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K-shell x-ray production cross sections of selected elements from Ti to Y
for 0.5- to 2.5-Mev alpha-particle bombardment*
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K-shell x-ray production cross sections and KP/Ka ratios have been measured for thin targets of Ti,
V, Cr, Fe, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, and Y for 0.5- to 2.5-MeV alpha particles. The experimen-

tal values are compared to the nonrelativistic plane-wave Born approximation (PWBA), the binary-en-

counter approximation, and the PWBA with binding energy and Coulomb deflection corrections. The
P%BA with corrections provides the best agreement with the experimental cross sections.

I. INTRODUCTION

Since the development of high-resolution x-ray
detectors, considerable progress has been made
in the study of inner-shell ionization induced by
light-ion bombardment. Early work has been sum-
marized in a number of excellent review articles
by Garcia, , Fortner, and Kavanagh, ' Lin, Duggan,
and Carlton, ' and Rutledge and Watson. '

The practical applications of characteristic x-
ray analysis in ion-implantation and trace analy-
sis' ' are well known. For these applications pre-
cise x-ray cross sections are needed. While con-
siderable work has been reported for hydrogen-ion
projectiles' "there is a marked absence of n-
particle data between 0.5 and 2, 5 MeV. Lin, Dug-
gan, and Carlton'' have presented n-particle
cross sections for incident energies from 2.0 to
12.0 MeV in 1.0-MeV steps for Ca, Ti, Fe, Co,
Ni, Zn, Cu, and Ag. Other n-particle work has
been limited to energies less than 0.2 MeV" or to
higher energies of 30-80 MeV."

Two primary theoretical approaches, which have
been employed to describe direct Coulomb ioniza-
tion of inner-shell electrons, are the quantum-
mechanical plane -wave Born approximation
(PWBA) and the semiclassical binary encounter
approximation (BEA).

The PWBA treatment of the incident projectile
as a plane wave has been described in a review
article by Merzbacher and Lewis. " The PWBA
involves a number of simplifying assumptions.
The electronic states are described by nonrela-
tivistic hydrogenic wave functions which are un-
disturbed by the Coulomb interaction between the
incident projectile and the target electrons. The
screening of the nuclear charge of the target atom
is approximated by replacing the nuclear charge
Z by an effective Z, . Results of the calculations
have been tabulated by Khandelwal, Choi, and
Merzbacher. ' While the PWBA has been shown
to provide good estimates of the x-ray cross sec-

tions for energies greater than a few MeV, it over-
predicts the cross sections at lower energies. '"

The BEA, which has been developed by Garcia
and co-workers, ' assumes that the ionization
is produced by a direct energy exchange between
the incident projectile and an inner electron. The
BEA results have been found to compare more
favorably than the PWBA with the experimental
cross sections at low energies. '

Corrections have been made to the PWBA by
Basbas, Brandt, and Laubert for Coulomb deflec-
tion of the incident projectile by the nuclear charge
of the target and for increasing binding of the tar-
get electrons due to the penetration of the K shell
by the projectile. " The PWBA corrected for bind-
ing and Coulomb deflection (PWBABC) provides
the best estimate of the magnitude of the experi-
mental cross section. "

The present thin-target results were taken for
the elements Ti, V, Cr, Fe, Ni, Cu, Zn, Ga, As,
Se, Rb, Sr, and Y. The K-shell x-ray-production
cross sections and KP/Ko. ratios were determined.
The present results will be compared to other thin-
target n-particle results and with the predictions
of the PWBA, the PWBA with binding-energy and
Coulomb-deflection corrections, and the BEA.
Preliminary portions of the data have been re-
ported earlier. '

II. EXPERIMENTAL PROCEDURES

Data were taken with the 2.5-MeV Van de Graaff
accelerator in the Regional Nuclear Physics Lab-
oratory at North Texas State Univ. The experi-
mental apparatus has been described in detail
earlier' " and will only be discussed briefly.

A 100-300-nA beam of n particles was colli-
mated by two 0.24-cm Mo collimators 15 cm apart
before entering the target chamber. The a-par-
ticle energy was determined by calibrating the
energy-analyzing magnet by standard threshold
reactions. " Thin targets were mounted at 45' to
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the incident-beam direction. The targets were
30-150 p, g/cm' thick and were vacuum deposited
on 20-50-p, g/cm'-thick carbon backings. A Kevex
Si(Li) detector with a FWHM (full width at half-
maximum) resolution of 172 eV at 5.898 keV was
positioned outside the target chamber 5.0 cm from
the target and at an angle of 90' to the incident-
beam direction. Hence, x rays from the target
were required to pass through a 0.025 cm Mylar
chamber window, 5.0 cm of air, and 0.0025 cm Be
detector window. A typical x-ray spectrum is
shown in Fig. 1 for the K and KB x rays of Ni.
The absolute efficiency of this detector system was
measured using standard calibrated radioactive
sources of "Co, "Zn, "Cr, ~Mn, and 'O'Am fol-
lowing well-defined procedures. "" The sources
were mounted in the chamber at the target loca-
tion and therefore had a geometry representative
of the actual experimental conditions. The abso-
lute efficiency includes the intrinsic efficiency and
fractional solid angle intercepted by the Si(Li) de-
tector as well as x-ray attenuation by the Mylar,
air, and Be. The use of a number of independently
calibrated radioactive sources with overlapping
x- and y-ray energies gives one good confidence
in the overall normalization of the experimental
data. The measured efficiency curve is shown in
Flg. 2.

A Si surface-barrier detector mounted at 150'
with respect to the incident-beam direction was
used to detect incident n particles which were
Rutherford scattered by the target material and
carbon backing. A typical Rutherford spectrum
for n particles scattered from a Ni target and the
C backing is shown in Fig. 1. The solid angle of
the Rutherford detector was measured using a ca-
librated radioactive ' 4Cm n-particle source. The
measured solid angle of the Si surface-barrier
detector was 2.6&&10 sr.

III. DATA ANALYSIS

The number of detected Kx rays is given by the
expression

N„= u„(In)Z„,

where o„ is the x-ray production cross section, In
is the product of incident projectile flux and the
number of target nuclei, and Z, is the absolute ef-
ficiency of the detector system and includes the in-
trinsic efficiency of the detector, the fractional
solid angle subtended by the detector at the target,
and the x-ray attenuation in the Mylar and Be win-
dows and the 5.0 cm air space.

The number of n particles which are detected in
the particle detector is given by

N~ = os(8)(In)As,

where o's(8) is the Rutherford differential elastic
scattering cross section in the laboratory frame
of reference at the scattering angle 8 and O~ is the
solid angle subtended by the particle detector at
the target.

By accumulating the x-ray and particle spectra
simultaneously, the incident-beam flux and the
number of target nuclei may be cancelled out of
the ratio N, /Ns resulting in the expression

o.„Z„
o„(8)Q„'

The x-ray production cross section is given by

& (8)
--~ xn + xsN N
N~ Z„„Z„g

where the numbers of En and EP x rays have been
divided by their respective efficiencies. Inherent
is this expression for the x-ray production cross
section are two assumptions: (i) the charged-par-
ticle-induced emission of characteristic x rays is
isotropic and (ii) the o. particles detected at 8 =
150' are truly Rutherford scattered. The isotropy
of charged-particle-induced x-ray emission has
been experimentally confirmed by a number of

O
X

I6
UJ
Z',

r l2-0

z'.

4 -

0 — —'

I5 55

Ni
X-RAY SPECTRUM

~ ~ Ka

55 75 50

KP

I, .
I ~ Ia.

70 90

CHANNEL NUMBER

10
8-

o6-
X
&- 4-0
LIJ

O
2

LL

LLI

0 5 IO l5 20 25.=M-- 55
ENERGY (keV)

FIG. 1. Typical x-ray and charged-particle spectra
produced by n-particle bombardment of a thin Ni foil.

FIG. 2. Measured absolute efficiency of the x-ray de-
tector system.
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authors at least for x rays from the K and I,
shells. "" The Rutherford nature of the yield of
particles scattered elastically at extreme back
angles has been confirmed experimentally at this
la,boratory by Lea,r a,nd Gra,y.

The deadtime in the counting electronics was
maintained at 5% or less. The yields in the x-ray
and Rutherford detectors reflect the deadtime
corrections.

calculated using the computer code, XCODE." In
making comparisons with experiment, theoretical
x-ray production cross sections were obtained us-
ing the fluorescence yields taken from Bambynek
et al,."as calculated by McGuire. " The calcula, —

tions include the BEA,
"2 the PWBA, 'i a,nd the

PWBA corrected for Coulomb deflection (CD) of
the incident projectile and for increased electron
binding energy (BE), PWBABC.""The general

IV. RESULTS AND DISCUSSION

The present experimental x-ray production cross
sections are compared to the earlier results of
Lin, Duggan, and Carlton'" in Fig. 3. The re-
lative uncertainties in the present results are
smaller than the size of the data points. Relative
uncertainties are those which vary with projectile
energy and do not include any normalization un-
certainties. The sources of uncertainty are given
in Table I. The agreement found between the
energy dependences of the two sets of cross-sec-
tion data is very good and in all cases the normal-
izations of the data are within experimental un-
certainties. The total uncertainties in the data of
Lin, Duggan, and Carlton' "are +30/0 for Ti, Fe,
and Cu, and +50/q for Zn and Ni. The x-ray pro-
duction cross sections determined in the present
experiment are given in Table II and have total
uncertainties &9%. For those data which had an
observable energy loss as determined from the
FWHM width of the Rutherford-scattered peak,
the incident-particle energy at the center of the
target foil is given.

The theoretical curves shown in Fig. 3 were

TABLE I. Sources of uncertainty in the measured
cross sections.

Source

Relative uncertainty

Counting statistics and background subtraction
K„and Ke x-ray yields
Back-scattered o -particle yields

Relative uncertainty

Normalization uncertainty

Range

1-4'
1 2%%up

& 4.5%

Absolute efficiency calibration
Source strength
Source x-ray yields
Source relative photon intensities

Particle detector solid angle
Rutherford differential cross section through

uncertainty in angle 6 of particle detector
Normal. ization uncertainty

Total uncertainty

~y a

1-2%
&3yb

& 7.1%

Reference 8.
Reference 26—28.
The total. uncertainty is the square root of the sum of

the squares of the individual uncertainties.
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TABLF II. K-shell experimental x-ray production cross sections for e-particle bombardment.

Element

22

24

Energy
(MeV)

0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90
2.00
2.10
2.2Q

2.30
2.4Q

0.50
0.60
0.70
0 ~ 80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1 ~ 90
2.00
2.10
2.20
2.30
2.40

0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.6Q

1.70
1.80
1.90
2.00
2.10
2.20
2.30
2.40

0.121
0.261
0.491
0.848
1.33
2.00
2.87
3.83
5.15
6.57
8.42

10.3
12.9
14.7
18.2
21.7
24.0
28.5
32.2
37.0
0.074
0.181
0.336
0.583
0.947
1.39
2.07
2.69
3.66
4.90
6.02
7.59
9.34

11.3
13.7
16.2
19.0
21 ~ 3
26, 0
28.7

0.053
0.125
0.238
0.425
0.661
1.03
1.45
1.96
2.67
3.51
4.24
5.24
6.97
8.28
9.92

11.5
13.5
15.8
18.3
19.9

Element

Fe

Ni 28

Energjj
(MeV)

0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90
2.00
2.10
2.20
2.30
2.40

0.57
0.67
0.77
0.87
0.97
1.07
1.17
1.28
1.38
1.48
1.58
1.68
1.78
1.88
1.98
2.08
2.18
2.28
2.38
2.48

0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70
1.80
1.90
2.00
2.10
2.20
2.30
'2.40
2.50

0.021
0.044
0.087
0.169
0,282
0.428
0.617
0.845
1.13
1.49
1.86
2.32
2.87
3 ~ 42
4.32
4.89
5.74
6.74
7.50
8.44

0.021
0.051
0.081
0.138
0.211
Q.321
0.449
0.634
0.835
1.07
1.39
1.73
2.10
2.52
3.03
3.58
4.29
5.06
5.83
6.62

0.011
0.028
0.057
0,097
0.157
0.234
0.333
0.468
0.612
0.816
1.02
1.22
1.59
1.71
2.22
2.69
3.12
3.60
4.25
4.75
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TABLE II (continued)

Element
Energy
(MeV) Element

Energy
(MeV)

aa„

Zn

Ga

As

Se

30

34

37

1.16
1.36
1.55
1.76
1.96
2.16
2.36
2.46

1.29
1.49
1.69
1.90
2.10
2.30
2.41

1.36
1.57
1.77
1.87
1.97
2.07
2.17
2.37
2.47

1.18
1.37
1.58
1.78
1.98

1.17
1 ~ 37

0.217
0.403
0.660
1.03
1.54
2.12
2.96
3.55

0.203
0.366
0.611
0.941
1.36
1.91
2.21

0.113
0.221
0.354
0.462
0.576
0.678
0.866
1.19
1.40

0.061
0.113
0.192
0.304
0,495

0.020
0.038

39

1.57
1.77
1.97
2.17
2.37

1.00
1.20
1.40
1.60
1.80
2.00
2.10
2.20
2.40
2.50

0.87
0.97
1.07
1,17
1.27
1.37
1.47
1.57
1.67
1.77
1.88
1.98
2 ~ 08
2.18
2.28
2,38
2.48

0.073
0.121
0.183
0.261
0.384

0.0045
0.014
0.036
0.077
0.108
0.164
0,190
0.249
0.319
0.360

0.0022
0.0039
0.0070
0.011
0.016
0.023
0.034
0.042
0.057
0,074
0.090
0.113
0.131
0.162
0.186
0.224
0,264

Uncertainties in these data are given in Table I. The total uncertainty is ~ 97o.

shape of the data is reproduced by all of the theo-
ries shown.

The PWBA, which has met with reasonably good
success in describing the interactions of light in-
cident ions with target electrons at energies above
a few MeV, '" consistently overpredicts the mea-
sured cross sections at low energies. '"" This is
very evident for all elements investigated and is
shown in Fig. 3 for typical results.

The BEA provides better agreement than the
PWBA with experimental results but still over-
predicts the cross sections by 70%%uq. The CBEA of
Hansen" in configuration space with inclusion of
approximate relativistic corrections to the elec-
tron' s velocity distribution is not shown since the
results are very little different from the BEA for
the energy region of interest.

The PWBABC provides the best agreement with
the experimental cross sections. The CD and BE

corrections overcorrect the experimental data in
all cases except for some of the very-low-energy
data points. The PWBA corrected for BE (PWBAB)
and CD (PWBAC) separately are shown in Fig. 4
for Y and V. For V, the BE correction is much
larger than the CD correction at all energies in-
vestigated. For Y, the CD correction is much
more important, as expected, especially for smal-
ler projectile energies. Here the CD correction
exceeds the BE correction in magnitude.

While the corrections to the PWBA improve the
agreement between theory and the smoothly vary-
ing magnitude of the experimental cross sections
as exhibited here for the K shell and also for the
L shell, "it actually reduces the agreement with
the structure in the L shell as indicated by the
ratios of partial cross sections, Le/Ly». " The
disagreement increases with increasing Z, of the
incident proj ectile. "
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I"IG. 4. Experimental x-ray-production cross sections
of V and Y are shown with the theoretical predictions of
BEA, PWBA, PWBA with binding energy (BE) correc-
tion, PWBA with Coulomb deflection (CD) correction,
and PWBA with BE and CD corrections.

It has been noted by Choi" that employing rela-
tivistic-electron wave functions for medium-heavy
and heavy elements in the large-energy-transfer
region can raise the theoretical cross-section
predictions. Whether the use of relativistic-elec-
tron wave functions will improve the agreement
between theory and experiment for the elements
considered in this paper is yet to be determined.
It is not clear that relativistic corrections should
be applied as an ad &Oc correction on top of the
BE and CD corrections because of the effect the
relativistic description may have on the magnitudes
of the BE and CD corrections.

In addition to the experimental cross sections,
we have extracted KP/Ku ratios for a comparison
with the calculated values of Scofield" and with
KP/Kn ratios determined from proton-induced-
ionization experiments. "" This comparison is
made in Table III. The experimental KP/Kn values
given are weighted averages of the KP/Ko. values
determined at each energy and are corrected for
the different efficiencies for the Kn and KP lines.
The uncertainties given include counting statistics
(1-4%%uo) and background subtraction (2-3%), and in
most cases are less than 5%%uo. The agreement be-
tween experiment and theory is very good in most
cases with the theoretical values an average of 6%
larger than the experimental values. The agree-
ment between KP/Ko. ratios determined for pro-
ton-induced ionization and n -particle -induced

TABLE III. K8/K~ ratios,

Element
Present experiment
(o.-partic le projectile) Theory

Previous work
(proton pro jectile)

Cr
Fe

Zn
Ga

As
Se

Rb
Sr

22
23

28
29

30
31

37
38

0.121~0.016
0.128+ 0.006

0.124 + 0.006
0.129+0.006

0.137 + 0.007
0.133+0.007

0.139+ 0.007
0.142 + 0.007

0.152 + 0.008
0.152 + 0.010

0.165+ 0.010
0.176+ 0.009

0.183+ 0.009

0.136
0.137

0.134
0.139

0.140
0.138

0.141

0.156
0.162

0.178
0.183

0.139+ 0.004

p. 145 + p. pp4

0.146 + P.PP4
, 0.155+0.004

0.153+ 0.004
0.162 + 0.015

0.175+0.014
0.199+ 0.016

0.181+ 0.015

Weighted averages of K ~/K„values determined at each energy. Uncertainties include
counting statistics and background subtraction.

Values given in Ref. 38.
Values given in Ref. 8.
Values given in Ref. 13.
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ionization is very good.
Li et al."and Kauffman et al. have observed

energy shifts for K x rays for n-particle bom-
bardment due to simultaneous excitation of the L
shell. The fraction of the number of Kx rays
emitted in the presence of an I -shell vacancy has
been shown to increase with decreasing target a-
tomic number. " For Ti, which has the lowest a-
tomic number investigated, a calculation of the
magnitude of an energy shift due to multiple ioni-
zation is -7 eV even if one assumes that 20-25%
of the E x rays' ' were emitted in the presence
of an L-shell vacancy. The present experiment

was not designed to measure energy shifts of this
magnitude.
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