p~ IO =

X"IO'=

Io= IO

IO
I I

0.5 I.O
I I I I

I.5 2.0 2.5 3.0
E (Mev)

IO
I I

0.5 I.O
I l I I

l.5 2.0 2.5 XO

E(MeV)

FIG. 3. Experimental proton-induced x-ray production
cross sections for the elements studied in this work.

FIG. 4. Experimental X-shell x-ray production cross
sections for 0. particles incident on the elements studied
in this work.
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TABLE III. n-particle-induced K-x-ray production cross sections~ and Kp/Kn ratios.

Energy (MeV)
n particles

0.X (b) KP/Kn Energy (MeV)
n particles

coax (b)

1.02
1.23
1.44
1.66
1.87
2.08
2.29
2.49
2.70

4(Nb

5.4+O.8( 3)
1.1+0.2( 2)
2.3+0.2( 2)
4.3+O.4( 2)
8.5+0.7( 2)
1.P+0.1( 1)
1.4 + O. 1( 1)
2.0 + 0.2(-1)
2.8 + 0.2 (—1)

0.23
0.20
0.20
0.20
0.19
0.18
0.18
0.16
0.20

1.2
1.4
1.6
1.8
2.0
2.2
2.4

5(Sb

4.7*0.9( 4)
1.3+O.2( 3)
2.5~0.3( 3)
4.6+0.5( 3)
v.3+o.v( 3)
1.2+ 0.1(-2)
1.v+0.2( 2)

0.21
0.21
0.22
0.21
0.22
0.20
0.20

1.Q2

1.23
1.44
1.66
1.87
2.08
2.29
2.49

1.Q2

1.23
1.44
1.66
1.87
2.08
2.29
2.49
2.70

42Mo

3.3+O.5( 3)
8.0+0.9{ 3)
1.v+o.2( 2)
3.1+0.3(—2)
4.9+O.5( 2)
7.8 + 0.8(—2)
1.1+Q.l. ( 1)
1.6+O.2( 1)

45Rh

1.2+0.2( 3)
3.3+O.4( 3)
6.6+ 0.7 {—3)
1.3 + Q. l (-2)
2.2 & 0.2(-2)
3.7+0.4( 2)
4.5 + 0.4(-2)
v.4 ~ o.6(-2)
9.9+Q.V( 2)

0.21
0.21
0.18
0, 19
0.17
0.16
0.15
0.17

0.21
0.18
0.18
0.21
O. 19
0.16
0.23
0.19
0.20

1.Q
1.2
1.4
1.6
1.8
2.0
2.2

1.4
1.6
1.8
2.0
2.2
2.4

53I

6.6~0.7( 5)
2.5+O.2( 4)
8.1+0.9(-4)
1.v+O. 2( 3)
2.6 + 0.3( 3)
4.3+O.4( 3)
6.5+0.6(-3)
1.O+'O. 1( 2)

2.5+o.6( 4)
5.o+o.v( 4)
1.o+o.2( 3)
1.8~0.3( 3)
3.0 + 0.4(-3)
4.9+O.6( 3)

0.25
0.24
0.22
0.23
0.23
0.25
0.22

0.21
0.23
0.26
p.22
0.22

0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2 4

47Ag

2.1~0.3( 4)
5.4+o.6( 4)
1.5+O.1( 3)
3.6+0.3( 3)
6.3+O.6( 3)
1.2 + 0.1(-2)
2.0+O.2( 2)
2.6 +0.2(—2)
4.3+O.4( 2)

0.21
0.22
0.22
0.23
0.23
0.21
0.21
0.24
0.22

1.4
1.6
1.8
2.0
2.2
2.4

Ce

1.1+0.2( 4)
3.1+0.7(—4)
5.9 + 1.0(-4)
1.2+O.1( 3)
2.o+ o.4(—3)
3.0+ 0.6(-3)

0.23
0.21
Q.23
Q.22
0.24

1.0
1.2
1.4
1.6
1.8
2.Q

22
2.4

5pSn

1.v+o.3( 4)
5.3 + 0.6 (—4)
1.5 + 0.1(—3)
2.8+O.3{ 3)
4.6+ 0.4 {—3)
8.5 + 0.8(-3)
1.3 +0.1{ 2)
1.9 + 0.2 (—2)

0.23
0.22
O. 22
0.19
0.21
0.20
0.20
0.19

1.2
1.4
1.6
1.8
2.0
2.2

1.3+O.2( 5)
4.4 + 0.7 (—5)
1.o+o.1( 4)
1.9 + 0.3(-4)
3.1 + 0.4(-4)
4.v+o. 5( 4)

0.29
0.27
0.26
0.26
0.28

The notation (—N) associated vvith the cross sections means &&10" .
"All KPIKn uncertainties are less than 10%.
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FIG. 5. K-shell x-ray production cross sections for
to and e particles incident on +Nb. The experi-pro ns an

mental data are compared to the plane-wave 8 p-orna—
proximation (PWBA) with modifications for increased
binding (B, ou om( ), C . lomb deflection (C), and relativis ic e-
fects (R).

high energies. Multiplying the PWBA-BC by the
relativistic correction suggested by Hansen"
raises the theoretical cross section and improves
the agreement with the data.

Fi ure 6 compares the experimental data 'for

proton and n particles incident on 64Gd, the heavi-
est element studied. For protons and o'. particles
on Gd, the PWBA-BC predicts values less than64

the data at all energies by factors of — wiof 2-3 with the
d g cement becoming larger at lower projectile
velocities. The relativistic correction raises
PWBA-BC and gives better agreement with the pro-
ton data especially above 2 MeV. For proton en-
ergies less an eth 2 MeV the relativistic correction
appears to be too large and causes the PWBA-BCH
to be almost a factor of 2 larger than the data at
0.8 MeV. For ~ particles on Gd, the relativis ic

the .correc iction is again too large and causes e .

PWBA-BCR to overestimate the data by a ac or
of 4.5-5 at all energies. This may be because the
va ues o1 f the relativistic corrections have not been

from thecalculated exactly, but are extrapolated from e
table by ansen.bl b H sen '4 In some cases, the extrapolated

0.0 0.5

—PWBA
- —-PWBA-B
—PWBA-C

- —PWBA-BC
PWBA-BCR

/

I.O I.5 2.0 2.5 5.0 5.5
E tMev)

FIG. 6. K-shell x-ray production cross sections for
protons and G. particles incident on 646d. The experi-
mental data are compared to the plane-wave Born ap-
proximation (PWBA) with modifications for increased
binding (B), Coulomb deflection (C), and relativis ic
effects (R).

correction raised the theory by more than an or-
der of magnitude.

It was seen in Figs. 5 and 6 that even for the
PWBA-BCR the theoretical calculations deviate
from the a a asdata as the ratios of incident ion velocity
to K-shell electron velocity decreases. This can

1 b 'f the data are put in the form of a
' r." If the ioni-universal plot as described earlier.

' edb thezation process is accurately describe y
PWBA formalism, the measured cross sections
should exhibit a, universa1 behavior for all values

d b the Cou-of the variable q~ and e~ when scale y
1 h deflection correction (9Eio thethe fluorescenceom

'4 R and
'

1d (u& ) the relativistic correction R,
o«/& 8»). In this formalism, q» is the reduc

particle -velocity parameter; 0 is the reduced
binding energy; and & is the binding-energy cor-
rection.
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FIG. 8. Proton and e-particle-induced KP/Ko. 'ratios
for 4&Nb and 64Gd. The dashed lines are the theoretical
predictions of Scofield (Ref. 31). Note suppressed zero.

I I I I I I III I r I I II 1 I I I I I III

lO

~k
e2 82

IO IO

FIG. 7. Experimental proton and e-particle-induced
x-ray production cross sections scaled as a function of
gz/e 8& for comparison to the approximate universal
function I" (pz/& Oz) in the PWBA theory of Basbas et al.
(Ref. 9).

An experimentally inferred universal function.
E'~', is given by'

'&E

c
expt &expt

g'P„R&@,9E, (beo8~qg~')(no~/e 8~) '

and the reduced data are presented in Fig. 7. The
solid line in Fig. 7 is the theoretical universal
function E(q~/e'8~) which has been tabulated by
Basbas, Brandt, and Laubert' and Khandelwal,
Choi, and Merzbacher, "and was calculated for

TABLE IV. K+2/Ke( ratios.

Element
Exper imental

K+2/Kn~
Theoretical

K@2/Ke ~

63Eu
646d

0,553 + 0.027
0.555 + 0.028

0.554
0.556

~Reference 3&.

the present work using an analytical expression
given by Brandt and jLapicki. " The theory predicts
the data to within a few percent for values of qz/
(& 8~)' greater than 4 x 10 '. However, for values
less than this, the theory's predictions begin to
overestimate the data by as much as a factor of
4.5. This is because the relativistic correction'4
is too large for this range of q~/(&8~)'.

Kp/Kn ratios for Nb and Gd are shown in Fig.
8. The, apparent constancy of the KP/Kn ratio
indicates very little multiple ionization for these
projectile-target combinations at these energies.
The dashed lines are the theoretical prediction of
Scofield. " Because the average proton-induced
KP/Kn ratios were above the theoretical predic-
tions" for Gd by 8%, the ratio was measured using
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a "'Eu source which undergoes P decay to Gd and
emits Gd x rays due to internal conversion. The
measured source ratio was also high, but only by
3/o. The Kn, /Kn, ratios were measured for Eu
and Gd at the higher proton energies. The aver-
aged results are presented in Table IV and agree
with the value of Scofield" to within 1%.

In conclusion, it was seen that KP/Kn ratios,
for protons and n particles incident on the high-Z
(41-64) elements studied in this work, agree with
the values of Scofield to better than 10%. The
Kn, /Kn, ratios for Eu and Gd agree with Scofield
to within 1%. Although the PWBA modified for
increased binding and Coulomb deflection agrees
with the proton-induced x-ray cross sections for
4,Nb within uncertainties, it underestimates the
majority of the other data by larger amounts as

the target Z increases. Inclusion of an ad hoc
correction" to the theoretical cross sections for
relativistic effects improves the agreement with
the data, but overcorrects the theories for the
highest-Z elements. A rigorous incorporation of
relativistic effects into the PWBA formalism would
do much toward developing a comprehensive model
of light-ion induced inner-shell ionization.
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