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K-shell x-ray production in Ge, Rb, Y, Zr, and Ag by N ion impact*
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K-shell x-ray production cross sections for Ge, Rb, Y, Zr, and Ag have been measured for incident '*N ions
in the energy range 7-35 MeV. Ionization cross sections are calculated from atomic K-shell fluorescence
yields and compared with the plane-wave Born approximation (PWBA) theory modified to include the effects
of increased target binding energy, Coulomb deflection of the incident projectile, target polarization, and
relativistic K-shell electron velocities. Experiment and theory are in very good agreement and indicate that
the PWBA with modifications is quite appropriate for the projectile-target combinations and energy range for

JUNE 1977

the measurements presented in this report.

I. INTRODUCTION

The plane-wave Born approximation (PWBA)
theory for K-shell ionization, as modified by
Basbas, Brandt, and Laubert' to include the ef-
fects of increased electron binding energy when
ionization takes place inside the K-shell electron
orbitals and Coulomb deflection of the incident pro-
jectile, has been found by many experimenters to
be in reasonable agreement with K-shell ioniza-
tion cross sections inferred from measured x-ray
production cross sections. This has been shown
for a variety of target atoms and incident heavy
ions with velocities from 0.1 to 1 times the average
K-shell electron velocity. Further modification to
the PWBA is indicated for ionization by the faster
projectiles,®® and Basbas and co-workers* have
developed modifications to the PWBA which in-
clude the effects of target-electron wave-function
polarization by projectiles whose velocities are
comparable to those of the K-shell electrons. In
addition, corrections to account for relativistic
electron velocities in heavy targets for which the
atomic number Z>30 have been found to improve
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agreement between experiment and theory at low
projectile velocities.> %"

The object of the present investigation was ex-
perimental determination and theoretical descrip-
tion of the K-shell x-ray production cross sections
of 5,Ge, ,Rb, 5,Y, ,Zr, and ,Ag for incident ‘N
ions in the energy range 7 to 35 MeV. For these
energies, ion velocities were in the range of from
0.15 to 0.3 times the target K-shell electron veloc-
ities, and the modified PWBA formalism of Basbas
etal.™* should adequately describe the ionization
process.

Another objective of this experimental work was
to examine Ka/K@ ratios and shifts of the charac-
teristic x-ray energies of the targets. This in-
formation has been used to indicate the degree of
multiple ionization of L and/or M shells at the time
of K-shell vacancy production.

Il. EXPERIMENTAL PROCEDURE

!*N ions in charge states from 3*to 5* and en-
ergies from 7 to 35 MeV were provided by the EN
Tandem Van de Graaff accelerator at the Oak
Ridge National Laboratory. The ion beam was
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collimated to a diameter of 2 mm on target by two
tantalum apertures. A carbon aperture approxi-
mately 3 cm in front of the target helped to mini-
mize beam spraying of the aluminum target
frames.

Thin transmission targets, vacuum deposited up-
on 15 to 50 pg/cm? carbon backings, were mounted
at 45° to the incident N ion beam direction. The
approximate target thicknesses were: ,,Ge,

40 ng/cm?; ,Rb, 40 ug/em?; Y, 60 pg/cm?
©Zr, 10 pg/em?; and ,Ag, 70 ug/cm?® A 6-mm-
diam Si(Li) detector with a 0.00076-cm Be en-
trance window was positioned within the evacuated
scattering chamber approximately 5 cm from the
target and at 90° with respect to the incident beam
direction. ‘In order to reduce the count rate con-
tributed by low-energy photons, Mylar absorbers
were placed between the targets and the x-ray de-
tector. The energy resolution (full width at half
maximum) of the x-ray detection system was 195
eV at 5.90 keV. The total efficiency and the energy
calibration of the x-ray detection system were
determined by placing standard calibrated x-ray
sources of *Cr, **Mn, %"Co, °°Zn, '°°Eu, and

24 Am in the target position.

The N ions elastically scattered from the tar-
gets were monitored simultaneously with the x-
ray spectra by solid-state surface-barrier de-
tectors mounted at the forward scattering angles
of 30° and 45° with respect to the beam direction.
The measured solid angles for the 30° and 45° de-
tector were 3.0x10"% sr and 8.0x10” " sr, respec-
tively. To determine if the elastic scattering was
purely Rutherford, the particle yields for *N
elastically scattered at 45° from Ge and 90° from
an Au foil were simultaneously measured through
the complete energy range from 7 to 35 MeV, and
the ratio of the two yields was determined for each
energy. The gold target was a self-supporting
100 pg/cm? foil placed 20 cm behind the Ge target.
1“N ions scattered from this foil were detected in
a third surface-barrier detector subtending a solid
angle of 7.4x10~* sr. Within the experimental un-
certainties due to counting statistics and target
thickness, the measured ratio remained constant
for all energies. Thus, it was assumed that the
elastic scattering of '*N from ,,Ge and all heavier
elements was Rutherford.

Characteristic x~-ray energies were determined
from the centroids of the observed x-ray peaks and
the energy calibration. Energy shifts were taken
as the difference between the measured x-ray en-
ergies, and those for single K-shell ionization
given by Bearden and Burr.® The amplified outputs
from both x-ray and charged-particle detectors
were recorded in 1000 channel sectors of a 16 000-
channel analyzer consisting of a Tennecomp

Pace/PDP 11/45 system and a CDC 3200 computer
for plotting and data reduction by light-pen strip-
ping. The dead time of the ADC determined the
dead-time correction to the measured yields and
was generally less than 10%. The count rates were
sufficiently low that the detector dead time re-
mained essentially zero.

III. DATA REDUCTION

The K-shell x-ray production cross section o, is
given as

 2,(6) dog(E, ) (Yga . Ygo
o) i L (e ) T

where Qz(0) is the measured solid angle sub-
tended by the charged-particle detector at

the laboratory scattering angle 6, Yg(9) is
the total yield of Rutherford scattered par-
ticles at the angle 6 corrected for back-
ground subtraction and dead time,

dog(E, 6)/dQ is the theoretical differential Ruther-
ford scattering cross section for ions of energy E
scattering at angle 0, Y, g are the Ko, 8 x-ray
yields corrected for background and dead time,
and €, g are the absolute efficiencies of the x-
ray detection system for the Ko, g X rays. T, the
thickness correction factor, is described by
Laubert efal.’ and includes approximate correc-
tions to the x-ray and scattered-ion yields due to
energy loss of the ions passing through targets of
finite thickness. The maximum value of the thick-
ness correction factor for this experiment was ap-
proximately 1.03. Equation (1) is based upon the
assumption, verified by several authors,'®** that
charged-particle-induced K x-ray emission is iso-
tropic.

IV. RESULTS AND DISCUSSION

The measured values of the K x-ray production
cross sections for the different energies and in-
cident charge states of the **N ions are listed in
Table I. The measured Ka/Kp intensity ratios
and the Ko and KB energy shifts, AE  and AEg,
are given in the same table. These results are
discussed in the following sections.

A. K-shell x-ray production cross sections

The estimated absolute standard deviations for
the measured x-ray production cross sections
listed in Table I are approximately 10%. The me-
thod for determining these uncertainties has been
discussed earlier.®

The experimental x-ray cross sections for rep-
resentative targets of Ge, Zr, and Ag are plotted
in Fig. 1 as a function of the incident '“N ion en-
ergy and also as a function of the central para-
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shifts and Ko/KpB x-ray intensity ratios from 1N ion bombardment. 2

* TABLE 1. Experimental K-shell x-ray production cross sections, Ko and KB x-ray energy

Incident
Target E E/M charge oy AE, AEg
element (MeV) (MeV/amu) state (b) Ka/KB (eV) (eV)

32Ge 7.0 0.5 +3 1.97+0.19 12+10 76+13
8.4 0.6 +3 3.79+0.35 6.76+0.24 14+8 96+11
9.8 0.7 +3 6.99+0.66 6.62+0.20 167 106+10
12.6 0.9 +3 17.4+ 1.6 6.33+£0.19 23«7 125+10
15.4 1.1 +3 36.9+3.4 6.29+£0.19 28%7 133+10
18.2 1.3 +3 69.2+6.6 6.21+0.19 347 143+10
21.0 1.5 +3 111+10 5.81+0.18 387 155+10
23.8 1.7 +3 183+18 5.62+0.18 41+7 165+10
26.6 1.9 +4 279 £27 5.56+0.18 45«7 168+10
29.4 2.1 +4 421 +41 5.52+£0.17 46«7 169+10
32.2 2.3 +5 * 556 £56 5.49+0.16 45«7 170+10
36.0 2.57 +5 812480 5.43+0.16 48+7 168+10

37Rb 10.0 0.714 +3 1.97+0.22 7.19+1.34 0+£20
12.6 0.9 +4 4.74+0.49 6.15+0.77 8+9
15.4 1.1 +4 9.61+0.90 5.90+0.24 15«7 134 +15
18.2 1.3 +4 17.6+1.7 5.59+0.25 187 135+15
21.0 1.5 +4 30.8+2.9 5.44+£0.22 21«7 144 +15
23.8 1.7 +4 44.4+4.4 5.41+0.21 247 158+10
26.6 1.9 +4 69.1+£6.7 5.564+0.22 28%7 -165+10
29.4 2.1 +4 96.2+9.5 5.21+£0.21, 307  158+10
32.2 2.3 +5 13814 5.18+0.16 337 170+10
35.0 2.5 +5 182 +17 5.12+0.18

39Y 15.4 1.1 +4 7.3£0.77  5.77+0.78
18.2 1.3 +4 12.8+1.3 4.71+£0.31
21.0 1.5 +4 20.9+2.1
23.8 1.7 +4 31.5+3.3 5.51+0.37
26.6 1.9 +4 47.0+4.9 4.65+0.24
32.2 2.3 +5 94.7+9.8 4.89+0.15 206 167 +10
35.0 2.5 +5 113+10 4.79+0.17

10Zr 15.4 1.1 +4 5.90+0.65 4.74+0.62 1010
18.2 1.3 +4 10.8+1.1 5.07+0.33 109 188 £30
21.0 1.5 +4 16.9+1.7 4.73+0.30 9+9 124 +£30
23.8 1.7 +4 24.7+2.5 4.83+0.30 12+10
26.6 1.9 +4 37.2+3.9 4.64+0.26 22+8 139+25
29.4 2.1 +4 53.8+5.3 4.76+0.25 25+14 166 +25
32.2 2.3 +5 72.5+7.8 4.74+£0.14 227 166+14
35.0 2.5 +5 91.5+8.6 4.80+0.18

wAg 12.6 0.9 +4 0.53+0.07
15.4 1.1 +4 0.993+0.093 4.82+0.29 1+£10 128 £40
18.2 1.3 +4 2.00£0.19 4.86+0.20 0+8 124 +30
21.0 1.5 +4 3.29+0.31 4.73+0.28 7+10 148 +30
23.8 1.7 +4 5.23+0.49 4.81+0.20 158 +30
26.6 1.9 +4 7.15+0.68 5.15+0.31 159  155+30
29.4 2.1 +4 10.6+1.0 4.80+£0.24 128 161 +25
32.2 2.3 +5 14.7+1.4 4.62+0.17 156 16617
35.0 2.5 +5 20.3+2.0 4.67+0.19

2All measured values are expressed with their estimated absolute standard deviations.
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eter £,, which is the ratio of the characteristic
orbital time of the K-shell electron to the time
taken by the projectile to traverse the K-shell
orbital. All of the measured cross sections are
for values of £, between 0.3 and 0.8.

The results of several theoretical calculations
for K-shell ionization of the target elements by
1N ion impact are also displayed in Fig. 1 where
the ionization cross section o, is related to the
x-ray production cross section o, through the re-
lationship o, = w0, where w, is the fluorescence
yield. The values of w, used here are taken from
the semiempirical “best values” determined by
Bambynek etal.'® They are 0.540 for Ge, 0.679
for Rb, 0.711 for Y, 0.730 for Zr, and 0.830 for
Ag. These wy values were determined under the
assumption that there were no vacancies in the
L or M shells at the time of the K vacancy decay.
In order to estimate the changes in the fluores -
cence yields due to multiple ionization, we have

used a procedure of Larkins'® to scale the radiative

and Auger transition rates given by McGuire'* by
the fraction of the number of 2p electrons present
in the L shell. We have made the assumption that
the energy shifts observed are due entirely to 2p
vacancies and have neglected 2s, 3s, and 3p va-
cancies. The number of 2p electrons present were
estimated by comparing the measured Ko and Kg
energy shifts with those calculated from Hartree-
Fock-Slater techniques.'® We find an estimated
maximum change in the fluorescence yield to be
<6% for Ge and <2% for Ag.

The theoretical curves in Fig. 1 represent the

predictions of the binary encounter approximation
(BEA),'®~'® the plane-wave Born approximation
(PWBA),'%-2° and the PWBA with the inclusion of
the effects of increased target-electron binding
energy and Coulomb deflection of the projectile by
the target nucleus.™* It is easily seen that the
PWBA overpredicts the experimental cross sec-
tions by at least a factor of 5 for all targets, and
the BEA overpredicts by a factor of 2 or more.
The inclusion of the modifications for binding-en-
ergy and Coulomb-deflection effects in the PWBA
bring the theoretical curves, labeled PWBABC,
into much better agreement with the experimental
values.

In order to account for the increase of the ex-
perimental cross sections over the corrected
PWBA predictions for values of £, >0.45, Basbas
etal .* have extended the formalism to include the
effects of distortion of the target-electron wave
function by the electromagnetic field of the in-
cident particle. This is accomplished by modifying
the incident-ion energy dependence of the binding-
energy factor € so that the magnitude of the cross
section changes, but the universal behavior is
preserved. In Fig. 1, the curves labeled
PWBABCP show the results of the incorporation
of this polarization effect.

At low incident-particle energies, the effect on
the ionization cross sections of target electrons
with relativistic velocities can be signifi-
cant.>"!%2122 For the heavier K-shell elements
such as Ag the relatively large energy transfers
necessary for ionization by lower-energy ions
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TABLE II. Approximate relativistic correction fac-
tors.

Target Ol Ore .
element Ey (MeV) 0 poprer (Hansen) P— (HOnl)
s2Ge 7.0 1.32 1.17
15.4 1.13 1.13
36.0 1.05 1.11
s1Rb 10.0 1.40 1.18
.21.0 1.17 1.17
35.0 1.09 1.15
39Y 15.4 1.33 1.20
23.8 1.19 119
35.0 1.12 1.18
40Zr 15.4 1.37 1.29
23.8 1.22 1.20
35.0 1.14 1.19
17A8 12.6 2.04 1.32
32.2 1.30 1.31
35.0 1.28 ©1.31

tends to increase the experimental cross sections.
In order to obtain some quantitative estimate of
this effect the energy-dependent correction fac-
tors calculated by Hansen'® were employed. In
Fig. 1, the curve labeled PWBABCPR is the re-
sult of applying the Hansen correction to the PWBA
theory with polarization, binding-energy, and
Coulomb-deflection effects included. Except for
Ag, the theory with all corrections tends to slight-
ly overestimate o, for values of £,>0.55 and
underestimate o, for values of £, <0.55. For Ag,
the relativistically corrected theory is in very
good agreement with the experimental results.

An alternative relativistic correction method is
that due to Honl*? as described by Merzbacher
and Lewis.!® It consists of modifying the screen-
ing parameter 0, in the nonrelativistic PWBA
formalism, and has the effect of raising the value
of the calculated cross section. For all the ele-
ments studied the Hansen and Honl corrections
yielded the same value of the ionization cross sec-
tion at £, ~0.5. Above this point, the Hansen cor-
rection is the larger of the two, and below, the
smaller of the two. Table II lists the values of
the correction factors for representative nitrogen
ion energies. Figures 1 and 2 display only the
Hansen correction, since it appears to satisfy the
proper energy dependence of the data.

Figure 2 shows the results of plotting scaled
experimental x-ray production cross sections as
a function of scaled projectile energy according
to the prescription set forth by Basbas etal.,*"*
where the factor ¢ represents corrections to the
screening parameter 6, due to binding energy '

and polarization effects. The data are corrected
from Coulomb deflection and relativistic target
electron velocities by the factors 9E,  (ndyg¢) and
Ot /0ot (Hansen), respectively, to preserve
the universality of the PWBA. Within experi-
mental errors, the inclusion of Coulomb deflec-
tion, binding-energy increase, polarization, and
relativistic effects to the PWBA provide good
estimates of the data for these values. The modi-
fied PWBA appears to be quite valid for the pro-
jectile-target combinations and velocity range of
the present experiment.

B. Energy shifts and Ko/Kp intensity ratios

The last three columns in Table I list the value
of the Ko/KB intensity ratios and the shifts in the
characteristic Ko and KB x-ray energies as a func-
tion of '*N ion energy. The primary contributions
tothe uncertainties arefrom the relative x-ray de-
tector efficiencies (~2~3%), counting statistics, and
centroid location. Figure 3 shows the results of
plotting the ratio of Ka/Kg for **N ion bombard-
ment to that for no multiple ionization as a func-
tion of the ratio of the velocity of the **N ion (V)
to the average velocity of L-shell electron (V,),
the ratio being given by V,/V,=(E/\U,)"?. E is
the N ion energy, X is the ratio of “N mass to
the electron mass, and U, is the weighted-average
L-shell binding energy'[U, = %(UL1 + U, +2U,)].
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FIG. 2. Scaled experimental x-ray production cross
section for N ion impact as a function of scaled energy
for comparison with the universal function F ( 7x/£26,2)
as defined by Basbas etal. in Refs 1 and 4. The data
have been corrected for Coulomb deflection and relativ-
istic effects (Hansen, Ref. 16) and the screening para-
meter 6, has been corrected to reflect increased binding
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FIG. 3. Ratio of Ka/KS for 14N jon bombardment
divided by the same ratio with no multiple ionization, as
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an average L -shell electron.

The Koa/KpB values for no multiple ionization are
those of Salem etal.?®; they are 6.8 for Ge, 5.68
for Rb, 5.41 for Y, 5.26 for Zr, and 4.73 for Ag.
Figure 4 shows the energy shifts of the Ko and
KpB x-ray groups and their estimated standard de-
viations for Ge as a function of the incident **N
ion energy, and as functions of V,/V, and V,/V,,
the velocity ratios for the L and M shells.

The magnitudes of the energy shifts and the de-
viation of the Ka/Kp ratios from the zero-defect
configuration values contain information about the
amounts of L and M shell vacancy production that
occur simultaneously with K vacancy production.
It has been demonstrated that the fraction of K x
rays produced in the presence of » L vacancies
may be approximated by the nth term of a bino-
mial series which has been interpreted within the
BEA formalism.'®?*%" In order to develop some
quantitative idea about the amount of multiple ion-
ization occurring during '“N ion bombardment,
the BEA prescription for multiple ionization was
applied to the case of Ge.

At 7 MeV the calculated percentage of K x rays
emitted with zero, one, two and three L-shell
vacancies is 61%, 31%, ™%, and 1%, respectively.
At 36 MeV these percentages change to 20%, 36%,
28%, and 13%, or an average of approximately
one L-shell vacancy. Based upon Hartree-Fock-
Slater (HFS) calculations'® of atomic energy levels
for different defect configurations, the calculated
Ka and KB energy shifts are approximately 42 and
90 eV, respectively, per 2p vacancy and an aver-
age of approximately 0 and 5 eV, respectively,
per M-shell vacancy. Using the calculated per-
centages above and assuming no significant change
in M-shell occupancy, this would indicate Ko and
Kp shifts of 20 and 40 eV, respectively, at 7 MeV,
and 60 and 120 eV, respectively, at 35 MeV.

These calculations are consistent with the energy-
shift data for Ge and indicate the probable domi-
nance of L-shell ionization in producing energy
shifts and changes in Ko/K@ ratios. Such domi-
nance is consistent with the peaking of the Ge en-
ergy shifts at 36 MeV, which corresponds to
V./V,=1, or the energy at which maximum L-
shell ionization takes place according to both BEA
and PWBA theories. Similar analyses may be
applied to the other elements with results support-
ing the arguments made above.

For moderate amounts of L-shell multiple ion-
ization the K-shell fluorescence yields and the
Ka/Kp intensity ratios may be approximated by
using the procedure described by Larkins'® and
recently applied to **C ion bombardment of ,,Ti
by Watson and Li.*® This procedure scales the
Ka/KB ratio for the zero-defect configuration by
the relative populations of the 2p and 3p sub-
shells in a particular defect configuration in order
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FIG. 4. Energy shifts of the Ko and KB x-ray groups
of Ge produced by N ion impact as a function of the
energy of the incident !N ion. V/V, and V{/V, are
the ratios of the relative velocities between the 4N ion
and average L -shell and M-shell electrons, respective-
ly.
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to obtain the Ka/Kp ratio for that configuration.
The results in Fig. 3 indicate that, for cases of
moderate multiple ionization, the average relative
populations of the 2p and 3p levels of all the tar-
gets are approximately equal for equal values of
V,/V, between 0.5 and 1.

The values of the K-shell fluorescence yields for
small amounts of L-shell multiple ionization were
shown above not to be significantly different from
the values for no multiple ionization. This has
also been verified experimentally by Moore and
Mathews® for neon targets. ‘

V. SUMMARY

The PWBA theory modified to include the effects
of increased target binding energy, Coulomb de-
flection of the incident ion, polarization of the tar-
get by the field of the impinging ion, and the rela-
tivistic velocities of target electrons gives good
estimates of the experimentally measured x-ray
production cross sections produced by **N ion
bombardment of target elements of 32 < Z'<47 for
energies between 7-35 MeV. The measured x-
ray production cross sections also display an ap-
proximate universal behavior which is predicted by
the modified PWBA. A rigorous incorporation of
the relativistic effects into the PWBA formalism
could do much toward developing a comprehensive
model of ion-indiced vacancy production.

The measured Ka and Kg energy shifts and in-

tensity ratios indicate that the most probable num-
ber of L vacancies created simultaneously with a
K vacancy is 1 or less for all the targets, and the
L vacancy production dominates the changes in the
energy shifts and intensity ratios. The behavior
of the Ka/KB ratios with increasing V,/V, (the ion
velocity divided by the L electron velocity) in-
dicates that, for values of V,/V, between 0.5 and
1.0, the average relative population of the 2p and
3p subshells is the same for all target elements.

Measurements of x-ray production cross sec-
tions, intensity ratios and energy shifts for lower
and higher energies than those of this work would
be useful in determining the limits of validity of
the PWBA theory.
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