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K-shell x-ray production cross sections for *C, !*N, and '®O ions on thin targets of Ni, Rb,
Ag, and Sb were measured over the incident-ion energy range of 0.4—2.4 MeV/amu. Com -
parisons to theoretical predictions of the binary-encounter, semiclassical, and plane-wave
Born approximations (PWBA) show that these theories overpredict the magnitude of the mea-
sured cross sections. The PWBA calculations with perturbation corrections for binding ener-
gy and Coulomb deflection effects included are in better agreement with the measured data
for E/M < 1.2 MeV/amu. Comparison of the data to the perturbed PWBA calculations which
also include corrections of electron polarization effects in the case of 2C on Ni gives good
agreement between these theoretical estimates and the measured K-shell x-ray production

cross sections.

I. INTRODUCTION

Theoretical investigations of the inner-shell
ionization process for light ions have developed
along semiclassical and quantum-mechanical ap-
proaches as represented by the binary-encounter
approximation (BEA) by Garcia and co-workers,!
the constrained binary-encounter approximation
(CBEA) by Hansen,? the semiclassical approxima-
tion (SCA) by Hansteen and Mosebeck,® and the
plane-wave Born approximation (PWBA) by Khan-
delwahl, Choi, and Merzbacher.* Inherent in each
of these theories is the requirement that the ratio
of the projectile charge (Z,) and target atomic
number (Z,) have the property that Z,/Z,<«< 1. Re-
cent work by several research groups® has shown
for K-shell ionization by proton impact that the
description for the observed x-ray or ionization
cross sections may be represented equivalently
by the above theories. The agreement between the
experimental cross-section data for proton im-
pact and the theoretical estimates is generally
quite good over an energy range of <0.5 to ~5 MeV/
amu.

In the cases of *He bombardment,® °Li bombard-
ment,” and "Li bombardment® the PWBA, BEA,
and SCA theoretical predictions for the K-shell
x-ray production cross sections for elements with
Z, > 22 have the common characteristic of overpre-
dicting the measured cross sections by increasing-
ly larger amounts as Z, is increased from Z,
=2(He) to z, =3(Li).

The inclusion of perturbation effects for the ion-
nucleus interaction (Coulomb deflection effect)
and the change in the effective electron binding
energy during the passage of the projectile (bind-
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ing energy effect) reported by Basbas, Brandt,
and Laubert® as corrections to the PWBA calcula-
tions lower the magnitude of the calculated cross
sections to give much better agreement with the
observed x-ray cross-section data over a wide
range of target atomic numbers. These perturba-
tion effects introduce Z,/Z, dependences into the
calculated cross sections which cause increasingly
strong deviations from the Z2 dependence common
to the BEA, CBEA, SCA, and PWBA theories.

The perturbation effects for proton impact have
not proven to be that effective, because of the
relatively small magnitude of the corrections ex-
cept at the lower energies (E 0.5 MeV/amu),
where the Coulomb deflection correction increases
rather strongly because of the large increases in
the Rutherford-scattering cross sections.

The present work was initiated to measure the
K-shell x-ray production cross section for the
heavier ions, ¥C, N, and '°O, on the elements
Ni, Rb, Ag, and Sb. The measurements of the
X-ray cross sections were made during a single
accelerator run with a fixed experimental geom-
etry to minimize problems often encountered in
data normalization procedures. The range of tar-
gets studied and projectile energies investigated
were chosen to provide a systematic picture of the
inner-shell ionization process for incident ions
on targets where Z,/Z, ranged from Z2,/Z,<0.29
to Z,/Z,< 1. Comparisons of the data to theoreti-
cal predictions are given for the BEA, SCA,
PWBA, and PWBA with Coulomb deflection and
binding energy corrections (PWBABC). In the
case of 2C on Ni corrections for the polarization
effect are also included in the theoretical calcula-
tions.
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II. EXPERIMENTAL PROCEDURE

Thin targets of Cu, RbCl, Ag, and Sb were pre-
pared by evaporating the desired material onto
thin carbon backings by standard evaporation tech-
niques. The target thicknesses were found to be
12 pg/cm? (Ni), 33 ug/cm?® (Rb component of
RbCl,), 38 ug/cm? (Ag), and 50 pg/cm? (Sb) by
measuring elastic proton scattering at an energy
of 1.50 MeV and a laboratory angle of 150° using
the 2.5-Mv Van de Graaff accelerator at North
Texas State University. The targets were placed
at a 60° angle to the incident beam. The x rays
were detected at 90° to the beam direction and
elastically scattered particles were measured at
laboratory angles of 30°, 45°, 135°, or 150° depend-
ing upon kinematical and energy-loss criteria.

The x-ray energy spectra and charged-particle-
scattering spectra were recorded simultaneously
to allow data reduction by normalization to the
Rutherford-scattering cross section. This tech-
nique has been discussed previously.’® For the
majority of the present work the 30° and 45° de-
tectors were utilized to measure the charged par-
ticle scattering to assure that the nuclear scatter-
ing was Rutherford in character. As reported pre-
viously,® care must be exercised to account for
deviations arising from nuclear contributions to
the elastic scattering.

The x-ray detector efficiency and solid angle
were determined using standardized x-ray sources
as reported previously.'® The x rays were brought
out of the target chamber through a 0.13-mm
Mylar vacuum window and passed through a 0.38-
mm Mylar absorber before entering the 3-mm
x30-mm? Kevex Si(Li) x-ray detector. The ab-
sorber was utilized to decrease the large L-shell
x-ray components encountered for the Ag and Sb
targets. The x-ray detector had a resolution of
180 eV at 5.895 keV. The x-ray count rate was
limited to less than 200 counts per second in order
to minimize dead-time corrections. A 2-usec
time constant was used in the x-ray detector pre-
amplifier-amplifier system and the dead time,
live time, and true time were recorded in all cases
to allow proper corrections to be applied where
necessary.

Ion beams of 2C, N, and '°0 were obtained
using the model EN tandem Van de Graaff accelera-
tor at the Kansas State University laboratory. The
incident beam charge states ranged from 3+ to 5+
depending upon the ion energy. The targets used
in this work were sufficiently thick to ensure that
charge state equilibrium was attained within the
target. No charge state effects were observed for
the present set of measurements. The beam ener-
gies ranged from 0.4 to 2.4 MeV/amu, with energy
steps of 0.2 MeV/amu.
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III. DATA ANALYSIS
The x-ray production cross sections were deter-
mined from the relationship

(Yo . Yis\ Or(E})

oerte =1 (2 ) Ty
where Yy, and Yy are the measured Ka and KB
x-ray yields, €y, and € are the x-ray detector
efficiencies at the respective Ka and KB x-ray en-
ergies, Yg(E,) is the measured nuclear elastic
scattering at laboratory angle 6, d2 is the charged
particle solid angle, T is the dead-time correc-
tion factor, and ogx(E,) is the Rutherford-scattering
cross section at beam energy E,. The ratios of
Ka and KB yields were determined and corrected
for the relative efficiencies of the x-ray detector.
Table I gives the measured x-ray production cross
sections and Ka/Kp ratios for the incident ions
employed in this work.

Error analysis of the data includes contributions
from statistical uncertainties of 3% for Y,, =5%
for Yyg, and <2% for Y, with combined uncertain-
ties in calibration source strength, source x-ray
yields, and relative photon intensities of <5%. The
relative uncertainty in the measured cross sec-
tions is <6%, while the absolute normalization un-
certainty is taken as being <9%. The errors as-
sociated with the Ka/Kp ratios are taken as being
<15%. The errors in the target thickness mea-
surements are <5%.

IV. RESULTS AND DISCUSSION

Shown in Fig. 1 is a comparison of the experi-
mental K-shell x-ray production cross sections
for C on Ni from this work and predictions of the
PWBA, PWBABC, BEA, and SCA. The values of
fluorescence yields wy used in calculating the theo-
retical x-ray production cross sections were taken
from the theoretical predictions of McGuire.!!

The use of single-hole values for the radiation
parameters is an assumption based upon estimates
of the effects of multiple ionization on wy using the
scaling technique of Larkins.? The values of wy
calculated for the defect configuration up to
(1s)71(2p)~° are given in Table II for Ni and Ag.

The fluorescence yield is estimated to change
by a maximum of 16% for the (1s)~!(2p)~° configura-
tion in Ni. Computation of an effective value for
wg to account for the multiple-ionization effects
in the x-ray cross section yields changes which
are of the same order of correction as the errors
in the measured data. In view of the magnitudes
of the data and theoretical estimates, single-hole
values of wy were used in comparisons between
the data and the theoretical predictions. Kauffman
et al.'® have measured the Ko satellite intensities
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TABLE I. K-shell x-ray production cross sections and Ka/Kp ratios.

Incident
ion 12¢ 14y 160

Element E/M o, (b) Ko/KpB o, (b) Kg/Kﬁ a, (b) Ka/KB
2sNi 0.4 2.98 7.18 2.79 7.85 2.59 7.53
0.6 12.7 7.36 12.8 7.85 12.4 7.01
0.8 33.9 6.96 35.9 6.55 37.3 6.53
1.0 86.9 6.39 90.3 6.29 86.0 6.30
1.2 172 6.35 182 5.98 192 5.90
1.4 301 5.70 325 5.95 380 5.70
1.6 610 5.84 571 6.08 709 5.49
1.8 945 5.83 939 5.67 1080 5.43
2.0 1350 5.86 1420 5.59 1590 5.42
2.2 1760 5.89 2020 5.60 2500 5.45
2.4 3310 5.45
5iRb 0.4 0.174 5.64 0.157 6.48
0.6 1.10 5.45 1.01 6.35 0.986 5.98
0.8 2.92 6.16 3.07 5.59 3.14 5.94
1.0 6.32 5.99 7.17 6.08 7.03 5.86
1.2 12.6 5.72 14.0 5.99 14.0 5.58
1.4 21.2 5.66 22.9 5.78 25.6 5.33
1.6 35.8 5.90 37.3 5.72 41.4 5.05
1.8 56.2 5.87 57.2 5.07 61.8 5.14
2.0 84.2 5.25 88.2 5.28 95.5 5.04
2.2 118 5.17 125 5.08 134 4.89
2.4 162 5.09 186 4.83
wAg 0.4 0.0161  4.28 0.0151  4.17
0.6 0.127 4.92 0.166 2.89 0.146 4.31
0.8 0.414 4.03 0.484 4.09 0.500 5.30
1.0 1.03 4.11 1.03 5.33 1.16 5.03
1.2 1.88 5.14 2.05 5.18 2.29 4.83
1.4 3.19 4.68 3.32 6.05 4.17 4.76
1.6 5.18 5.38 5.65 5.02 7.21 5.02
1.8 8.29 4.51 8.93 4.22 9.49 3.95
2.0 12.9 4.09 11.3 4.97 13.6 5.51
2.2 16.5 4.63 16.2 5.22 18.8 4.03
2.4 21.2 4.59 22.8 4.13

51Sb 0.4
0.6 0.0536 6.22
0.8 0.176 3.28 0.230 3.37 0.214 4.13
1.0 0.412 5.77 0.510 3.68 0.515 4.40
1.2 0.856 5.24 0.916 4.38 0.991 4.48
1.4 1.40 4.29 1.59 4.28 1.73 4.56
1.6 2.40 4.01 2.45 4.08 2.97 4.83
1.8 3.86 3.46 4.06 3.31 4.43 3.70
2.0 5.18 4.25 5.12 4.21 6.03 3.64
2.2 6.43 4.01 8.01 3.52 8.33 3.58

2.4 8.43 4.57 10.78 3.69
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FIG. 1. K -shell x-ray production cross section for
12¢ jons on a thin Ni (Z =28) target. The corrected
plane-wave Born approximation calculations (PWBABC)
were taken from Ref. 9. The inclusion of the high-
velocity polarization effects is based upon calculated
cross sections supplied by G. Basbas (Ref. 16). The
theoretical cross sections were calculated using single-
hole values for wy. The theoretical x-ray production
cross sections are estimated to increase by ~16% for
12¢ on Ni when Larkin’s values of wp (Ref. 12) are used
in lieu of the single-hole values of wyg. B, C, and P
refer to the binding energy, Coulomb deflection, and
polarization corrections, respectively, taken from
Ref. 9 and Ref. 15.

for 30-MeV oxygen on targets of Cu through Mn for
which the most probable hole configuration varies
from KL, to KL,, respectively. Chaturvedi et al.**
have reported energy shift measurements for °O
ions at ~1.5 MeV/amu on Ti, Co, and Ge K& and
KB x-ray lines which suggest a most probable hole
configuration of ~K L, at ~2.0 MeV/amu. Similar
results for '2C on these elements'* at ~2.0 MeV/
amu suggest the same type of vacancy configura-
tion for the K-shell. It is reasonable to expect N
bombardment to yield similar results. This as-
sumption is strengthened in view of the similarity
of the Ka/KB ratios given in Table I. The agree-
ment in the magnitude of these ratios and their
similar dependence on incident ion energy for '2C,
14N, and 0, within the assigned error, suggest
that the behavior of the multiple-ionization effects
is essentially equivalent for the heavy-ion-target
combinations in the present work. The assumption
that single-hole values for wy may be representa-
tive of the radiative parameters can be replaced
when further developments in theory or experi-
ment provide more adequate descriptions of fluo-
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TABLE II. Scaled values for wy assuming defect
configurations of (1s)~1(@2p)™".

Yk
n Ni (Z,=28) Ag (Z,=47)
0 0.45 0.85
1 0.48 0.86
2 0.50 0.87
3 0.52 0.88
4 0.53 0.88
5 0.47 0.84

rescence yields for systems such as those re-
ported in the present work.

Because of the similarity of the previous data
for energy shifts of the Ko and K3 X rays under
0 and ¥C bombardment**'?® it is expected that
the relative cross sections for K-shell x-ray pro-
duction for *2C, !*N, and 'O will be independent
of major variations in wg, to first order. Hence
observations of the x-ray production cross sec-
tions for *2C, N, and '°O should be indicative of
the relative K-shell ionization cross sections for
these incident ion species on targets such as Ni,
Rb, Ag, and Sh.

With the use of wy values as discussed above
the BEA, SCA, and PWBA theories overpredict
the observed cross sections for the energy range
of the present work. Above 1.2 MeV/amu the mea-
sured data begin to approach the cross-section
values predicted by the uncorrected theories. This
type of energy-dependent behavior associated with
K-shell ionization has been previously reported
for the lighter incident ion species "Li on Ni and
other elements.® At the lower energies, i.e.,
E/m<1.2 MeV/amu, the data are in good agree-
ment with the predictions of the PWBABC. Fur-
thermore, comparisons are made to preliminary
calculations for the K-shell x-ray production cross
section which includes perturbation effects for
high-velocity electron shell polarization by the
incident ion.'® This correction is included in ad-
dition to the Coulomb deflection and binding en-
ergy corrections and is denoted PWBABCP.

The net effect of inner-shell polarization is to
decrease the effective interaction distance be-
tween the incident ions and the electron through
the distortion of the electron shell because of the
nonadiabatic character of the ion-electron inter-
action at high velocity. This has the effect of de-
creasing the electron-target binding energy used
in the unperturbed theoretical calculations for the
ionization cross section. Inner-shell charge ex-
change interactions may also cause an enhance-
ment in the x-ray production cross section. How-
ever, no comparisons have been made to calcu-
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lated K-shell cross sections which include effects
other than those normally associated with direct
Coulomb ionization as found in the PWBA and
corrected PWBABC theories.

The PWBABCP predictions are in good agree-
ment with the measured K-shell x-ray production
cross sections for '2C on Ni. There is a problem
with the PWBABCP calculations, however. For
E/m= 1.8 MeV the values of the calculated cross
section using the PWBABCP approach are deter-
mined using extrapolated reduced binding energy
parameters 6. The present tabulated values of

the function f (6, ng), as found in the literature!
for the PWBA calculations, are not of sufficient
range in 6, to allow calculations for the corrected
PWBA cross sections from the tabulated functions.
Without the corrections for 6, as used in the
PWBABC calculations, the originally tabulated
functions f(6g, nx) were sufficient for light-ion
considerations. However, the replacement of 6
by €6, where €>1, causes the required values of
€0y to fall off from the presently available tabu-
lated function. Extrapolations of 6, may introduce
varying degrees of error into the calculations, de-
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FIG. 2. K -shell x-ray
production cross sections
for 12c, 14N, and %0 on Ni,
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TABLE III. Theoretical PWBA K-shell x-ray pro- TABLE IV. Experimentally measured ratios,?
duction with individual values for perturbations arising R=Z204(Z,)/Z}0kx(Z}).
from consideration of the Coulomb deflection (CD) and
binding energy (BE) corrections for 1.0-MeV/amu 12C,
1y, an-czl: o) gn Ni with wg=0.432. Cross-section units (N, 12¢) b (10, 12C)
are 10 cm®,

Element E/M REXPK- Rtheon Rexpt‘ theor.
Ton 2¢c YN %o
PWBA 517 704 919 2gNi 0.4 0.69 0.65 0.49 0.56
PWBA (CD) 494 671 8175 0.6 0.74 0.67 0.55 0.60
PWBA (BE) 54 53 50 0.8 0.78 0.69 0.62 0.64
PWBABC 52 50 47
PWBA:PWBABC 10:1 14:1 20:1 1.0 0.76 0.1 0.56 0.67
1.2 0.78 0.73 0.63 0.70
1.4 0.79 0.74 0.71 0.72
1.6 0.69 0.75 0.65 0.75
pending upon the functional behavior in the region 1.8 0.73  0.77  0.64 0.77
of interest. In view of th.e fextrapolatlon procedure 2.0 - 0.78 0.66 0.79
for E/M <1.8 MeV/amu it is suggested that the 2.2 0.8& 079 080 0.61
lower-energy regime of the PWBABCP predictions
may represent a plausible behavior for the K-shell
x-ray production cross section. The calculations sRb 0.4 0.51 0.47

approach the PWBABC calculations which were 0.6 0.68 0.70 0.50 0.50

0.8 17 . . .
developed from the method of Ref. 9 using the 0 0.72 0.61 0.52
formalism given in the work of Brandt and Lapicki." 1.0 0.83 0.73 0.63 0.53
Shown in Fig. 2 are the x-ray production cross 1.2 0.82 0.74 0.77 0.55
sections for '2C, N, and 0 on Ni, Rb, Ag, and 1.4 0.79 0.75 0.68 0.56
Sb over an energy range of ~0.4 to 2.4 MeV/amu. 1.6 077 0.76  0.65 0.58
The measured cross sections do not scale by Z2 1.8 075 077  0.62 0.59
as predicted by the unperturbed BEA, SCA, and
2.0 0.77 0.77 0.64 0.60

PWBA theories. The PWBABC calculations are
shown in Fig. 2 for comparison to the measured
results for the cross sections. The general fea-

2.2 0.78 0.78 0.64 0.62

tures of the calculated cross sections are in ex- 1Ag 0.4 0.53 0.51
cellent agreement with the trends in the data. The 0.6 0.71 0.7  0.65 0.54
relative magnitudes of the predicted K-shell x-ray 0.8 0.86 0.74  0.68 0.56
production cross sections agree with the measure-

ments. A crossover in the magnitude of the mea- ig g'gg g'zg g’gg g'gg
sured cross sections for the various projectiles is 1.4 0.77  0.76 0.74 0.59
observed. This effect is predicted by the PWBABC 1.6  0.80 0.77  0.78 0.60
theory. The relative contributions of the Coulomb 1.8 0.79 0.78 0.64 0.61
deflection (CD) and binding energy (BE) correc-

tions to the lowering of the calculated x-ray cross 2.0 0.64 0.78  0.59 0.62
sections, when applied individually in the PWBA 2.2 0.72  0.79 0.64 0.63
calculations, are given in Table III for 1.0-MeV/

amu.mCt “‘I?I, and 'O ions on Ni. The BE. cor- «1Sb 0.8 096 075  0.68 0.57
rection is directly responsible for the majority

of the decrease in the magnitude of the calculated 1.0 0.91 0.76 0.70 0.58
cross section. Because of the relatively strong 1.2 0.79 0.77 0.65 0.59
dependence of the BE corrections on Z,, this is 1.4 0.83  0.77  0.70 0.60
to be expected. The reduction in the calculated 1.6 0.75 0.78 0.70 0.61
PWBA cross section as exhibited by the PWBABC 18 077 0.78 0.65 0.62
predictions is a factor of 2 larger for °O than for 2.0  0.73 079  0.66 0.63
'2C in the case given in Table III. The observation 2.2  0.92 080 0.73 0.64

of the underprediction of the absolute cross-sec-
tion magnitude by the PWBABC is typical and has
been observed for *“He and "Li ions,®'® where ques- 3 Experimental errors are S15%.

tions associated with the use of single-hole values b Notation (1N, 12C) signifies R=360yy(:'N)/490,x(%C).
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FIG. 3. Ratio R = Z{%0y (Z,)/Z}0 x(Z;) for 12C and
149N on Ni, Rb, Ag, and Sb. The unperturbed theories
(PWBA, SCA, and BEA) predict R =1 as the cross
sections scale as Z}. The ratio shown is for (4N, 12C)
as defined in Table IV.

of wy are minimized.

By taking the ratios of the experimental cross-
section data for the different ion species at
equivalent values of E/M the experimental uncer-

tainties in the system efficiency and wj cancel out.

Therefore the ratio R(Z,, Z]) defined as
R=Z[%044(Z))/Z%0kx(Z)) ,

where 0,4(Z)) and 04 4(Z!) are the experimental
(or theoretical) K-shell x-ray production cross
sections, yields a direct comparison to the rela-
tive ionization cross sections. Given in Table IV
are the experimental and theoretical (PWBABC)
values for R(*N, '*C) and R('®0Q, '*C). Shown in
Fig. 3 are the values of R(Z,, Z]). The magnitude
and energy-dependence differences between the
measured and theoretical cross sections which
are presented in Fig. 2 tend to cancel out of the
values of R(Z,, Z}) seen in Fig. 3. This is indica-
tive of the similarity, even in the relative dis-
agreement, between the PWBABC predictions and
the data for the energy range and target-projectile

combinations studied in this work. If viewed sin-
gularly, the values for R(Z, Z]) strongly support
the PWBABC approach to calculating K-shell ion-
ization cross sections. However, the disagree-
ments between the measured and predicted cross-
section magnitudes observed Fig. 2 suggest that
further theoretical investigation be undertaken in
order to better understand inner-shell ionization
by fast heavy ions.

V. CONCLUSIONS

This work has shown that the theory for K-shell
ionization can be extended to the heavy-incident-
ion species '*C, N, and '°O in the range of targets
28 = Z, =51 if consideration for perturbation ef-
fects is included. The binding energy perturba-
tion as found in the PWBABC approach is a major
contributor to lowering the magnitudes of the cal-
culated cross sections to give better agreement
between the theory and experiment for the lower-
energy portions of this work. The inclusion of the
perturbation for the electron polarization effect
does give a better overall agreement between the
data and PWBABCP theory for 2C on Ni. How-
ever, the extrapolation of 6, used inthe PWBABCP
calculations for E/M <1.8 needs to be replaced by
a calculational technique of less uncertainty. Ex-
tension of the tabulated tables for the function
f(6k, ng) would be most helpful for future com-
parisons of theory and experiment in those cases
where heavy ions are to be considered.

In order to properly compare the experimental
data to the BEA and SCA theoretical predictions on
the same basis as the PWBABC calculations it is
suggested that further work be encouraged which
may allow the inclusion of perturbation corrections
for the binding energy effect to be included within
the framework of the SCA and BEA theories for
inner-shell ionization.
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