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Ka/K B x-ray yield ratios have been determined for eleven elements, Ti, V, Fe, Ni, Cu, Ge, Rb, Zr, Ag,
Sn, and Sb, when bombarded with protons of 1.00, 2.25, and 3.00 MeV. Excitation functions of Ka/K B8
ratios for Ni, Ge, and Ag were also measured from 1.00 to 3.70 MeV in 100-keV steps, and these ratios
were found to be constant with proton energy. For the ten elements Ce, Sm, Dy, Tm, W, Au, Pb, Bi, Th,
and U, the yield ratios La/LB, La/Lvy, and La/L ! were determined for proton bombarding energies of
1.00, 2.25, and 3.00 MeV. Excitation functions for these same ratios were measured for Sm, W, and Th for
proton energies between 1.00 and 3.70 MeV in 100-keV steps. While the La/L B and L a/Ly ratios varied
significantly with proton energy, the L a/L / ratio was found to be constant as a function of proton energy.
Additionally, the energy of the centroid of the peak corresponding to the La, L8, and Ly x-ray transitions
was measured as a function of proton energy for Sm, W, and Th. The L8 and Ly centroid energies
changed appreciably with proton energy, while the L a centroid energy remained constant. The experimental
yield ratios and centroid energies are compared to plane-wave-Born- and binary-encounter-approximation

predictions.

I. INTRODUCTION

To complement our earlier paper! concerning
Ka or La x-ray production cross sections mea-
sured for proton energies between 1.00 and 3.70
MeV for 21 elements, and to provide more de-
tailed data to better check existing theories per-
taining to proton-induced x-ray fluorescence, we
now report on Ka/KB, La/LB, La/Ly, and La/Ll
yield ratios determined for those same elements.
The ratios are compared to the theoretical pre-
dictions of the binary-encounter approximation
(BEA) of Garcia?*® and the plane-wave Born ap-
proximation (PWBA) of Merzbacher and collabo-
rators.* We also report determinations of Lo,
LB, and Ly x-ray centroid energies as a function
of proton energy.

II. EXPERIMENTAL TECHNIQUE

As described in Ref. 1, 21 targets were obtained®
either as self-supporting foils or as films evap-
orated onto 40 ug/cm? carbon backings. The tar-
gets were mounted in a chamber® designed for
elemental analysis and bombarded by protons from
the Los Alamos Scientific Laboratory 3.75-MV
Van de Graaff. The detector was a Si(Li) detector
having a 0.025-mm thick Be window and a resolu-
tion of 175 eV at 5.9 keV, which viewed the target
at 90° from the beam direction. In reaching the
detector, the x-rays traversed a 0.013-mm Mylar
window and a 4.1-cm air path. Absorbers were
nserted into this path to reduce x-ray counting
ates so that dead-time corrections were less than
%. The effect of each attenuator was determined

8

to an accuracy better than 2% for each radiation
measured. The x-ray detection efficiency was
measured using the method described by Bissinger’
and in Ref. 1. The relative efficiency as a function
of x-ray energy was measured using **!Am, %°Cd,
and 5’Co sources.®® The over-all efficiency was
determined by correcting for the effects of the
Mpylar window, the air path, x-ray absorbers, and
the attenuation in the target itself. The energy
calibration was also based on these sources.

Figure 1 shows x-ray spectra produced by Sm
and Th when fluoresced by 2.25-MeV protons. The
principal subgroups in each spectrum are labeled.
In general, the subgroups were very well resolved
and easily integrated; background subtraction was
performed in each case by straight-line interpola-
tion. For the lightest elements, however, a two-
Gaussian fitting routine was used for subgroup in-
tensity determination.

III. RESULTS

The Ka/KB yield ratios measured for the eleven
elements are plotted in Fig. 2 and are listed in
Table I for comparison with the data of Slivinsky
et al.,' Hansen et al.,’® and Rao et al.!* The data
of Rao are a best fit to available experimental
data. The agreement of the present data with the
other reported works in Table I is, in general,
within the stated error of each measurement. The
major exceptions are the Ka/KB ratios for Ti and
V from Hansen ef al., where the two sets of re-
sults fall considerably outside stated error bars.
Our results for Ti and V are, however, in good
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FIG 1. Typical x-ray spectra for Sm and Th fluo-
resced by 2.25 MeV protons. The major L subgroups
are labeled.
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FIG. 2. Ka/Kp yield ratios plotted vs atomic number.
The theoretical calculations of Scofield are included for
comparison.

TABLE 1. Ko /KB yield ratios vs atomic number.

Z Element Ko/KB® Ko/KB® Ka/KB°® Ka/KBS Ka/KB*©

22 Ti 7.57 7.58 10.58 7.52
23 \Y% 7.40 7.47 9.50 7.52
26 Fe 7.36 7.32 7.79 7.46
28 Ni 6.97 7.22 7.53 7.41
29 Cu 7.43 7.21 7.47 7.41
32 Ge 6.77 6.70 7.17 6.76
37 Rb 5.62 5.95 5.80
40 Zn 5.22 5.44 5.41
47 Ag 4.61 4.74 4.74 4.68+0.33
50 Sn 4.46 4.49 4.55
51 sb 4.42 4.44 4.48

2 Present work, standard deviation +5%.

b Slivinsky et al., Ref. 11, standard deviation + 1%.
 Hansen et al., Ref. 12, standard deviation +2%.

9 Rao et da., Ref. 13.

€ Bissinger et al., Ref. 7

agreement with those of Slivinsky'! and Rao.!* The
Ka/KB ratio for Ag from the work of Bissinger

et al.” is also included in Table I and agrees to
within 2% of our value. The present measure-
ments and those of Bissinger et al.” were taken
using proton excitation, whereas the other results
in Table I were taken using photon and electron
excitation. Thus, the Ko /KB ratios seem indepen-
dent of the excitation mechanism so long as mul-
tiple ionization does not occur. Figure 3 shows
the invariance of the Ka/KpB ratios for Ni, Ge,

and Ag as a function of proton energy from 1.00 to
3.70 MeV. In order to be more quantitative con-
cerning the independence of the Ka /KB ratios with
energy, a linear least-squares fit to the Ag Ko /KB
ratio measurements between 1.00 and 3.70 MeV
was performed. The fit showed that the slope of a
straight line through the data points (see Fig. 3)
was not significantly different from zero at the
95% confidence level. This constancy is expected,
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TABLE II. La/LB,® La/Lvy,* and La/LIP yield ratios vs proton energy and atomic number.

1.00 MeV 2.25 MeV 3.00 MeV
z Element Lo/LB Le/Ly La/LB La/Ly La/LB La/Ly La/Ll
58 Ce 1.68 12.4 1.56  10.1 1.49 9.28 23.3
62 Sm 1.83 14.5 1.47 8.96 1.39 7.94 22.5
66 Dy 1.82 14.6 1.50  10.2 1.47 9.18 23.4
69 Tm 1.76 14.2 1.52 10.3 1.42 9.11 25.3
74 w 1.88 13.9 1.62 10.7 1.52 9.44 20.9
79 Au 1.89 14.0 1.72 11.9 1.67 11.5 21.0
82 Pb 2.11 12.7 1.84 10.5 1.75 10.0 18.6
83 Bi 1.93 12.9 1.71 11.2 1.66 10.2 20.1
90 Th 1.92 11.5 1.82 10.7 1.73 9.78 17.2
92 U 2.02 11.3 1.93 10.5 1.79 9.44 17.3

2 Standard deviation +5%, except Ce and Sm, which are +10% and + 7%, respectively.
b Standard deviation +15%, except Ce and Sm, which are +20%.

assuming nonmultiple ionization, since both the
Ko and KB transitions arise from the filling of a
vacancy in the 1s3 shell.

The La/LB and La/Ly ratios for the ten ele-
ments bombarded with 1.00, 2.25, and 3.00 MeV
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FIG. 4. La/Lgyield ratios plotted vs atomic number
for 1.00, 2.25, and 3.00 MeV protons. The BEA and
PWBA predictions of Garcia and Merzbacher, respec-
tively, are included for comparison.

protons are shown in Table II. Figures 4 and 5,
respectively, show these same ratios plotted ver-
sus atomic number. Also shown in Table II are
the La/L! yield ratios determined from this work.
These La/Ll values are plotted in Fig. 6 versus
atomic number. Figures 7 and 8 show the La/LB
and La/Ly yield ratios, respectively, plotted ver-
sus proton energy for Sm, W, and Th. Figure 9
is a plot of the La/L1 ratios for W and Th which,
within the experimental uncertainty, are constant
with proton energy. The average values of these
data are reported in Table II. The La/LI ratios
of the other eight elements also show this energy
independence. As with the Ka/KB ratios, this is
expected because both the La and LI x-rays re-
sult solely from the filling of a vacancy in the
same subshell, the L3 subshell.

Results for the La/LB and La/Ly ratios have
been reported by Shafroth!*:!® for Au bombarded
by protons. Our result for Au La/LB8 is 6% higher
than those results at 1.00 and 3.00 MeV. For
La/Ly our results are 10% and 20% higher at 1.00
and 3.00 MeV, respectively.

Results’ for La/LB from Pb are within 3% of
our results at both 1.00 and 3.00 MeV. For the
La/Ly ratios, however, our values are 34% and
18% lower at 1.00 and 3.00 MeV, respectively,
considerably outside stated errors. For the La/Ll
ratio, our result is within 3% of the average of
Ref. 16 values between 1,00 and 3.00 MeV. Busch
et al.’® report an increase in the Lo/LI ratio for
Pb from 1.00 and 3.00 MeV which we fail to see.
Within experimental uncertainty, we also see no
change in the La/Ll ratios for any of the other
nine elements investigated here, taking note that
our experimental uncertainty lies between 15 and
20% for these measurements.

Figures 10-12 show the La, LB, and Ly cen-
troid energies plotted versus proton energy. The
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figures show the change in centroid energy with
proton energy for the LB and Ly subgroups, as
reported earlier.'s'®* This arises because the
individual subshell cross sections vary differently
with proton energy, and each L8 and Ly subgroup
is made up of components arising from more than
one subshell. This involvement of more than one
subshell is also responsible for the variations
with energy of the La/LB and La/ Ly yield ratios.
On the other hand, the Lo centroid energy remains
constant with proton energy due to the fact that the
L« subgroup originates from a vacancy in only one
subshell, L3.

IV. COMPARISON WITH THEORY

Using the method of Ref. 14, the yield ratios of
La/LB, La/Ly, and La/Ll can be calculated the-
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FIG. 5 La/Ly yield ratios plotted vs atomic number
for 1.00, 2.25, and 3.00 MeV protons. The BEA and
PWBA predictions of Garcia and Merzbacher, respec-
tively, are included for comparison.
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FIG. 6. La/Ll yield ratios plotted vs atomic number.
The theoretical calculations of Scofield are also included.

oretically using appropriate subshell-ionization
cross sections and the following intensity equa-
tions:

Ipg ={[”.1(fxa +f12f23) #1235+ 73] “-’a}Faa ’ (1)
Ig=nw, Fig+(n, fi, +n,)w, Fop

+[1,(f15+fraf2) 12 fa3+75]ws Fap (2)
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FIG. 7. La/LpB yield ratios plotted vs proton energy
for Sm, W, and Th. The BEA and PWBA predictions of
Garcia and Merzbacher, respectively, are included for
comparison.



30F T T T T T 3]
La/Ly yield ratios vs proton energy
251 Garcia 4
—— — Merzbacher
20+ E
T — Th
315_ ; T — — 1
- ge®® st 0 .
é’lO’ . [ Y 'i"00§.-.-!..‘
o
= o 1
it !
5, T —
il ERREES RNy — Y
~ LYY P —
5 lof ST S
3
5¢ 1
I5HF~ 1
e — sm
10 | AArEn —_———— ]
oicu-.;a...i,‘..!..
5

1 1 1 L .
10 5 2.0 25 30 35
Proton Energy (MeV)

FIG. 8. La/Ly yield ratios plotted vs proton energy
for Sm, W, and Th. The BEA and PWBA predictions of
Garcia and Merzbacher, respectively, are included for
comparison.

and

Iy =nw Fyy+nfi +n)w, Fyy (3)
L, ={[n,(fis+f1afad) +Maf2a +nsl0d} Fyr 4
where
n,=0.,/0.5,

N, =055/013

ny=1,
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FIG. 9 La/L1l yield ratios plotted vs proton energy
for W and Th.
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FIG. 10. La, LB, and Ly centroid energies plotted
vs proton energy for Sm. The BEA and PWBA predic~
tions of Garcia and Merzbacher, respectively, are in-
cluded for comparison.

and oy, is the theoretical ionization cross section
for the ith subshell, obtained here from either the
PWBA* or BEA.2**!" The values of the Koster-
Kronig yields (f,,,f,s, and f,;) were obtained from
the calculated graphs of Crasemann et al.’® and
Chen et al.,'® as were the values of the subshell
fluorescence yields (w,, w,, and w,). The F;;’s in
Eqs. (1)-(4) were obtained from the work of
Schofield®® and represent the fraction of radiative
transitions in the L; subgroup connected with fill-
ing a vacancy in the L, subshell, e.g., Fy,=2 T3,/
T',, where ) TI';, is the sum of radiative widths
which contribute to the La subgroup emitted in the
process of filling a vacancy in the L3 subshell.
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FIG. 11. La, LB, and Ly centroid energies plotted vs
proton energy for W. The BEA and PWBA predictions
of Garcia and Merzbacher, respectively, are included
for comparison.
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When calculating the La/L1 yield ratio, I ./I;,,
all factors in Egs. (1) and (4) cancel except the
F,, and F,,, leaving the predicted La/L! ratio as
only >3T';,/3 T3, which is then obtained solely
from Ref. 20. This simplification also occurs for
the Ka/KB predictions, since again only one sub-
shell, 1s3, is involved.

Figure 2 shows the Scofield predictions for
Ko /KB compared to the data. The measured val-
ues are, on the average, 10% low when compared
to the calculation. Figures 4, 5, 7, and 8 show
the PWBA and BEA predictions compared to our
measured values for La/L8 and La/Ly ratios.

In general, the predictions reproduce the data
qualitatively better than quantitatively. The BEA
provides somewhat better fits to these ratios ver-
sus atomic number, while the PWBA better re-
produces the general shape of the excitation func-
tions. In Figs. 4 and 5, the BEA and PWBA pre-
dictions are not drawn as smooth curves but are
instead shown as individual points for each ele-
ment and energy. The calculations as a function
of atomic number were not sufficiently continuous
to justify a smooth curve drawn through the pre-
dicted points. This is due to the discontinuous
nature of the f;;’s and w;’s as a function of atomic
number (see Refs. 18 and 19). Figure 6 includes
the predictions of Scofield for the La/Ll ratios.
The data and calculations are, generally, in good
agreement, although the data error bars are large,
making a quantitative comparison difficult.

As pointed out in Ref. 14, the subgroup centroid
energies for LB and Ly can be predicted using the
theoretical subshell cross sections. We calculated
these centroid energies using the equations
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FIG. 12. Lo, LB, and Lvy centroid energies plotted vs
proton energy for Th. The BEA and PWBA predictions
of Garcia and Merzbacher, respectively, are included
for comparison.

Es ={”1‘*’1F1BE16 +(nyf13 + M)W, FypEp
+(n,(f1a+f12f23) + 12 fa5+ 1] wstBEsﬂ} /s,

(5)

and

ELy =[n,0, Fly—E—ly +(ny S, +”z)w2F21Ezy]/IL7 ’
(6)
where, for example,

Earm,Ew,
) Z‘rlﬂl

is the intensity-weighted average energy for the
Lg component owing to a filled vacancy in the L1
subshell. The I';s., etc., are the radiative widths
of Scofield® and the E,g,, etc., are the measured
energies!® of the transitions.

As shown in Figs. 10-12, the BEA fails to pro-
vide the general shape of the centroid shifts for
the LB and Ly centroid energies of Sm, W, and
Th (note that the La centroid energies remain con-
stant, within <5 eV, with proton energy; this is,
of course, predicted by both theories). The
PWBA, however, better predicts the shape and
magnitude of the centroid energies, especially for
w.
A note should be added here concerning the sen-
sitivity of the calculated yield ratios and centroid
energies [ Egs. (1)—-(6)] to the input parameters. A
change of + 20% in any one fj;, w;, or o;; causes
a change of less than 1% in E;gand E;,. For La/
LB or La/Ly, however, a change in any one f;,or
w, of £ 20% causes a change of less than 5%.
Moreover, a change of £ 20% in w, or w, can re-
sult in a change in La/LB and La/Ly of up to 20%.
Ten percent changes in o, or o, result in these
calculated ratios also varying nearly 10%. The
calculations were performed with only one param-
eter changing at a time. Presumably, changing
more than one parameter at a time could make
larger changes in the resulting calculations.
Therefore, in order to test the applicability of the
BEA and PWBA theories, a highly reliable ex-
perimental set of f;; and w, is essential. Such val-
ues are not presently available.

Em

V. CONCLUSIONS

Both the PWBA and BEA give reasonable de-
scriptions of the data and, as in the case of the
cross-section measurements (ox, Or oz ) Of Ref.

1, the BEA gives superior fits to the La/Lg and
La/Ly ratios of the present work. The PWBA, in
general, does a reasonable job of providing a qual-
itative description of the data, with better pre-
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dictions provided for the centroid energy shifts
than are provided by the BEA. Some of the dis-
crepancy in the BEA description may be due to the
fact that the values for the L subshell ionization
cross sections are derived!” from the K-shell
cross section for Mg, which has a different veloc-

ity distribution than does the L shell. Another
factor in the over-all disagreement of the PWBA
and BEA theories with the data is probably due to
our choice of values for f;; and w;. More com-
plete experimental data on Koster-Kronig and
fluorescence yields would be particularly useful.

TWork performed under the auspices of the U.S. Atomic

« Energy Commission.
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Lawrence, Kansas 66044.
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