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Target K-shell x-ray production cross sections, x-ray energy shifts, and KP/Ke ratios have been measured

for 7—35-MeV ' N ions on thin solid films of Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn. Comparisons of the

data were made with theoretical predictions obtained from the binary-encounter approximation and the plane-

wave born approximation (PWBA), These theories were found to overpredict the experimental data by a

factor of 10 at the lower energies. However, at the lower energies, the PWBA, with modifications for

increased target electron binding, Coulomb deAection, target electron polarization, and relativistic effects

produced results in good agreement with the experimental data. At higher energies, a systematic deviation of
the theoretical predictions from the experimental data was found which increases as the ratio of Z, IZ,
becomes larger. Corrections to the fluorescence yields attributable to multiple ionization processes and the

addition of electron capture contributions to the previously indicated direct ionization theories produced

results in excellent agreement with the exper;mental data with the exception of those for the light elements at
the highest energies.

I. INTRODUCTION

During the past few years, considerable effort
has been devoted to the study of inner-shell ioniza-
tion produced in ion-atom collisions. Two primary
types of inner-shell excitation mechanisms have
been considered; (1) direct Coulomb excitation'
between the incident ion and the electron, and (2)
electron promotion' due to the formation of quasi-
molecular orbitals during the collision. These
excitation mechanisms are believed to be appro-
priate for certain ranges' of the parameters Z, /Z,
and v, /U„where Z, and Z, are projectile and tar-
get nuclear charges, respectively, v, and v, are
projectile velocity and the mean target electron
velocity, respectively. For Z, /Z, «1 and v, /v,
= I, Coulomb ionization is expected to be domi-
nant, while for Z, -Z, and v, /v, «1, electron pro-
motion should be the principal interaction mecha-
nism.

Classical and quantum-mechanical theoretical
approaches have been employed to calculate Cou-
lomb ionization probabilities. The primary Cou-
lomb ionization models which have been used are
the binary-encounter approximation (BEA) devel-
oped by Garcia eI al. , and the plane-wave Born
approximation (PWBA) developed by Merzbacher
et al. ' Both approaches have been reasonably suc-
cessful for proton bombardment of heavy ele-
ments. ' However, for 'He and 'I,i incident ions, "
both the BEA and the PWBA have been found to
overpredict the experimental x-ray cross sections
at incident ion energies of the order of a few MeV.

Basbas, Brandt, and I aubert have modified the

PWBA by including effects due to Coulomb deflec-
tion of the incident ion by the target nucleus and to
increased binding of the target electrons due to
penetration of the K shell by the projectile. ' These
modifications have removed some of the discrep-
ancy between theory and experiment at the lower
velocities. " Further modifications to the PWBA
by Basbas et al."" include the effects due to
polarization of the target electron wave function by
high-veloc ity incident ions. ' " These modifica-
tions to the PWBA for increased target binding
energy, Coulomb deflection of the projectile, and
polarization have produced results in good agree-
ment with the experimental cross sections for
both "N (Ref. 14) and "0bombardment (Ref. 15).
For heavier target systems, relativistic effects,
which were expected to be important by Jamnik
and Zup3ncic" as mell as others"" have indeed
been observed to be an important consideration
for both 'Li (Ref. 8) and "N bombardment (Ref.
14). In short, for projectile target combinations
such that Z, /Z, «1, the PWBA with the indicated
modifications can be used to provide good predic-
tions of the experimental x-ray cross sections.

For heavier projectiles at intermediate veloci-
ties such that Z, /Z, &1 and v, /v, &1, experimen-
tal"' and theoretical" results indicate that K-
electron transfer to bound states of the projectile
may be very important in target K-vacancy pro-
duction. In fact, for projectiles initially having
& vacancies, this may be the dominant mecha-
nism. ""For heavier projectiles at low and
intermediate velocities such that Z, /Z, =-1 and
v, /U, & I, Meyerhof et al.24 have observed that
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K-vacancy sharing between the projectile and tar-
get is larger than simple Coulomb ionization by
orders of magnitude. For heavier projectiles at
higher velocities such that Z, /Z, &1 and v, /v, &1,
recent experiments by Cue et al." indicate that
charge transfer is not important in K-vacancy pro-
duction and Coulomb ionization again dominates.

The purpose of the present investigation is to
determine x-ray production in a region of the pa-
rameters Z, /Z, and v, /v, where Coulomb ioniza-
tion should be the dominant excitation mechanism.
In particular, measurements have been made of
x-ray production cross sections, energy shifts,
and KP/Kn ratios for "N ions on thin targets of

Ca, Ti, V, Cr, Mn, Fe, Co, ¹i,Cu, and Zn. In
the present work the ranges of the parameters
Z, /Z, and v, /v, lie between 0.23 «Z, /Z, «0.35 and

0.17«v, /v, «0.58, respectively. The experimental
x-ray production cross sections are compared to
the theoretical predictions obtained from the BRA,
the PWBA, the PWBA with Coulomb deflection and

binding energy corrections (PWBA-BC), the
PWBA-BC with polarization corrections (PWBA-
BCP), and the PWBA-BCP with an approximate
correction for relativistic effects (PWBA-BCPR}.
In addition to direct ionization mechanisms, the
contributions to the cross section due to electron
capture are included. Preliminary portions of this
study have been presented earlier.

II. EXPERIMENTAL PROCEDURES

Nitrogen ions of energy from V to 35 MeV were
obtained from the Tandem Van de Graaff accelera-
tor at Oak Ridge National Laboratory. The incident
charge states of the ions were 3+, 4+, or 5+ and

were selected by the energy of interest. The ex-
perimental procedures have been discussed in de-
tail earlier' and will only be briefly presented
here. The ion beam was collimated by two Ta
apertures 1 mm in diameter, and separated by
30 cm. The ion beam was also passed through a
C aperture approximately 3 cm in front of the
target to minimize small-angle scattering of the
ion beam from the Al target frames. Thin trans-
mission targets which were vacuum deposited on
10-50 p.g/cm' carbon backings were mounted at
45' with respect to the incident beam direction.
The target thicknesses are given in Table I. X rays
were detected by an ORTEC Si(Li) detector, 6 mm
in diameter, with a 0.00076-cm Be window. The
detector was positioned inside the scattering
chamber at 90 to the incident beam direction. The
resolution of the Si(Li) detector was 170 eV at
5.9 keV. A 0.01-cm Mylar absorber was positioned
between the target and the detector to reduce con-
tributions to the counting rate from low-energy

TABLE I. Target thicknesses.

Element
Thicknes s~

(pg/cm')

Ca
Tl
V
Cr
Mn
Fe
Co
Ni
Cu
Zn

20
22
23
24
25
26
27
28
29
30

28.7
15.8
17.6
12.3
79.7
16.4
21.2
80.7
55.6
66.8

~ Actual target thi.ckness at 45'.

III. DATA ANALYSIS

X-ray production cross sections were deter-
mined from the expression

KN. ~KS R

where &r „and &~8 are the yields of Ko, and KP
x rays, respectively; er„and cats are the Si(Li}
detector efficiencies at the observed Kn and KP
x-ray energies; o„(E,8) is the Rutherford differ-
ential cross section at ion energy E, and scatter-
ing angle 8; dQ„(8) is the particle detector solid
angle; &„(E,8) is the yield of scattered "N ions;
7D~ is the electronic dead-time correction for both
the x-ray and scattered ion yields; and 1' is a cor-
rection factor for energy loss in a particular thin
foil.

photons from the I -shell radiations. The absolute
efficiency of the Si(Li) detector was determined
by standard techniques" and has been discussed
earlier. "

The elastically scattered "N ions, which were
monitored simultaneously with the x-ray spectra
in Si surface barrier detectors positioned at 30'
and 45', were expected to be Rutherford in na-
ture. " The scattering of '4N ions was also checked
by scattering them from a 100-gg/cm2 Au foil
mounted in a second target chamber positioned
directly behind the primary chamber. A Si surface
barrier detector, mounted at 90' with respect to the
incident beam direction in the second scattering
chamber, monitored the '4N ion scattering from the
Au target. The ratio of scattered '4N ions from the
target foil to those from the Au foil was a constant
for each target as a function of incident ion energy,
and therefore "N scattering from all targets in-
vestigated were Rutherford in nature. The solid
angles subtended by the detectors were determined
with a calibrated "'Cm alpha-particle source.
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IV. THEORETICAL CALCULATIONS

The PW'BA and PWBA-BC calculations were
made after prescriptions given by Basbas, Brandt,
and Laubert. "' The K-shell ionization cross sec-
tion in the PWBA formalism is given"' by

&P"=(&ox/4)F (&r»'r)

where

(2)

In the previous expressions, 8~ is the reduced
binding energy, q~ is the reduced particle velocity
parameter, 4 is the universal projectile velocity
parameters, Z, and Z, are the nuclear charges
of the projectile and target, respectively, a, is
the Bohr radius, U~ is the K-shell binding energy,
8 is the H, ydberg constant, U, is the projectile
velocity, and U, is the Bohr velocity. I" is a tabu-
lated"' universal function of 'q~ and O~„and was
calculated from an analytical expression given by
Brandt and Lapicki. 36 Basbas et al, have intro-.
duced corrections to the PWBA for Coulomb de-

The correction T, described by Laubert et al. ,
"

is an approximate correction to both the x-ray and
scattered ion yields for energy loss of the ions in
passing through finite target thicknesses. For the
80- pg/cm'-thick Mn target described in Table I,
the combined correction to the x-ray and scattered
ion yields was 2% at the highest energy and 18%
at the lowest energy. Target x-ray self-absorption
was estimated for the lowest x-ray energies and
found to be less than 0.4%. Equation (1) assumes
isotropy of x-ray emission induced by charged-
particle bombardment, which has been verified by
a. number of different workers. "

Recoil effects" ~ in x-ray cross-section mea-
surements are expected to be negligible until Z,
~ Z, and then only for small values of the direct
ionization cross section. ~ A simple estimate of
the magnitude of recoil effects produced by '4N ion
bombardment of Ca indicates that the contribution
to the Ca E x-ray yield from recoiling Ca+Ca col-
lisions is less than 1% of that produced by '~N +Ca
collisions.

In addition, x-ray energy shifts and KP/Ka
ratios were also determined. Absolute energy
shifts were obtained by comparison of the target
x ray energy observed from i4N ion bombardment
with an energy calibr ation determined with radio-
active sources and periodically checked at each ion
energy.

flection of the projectile and increased target
electron binding energy due to penetration of the
K shell by the projectile. "' The PWBA modified
to include these corrections (PWBA-BC) is given
by

PwaA-Bc gE (5~ 8 q 3/2) (o /g 8 )j'(ri /e2 g2 ) (7

where E» is an exponential integral of order 10,
& is a constant for a particular projectile-target
combination, and ~ is the binding-energy correc-
tion factor. The first factor incorporates the
correction for Coulomb deflection. The binding
energy correction is incorporated by replacing
0~ by & 0~ with & ~1. The inclusion of the binding
energy correction factor, e, produces values of
&0~ which exceed those tabulated by Khandelwal,
Choi, and Merbacher. " The & 0~ are used to deter-
rnine the value of the universal function, F(q~/
e'02~), in the PWBA-BC calculation. For the pres-
ent work, all theoretical calculations of the PWBA-
BC cross sections for incident ion energies & 30
MeV would have to be made from va, lues of the
universal function, E(q~/e'62~), obtained by ex-
trapolation from the table. The uncertainty in the
theoretical calculations that such an extrapolation
introduces will most likely depend upon the ex-
trapolation procedure used and could possibly be
quite significant. For the present data, the values
of the universal function used to determine tQe
PWBA cross sections were calculated from an
approximate analytic expression given by Brandt
and I apicki. " The theoretical values of the
PWBA-BC determined from the analytical ex-
pression were compared directly with those calcu-
lated by Basbasio using extrapolated values of the
universal function, I". The two calculations were
in excellent agreement at lower incident-ion ener-
gies (&20 MeV). At higher incident-ion energies
(&20 MeV), the analytic function calculations were
slightly lower in magnitude than those obtained by
the extrapolation. For the present work the dif-
ferences are negligible at 7 MeV and approach
10% at 35 MeV.

Further modifications to the PWBA by Basba.s
al. 'o '2 include effects attributed to polarization

of the target electron wave function by the high-
velocity incident ions. This high-velocity polariza-
tion effect is believed to decrease the effective
interaction distance between the incident ion and
the target electron through a distortion of the
electronic orbit which results in a decrease in the
electron binding energy and an increase in the
ionization probability. The polarization effect is
incorporated in the PWBA by Basbas eE al. '0 by a
further modification of the reduced binding energy,

In this approach, 8~ is replaced by (6)„which
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includes binding energy and polarization effects.
The PWBA with binding energy, Coulomb deflec-
tion, and polarization corrections (PWBA-BCP) is
given by

""'""'=9~ (t~~ n-")(o /«)F(~ /~'il') (8)

At low incident-ion energies for the heavier tar-
gets relativistic effects are expected to be impor-
tant. "" Relativistic corrections, which are ex-
pected to increase the theoretical cross sections,
were incorporated through an approximate correc-
tion due to Hansen. " This correction consists of a
multiplicative factor to the BRA cross section.
This correction haa been made to the PWBA cross
sections in the present work.

The PWBA, with modifications for increased
binding energy, Coulomb deflection, polarization,
and relativistic effects is labeled PWBA-BCPR.
Table II presents calculated, cross sections at two
energies of interest using the PWBA with and with-
out modifications for Coulomb deflection (C), in-
creased binding (B), polarization (P), and rela-
tivistic effects (R). One observes that the correc-
tion for Coulomb deflection of the heavy "N ion is
quite small in comparison to the binding-energy
correction which is very large. The polarization
corrections are greater at higher velocities and
for larger values of Z, /Z, . Relativistic correc-
tions are more important at lower incident-ion
velocities for heavier target elements.

The BRA calculations are made according to
prescriptions given by McGuire and Richard. " It
is not clear that the BEA, modified to include cor-
rections for Coulomb deflections' and increased
electron binding, would not represent the ioniza-
tion process as well as that obtained by the modi-
fied PWBA.

V. RESULTS AND DISCUSSION

The results of the present investigation are pre-
sented in Table III. The uncertainties associated
with the x-ray production cross sections have been
discussed earlier' and range from 7-10%. The
uncertainties in the ZP/Kn ratios are due pri-
marily to statistical uncertainties in the x-ray
yields and backgrounds, and range from 6-10/o.
The uncertainties in the &n and KP energy shifts
are due primarily to the uncertainty in the location
of the x-ray peak centroids and the stability of the
Si(Li) detector and amplifier. These uncertainties
have been estimated to be &10 and &20 eV, re-
spectively. The present measurements are in
excellent agreement w&th the recent data of Gray
et al.~ for '4N iona on thin Ni targets.

It was found earlier' that the theoretical predic™
tions of the PWBA, with corrections for Coulomb

TABLE II. PWBA K-shell x-ray prodhction cross
sections with and without modifications for Coulomb
deflection, increased binding, polarization, and rela-
tivistic effects. Cross sections are in units of barns.

2pCa

~p ——O. i63
7 MeV 35 MeV

3pzn
cup = 0.479

7 MeV 36 MeV

PWBA
I'-WBA-C
PWBA-B
PWBA-BC
FWBA-BOP
PWBA-BCPR

i303
i250

58.0
54.3
63.0
64.7

20 360
20290
10 690
i0 650
i8 080
18 240

49.4
43.2
2.26
i.85
i.87
2.27

3238
320i
i030
ioi5
i297
i335

deflection of the projectile and increased target
electr on binding energy (PWBA-BC) underestiinated
the experimental cross sections by = 10/o for
0.5-2.5 MeV 'He bombar, dment in the range of ele-
ments from 22& g, ~39.

For 'Li ion bombardment of elements 22 &Z, &51
in the energy range from 7-35 MeV, the PWBA-BC
(with approximate relativistic corrections included
for the heavier target species) underestimated the
experimental cross sections by =10% at lower
ion energies and ~50% at the higher incident ion
energies 8

In the present work, a similar behavior has been
observed between the calculated PWBA-BC and
the experimentally determined cross sections at
the higher velocities —the difference becoming
larger for greater Z, /Z, ratios, as expected. An
inherent assumption in the theories of direct Cou-
lomb ionization is that Z, /Z, «1. Figure 1 pre-
sents a representative sample of the x-ray produc-
tion cross sections determined in the present
work, Experimental x-ray production cross sec-
tions for "N ion bombardment of Ca, Ti, Co, and
Zn are compared to the theoretical predictions of
the BRA,"and the modified PWBA" The theo-
retical K-shell ionization cross sections are com-
pared to the experimental x-ray production cross
sections using fitted values of the fluorescence
yields for single-hole ionization taken from Bamby-
nek et at."

The BEA and PWBA predictions, as shown in
Fig. 1, overestimate the experimental cross sec-
tions at the lower velocities by approximately a
factor of 10, The BEA and PWBA calculations do
not exhibit the energy dependence of the data. The
PWBA-BC predictions are much lower than those
of the PWBA. While only slightly underestimating
the experimental values at the lower energies by
-10/o for all elements, the PWBA-BC underesti-
mates the data at higher energies by 75% for Ca,
70/o for Ti, 44/o for Co, and 41% for Zn. The
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TABLE III. Experimental K-shell x-ray production cross sections, Kp/Ku x-ray intensity ratios, and K0. and

KP x-ray energy shifts for 4N ion bombardment. '

g
Element (Me V) (b)

~re
(ev)

~Kg
(eV)

g
Element (Me V) (b)

~en
KPr«(eV)

gpCa 7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
35.0

61.2
150
394

1340
3610
7200

10 000
15 500
23 700
30 200
34400
36 500

0.105
0.128
0.132
0.138
O. 141
0.140
0.143
0.139
0.141
0.139
0.140
0.136

48
60
59
62
65
62
61
61
64
60
63
54

102
156
154
157
174
189
158
173
145
148
158
123

25Mn 7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
35.0

13.4
27.6
52.6

136
366
757

1330
1820
3430
4550
5890
78f0

0.125
0.132
0.142
0.150
0.159
0.162
0.163
0.166
0.163
0.163
0.1 63
0.162

34
36
40
48
53
57
58
59
59
58
57
55

88
109
122
143
151
162
167
174
165
156
157
157

7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
35.0

40.2
90.2

170
504

1470
2910
4420
6790

10 600
13 800
17 800
20 300

0.100
0.137
0.142
0.146
0.152
0.155
0.152
0.155
0.151
0.152
0.157
0.149

46
49
54
59
65
74
62
60
60
60
58
56

98
141
146
158
171
157
175
170
159
145
140
141

26Fe 7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
36.0

9.7 1
19.0
34.6
99.2

235
532
951

1470
2240
3260
4040
5640

0.125
0.133
0.140
0.150
0.158
0.163
0.167
0.165
0.166
0.166
0.168
0.161

26
32
36
43
49
52

52
55
54
52
52

98
108
121
139
152
162
166
165
165
163
155
152

2gV 7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
35.0

28.8
60.0

111
333
856

1780
2.880
4700
7140
8270

12 300
14 900

0.116
0.133
0.139
0.151
0.154
0.156
0.156
0.160
0.158
0.156
0.157
0.156

47
46
49
55
59
58
57
58
57
56
55
55

113
119
138
154
163
165
165
f62
155
150
146
147

Co 12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
35.0

73.2
167
329
551
947

1510
2190
2920
3690

0.151
0.149
0.166
0.176
0.172
0.170
0.174
0.171
0.166

38
44
47
50
51
51
50
50
51

119
145
159
159
157
f59
154
154
154

4Cr 7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
35.0

21.1
40.8
78.9

220
558

1020
1540
3270
4650
6410
8100
9720

0.122
0.134
0.140
0.150
0.156
0.166
0.159
0.163
0.163
0.166
0.163
0.164

39
43
45
51
56
56
56
55
57
56
54
52

103
115
125
148
155
160
161
186
153
151
141
137

)SNi 7.0
8.4
9.8

12.6
15.4
f 8.2
21.0
23.8
26.6
29.4
32.2
36.0

5.59
11.6
20.3
49.4

122
250
439
681

1090
1590
2090
2990

0.132
0.137
0.146
0.151
O. f 59
0.163
0.167
0.174
O. f 74
0.170
0.171
0.170

23
24
30
39

49
52
53
56
55
54
54

97
96

110
124
145
153
167
170
168
167
162
160
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TABLE III. (continued)

E
Element (5IeV)

~Ke ~Kg'
ZP/Zc (eV) (eV)

E
Element (MeV)

OK ~Km ~Kg
Kp/Ea (eV) (eV)

29CU 7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
35.0
36.0

4.35
8.82

15.6
39.6
86.1

177
294
489
801

1140
1580
1980
2310

0.143
0.141
0.144
0.154
0.158
0.168
0.171
0.174
0.176
0.174
0.175
0.173
0.177

20
23
26
35
39
45
48
51
53
52
52
51
52

89
101
106
134
141
151
162
168
170
167
163
160
156

3pZn 7.0
8.4
9.8

12.6
15.4
18.2
21.0
23.8
26.6
29.4
32.2
36.0

2.97
6.12

11.5
30.5
62.7

125
201
345
547
778

1150
1690

0.128
0.153
0.163
0.156
0.168
0.171
0.174
O. 178
0.180
0.179
0.180
0.179

14
13
15
24
31
33
41
44
47
48
48
48

102
108
124
131
142
146
162
170
170
167
167
165

The absolute uncertainties associated vrith the measured values are discussed in the text and in Ref. 8.

—expt
~K

$2/2

0 cxPt
Kx

majority of the correction for binding energy and
Coulomb deflection is due to the binding-energy
effect. . The correction for Coulomb deflection,
though quite small in magnitude has been included
in the calculations. The Coulomb deflection cor-
rection for the heaviest elements studied in the
present work, Zn, was only 2.5% of the total cor-
rection for binding energy and Coulomb deflection
at the lowest energy. The approximate relativistic
correction, which was significant only at the lower
velocities, was included in the calculations. The
relativistic corrections at the lowest energy of
interest, 7MeV, were 2.6% for Ca, 4.6% for Ti,
and 21% for Zn. The inclusion of the high-velocity
polarization and relativistic corrections (PWBA-
BCPR in Fig. 1) improves the agreement between
experiment and theory at higher velocities.

One observes, according to Fig. 1, that even for
the fully modified PWBA there exists a systematic
deviation of the theoretical calculations from the
data which becomes larger as the ratio of Z, /Z,
increases. This can perhaps be seen more easily
in the form of a universal plot. If the PWBA for-
malism is an accurate description of the ionization
process the measured cross sections should ex-
hibit a universal behavior for all values of the
variables qK and 8K when scaled by the Coulomb
deflection correction, the relativistic correction
(R), the fluorescence yield (~,) and (v,»/K &»).

Figure 2 presents an experimentally inferred,
I"'"P', given by

The solid line in Fig. 2 is the theoretical universal
function, E(q»/P 62») The e. xperimental data fall
on a universal curve within statistics, but not on

the theoretical universal curve given by the solid
line. The experimental data are underestimated
by %10'%%u& for values of q»/g'62» &0.1. For values
of q„/f'8'»& 0.1, the experimental data and the
theory are in poor agreement —withthedifference
increasing for'larger values of q»/r'8». The dis-
agreement can. be partially explained by changes in

the K-shell fluorescence yield due to multiple ion-
ization.

For comparisons between experiment and theory,
~0 for single-hole ionization has been used. These
values of ~, are not appropriate due to the large
amounts of multiple ionization that are present
during the heavy ion-atom collision. Multiple ion-
ization has been shown to produce shifts in the
energies of x-ray transitions and changes in x-ray
intensity ratios. Figure 3 presents measured
x-ray energy shifts for Kn and KP x-ray transi-
tions for Ca, Mn, and Zn. Since the maximum K
x-ray energy shifts occur where the ratios of the
projectile velocity (U, ) to the average L shell-
electron velocity (v~) are close to one, the ma, -
jority of the K x-ray energy shifts may be attri-
buted to multiple L-shell ionization. In order to
be able to estimate the changes in the fluores-
cence yields due to multiple ionization, we have
employed the scaling law of Larkins. 4' We have
calculated the changes in the fluorescence yields
for the defect configuration by scaling the radiative
and Auger transition rates given by McGuire"
by the fraction of the number of 2P electrons pres-
ent in the L shell. Considering the approximations
present in these calculations, we have made the
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FIG. 1. K -shell x-ray production cross sections for
~4N ion bombardment of thin solid targets of Ca, Ti, Co,
and Zn. The experimental data are compared to the
predictions of the BEA, the PWBA, the PWBA with bind-
ing energy (B), Coulomb deflection (C), target electron
polarization (P), and relativistic effects (8) employing
single-hole fluorescence yields. Corrections for changes
in the fluorescence yields due to multiple ionization
(cu/~') have been applied to the fully modified PWBA,
PWBA-BCPH. Electron capture (EC) contributions have
been added to the above direct ionization calculations.

additional assumption that the energy shifts are due
entirely to 2P vacancies and have neglected 2s, 3s,
and 3P vacancies. The number of 2P electrons
present were estimated at a number of different
incident energies by comparing the measured Ka
and KP energy shifts with those calculated by Har-
tree- Fock-Slater techniques. 4'

Table IV presents ratios of the fluorescence
yields calculated by the above method to those
calculated for the no defect configuration for a
number of representative elements. The maximum
fluorescence yield corrections determined for Ca
and Zn correspond approximately to three and two
2P vacancies, respectively. The PWBA-BCPH. cal-
culations including the fluorescence yield correc-
tions are shown in Fig. 1. Agreement between
theory and experiment is improved but a discrep-
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FIG. 3. X-ray energy shifts for Ko. and KP transitions
for ~4N ion bombardment of Ca, Mn, and Zn. The maxi-
mum energy shift is observed to occur where the ratios
of the projectile velocity (v&) to the average L -shell
electron velocity PL) are close to one, indicating that
the majority of the K x-ray energy shifts may be attrib-
uted to multiple L -shell ionization. v&/vz =(E/A, UL)
where E is the incident N ion energy, A, is the ratio of

N mass to electron mass, and Uz =4{U~ +U~ + 2U& ) is
2 3the average I.-shell electron binding energy.

~K~ («K)
FIG. 2. Experimental x-ray production cross sections

for N ion impact scaled as a function of g~/& 0~ for
comparison to the approximate universal function,
E(gz/f 0&), in the PWBA theory of Basbas et cd . (Hefs.
9 and 10). The experimentally inferred function
5'(q&/P 0&2)'"P', is given in the text and does not include
changes in the fluorescence yields due to multiple ioniza-
tion which are given in Table IV. The theoretical uni-
versal function is represented by the solid line.
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TABLE IV. Ratios of the fluorescence yield calculated
for multiple 2p vacancies to the fluorescence yield cal-
culated for the no-defect configuration.

ppCa gp Ti, 23V pyCo 3pZn
0.163 0.219 0.250 0.381 0.479

7.0
12.6
18.2
23.8
29.4
35.0

1.20
1.27
1.28
i.28
1.26
1.22

1.15
1.20
1.22
1.21
1.20
1.19

1.14
1.17
1.18
1.18
1.17.
1.17

1.06
1.08
1.08
1.10
1.09
1.09

~Numerical values of the fluorescence yield for single
hole ionization, cup, are taken from the fitted values of
Bambynek et al. (Ref. 40).

ancy still exists for the light targets at the higher
energies. In Fig. 2, the inclusion of fluorescence
yield corrections would remove the -10% dis-
agreement, discussed earlier, between the ex-
perimental data and the universal curve for values
of ri»/r2 8» &0.1. For values of q»/r'8» &0.1, the
agreement between experimental data and the uni-
versal curve would be improved. The difference
becomes larger as the ratio of Z, /Z, becomes
larger which may be an indication of the presence
of ionization processes other than direct Coulomb
ionization.

For heavier projectiles, K-electron transfer to
bound states of the projectile may be important to
K-vacancy production in the target. "" Recently,
this has been shown by Hopkins and Gray et al. '
to produce large enhancements in the target cross
sections which are a strong function of target
thicknesses for Cl projectiles.

Target thickness effects produce residual exci-
tation of projectile K-shell electrons due to multi-
ple collisions in the solid. The fraction of pro-
jectiles with & vacancies can be larger than frac-
tions determined outside the solid. For "N ion bom-
bardment of the elements investigated in the pres-
ent work, we do not expect target thickness effects to
be a major consideration in view of the universality of
the entire set of experimental data exhibited in Fig. 2

for the range of target thicknesses employed (12-80
p, g/cm'). We estimate these target thickness effects
to be negligible for the heavier elements studied and

&10% for the lightest elements. To provide as
complete a picture as possible, we have also in-
cluded theoretical calculations of electron capture
processes for the present results.

Theoretical calculations of inner-shell ionization
through K electron capture (EC) by heavy charged
particles have recently been reported by Lapicki

and Losonsky. " They employ the analytical ex-
pressions of Nikolaev" with screened hydrogenic
wave functions in the Oppenheimer, "Brinkman-
Kramers approximation4' and include modifica-
tions for increased binding energy and Coulomb
deflection effects in a fashion similar to that used
for direct ionization by Basbas et al."

The solid lines in Fig. 1 @re theoretical calcula-
tions including direct ionization (PWBA-BCPR)
+EC contributions with the fluorescence yield
modification (~'/v). The EC contributions pre-
sented in Fig. 1 have been determined by weighting
the EC calculations of Lapicki and Losonsky44 for
individual incident charge states by the equilibrium
charge-state fractions for "N ions exiting from
solids. " This procedure assumes that charge-
state equilibrium has been reached by the "N ions
in passing through the target thicknesses presented
in Table I and that these equilibrium distributions
outside the solids are good representations of
actual charge-state distributions in the solid. This
seems reasonable since at equilibrium, 98% of
the incident 35 MeV-"N ions have 1 or 2 K vacan-
cies." The addition of K-shell EC contributions
provides excellent agreement between experiment
and theory for the heavier elemental targets. The
theoretical calculations, while providing excellent
agreement between experiment and theory at lower
velocities, underestimate the experimental cross
sections at higher velocities by increasing amounts
for larger values of Z, /Z, approaching 25% for Ca.
This disagreement at the higher energies may be
partially due to the use of an analytic representa-
tion for the function, F(q»/('6»), in the PWBA
formalism and to uncertainties in the equilibrium
charge state fractions" used to weight the EC
calculations. 44

VI. CONCLUSIONS

The purpose of the present work is to make
comparisons between experiment and theory of
inner-shell ionization for ranges of the param-
eters Z, /Z, and v, /u, where Coulomb ionization
should be the primary excitation mechanism. The
work has shown that theories of Coulomb ioniza-
tion are quite applicable for the present work
and can be extended to values of Z, /Z, & 0.35 if the
effects of increased electron binding, Coulomb
deflection, polarization, and relativistic electron
velocities are included. The binding-energy effect
was found to be the dominant correction which
removed the majority of the discrepancy between
experiment and theory. The correction for target
electron polarization improved considerably the
agreement at higher velocities. The corrections
for Coulomb deflection and relativistic effects
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were found to be small but significant for the
ranges of Z, /Z, and v, /v, in this work. There js
need for further theoretical work concerning rela-
tivistic effects and the tables of the universal func-
tions, I", which need to be extended for larger val-
ues of 6~,

The importance of changes in the fluorescence
yields due to multiple ionization effects and the
inclusion of electron-capture contributions are
noted to improve the comparison between experi-
ment and theory for heavy-ion bombardment.
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