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Energy-dispersive measurements of the Ka3, It:M&, I(.Pt, and KPz x-ray intensities
relative to the Kat intensity in lead and uranium
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Lead and uranium K x-ray spectra recorded mth a specially designed Ge detector have been fitted
using an accurately determined line-shape model. This provides the first accurate Ge measurements
of the Ea3 relative intensity and the first reported measurement of the EM~ relative intensity.
Measurements of the transition probabilities of Kpi and Kpq relative to the Ka~ line provide a
much more stringent test of calculated overlap and exchange effects than earlier ratios of gross line

groups.

I. INTRODUCTION

In two recent papers' in this journal we have reported
separate studies of relative transition probabilities (RTP's)
within each of the Ka and KP x-ray multiplets in atoms
within the atomic-number range 70&Z (92. The experi-
mental technique used was energy-dispersive spectroscopy
via Ge(Li) and Ge solid-state detectors.

The first work' focused on determining the relative
transition probability I(Ka2)/I(Kai) at the 1%o precision
level. Since it was the first energy-dispersive study to in-
corporate the intrinsic Lorentzian x-ray profile in the
spectrometer resolution function, it also generated Ka
linewidths; although these had uncertainties of a few eV,
their agreement with theory3 lent credence to the non-
linear least-squares fitting methodology used to unravel
overlapping x-ray peaks. More precise values have since
been generated by wavelength-dispersive spectroscopy. '

Finally, this work provided crude estimates of
I(Ka3)/I(Kai), i.e., the ratio of the 1-forbidden magnetic
dipole line (2Si/2-1Si/2) to the dominant electric dipole
line (2P3/z 1Si/2).

In our second paper we reported the RTP's
I(Kp3)/I(Kpi), I(Kp2)/1(Kpi), 1(KOi3)/1(Kpi),
I(KP23)/I(Kpi), I(Kp5)/I(Kpi), and I(Kp4)/I(Kpi)
within the KP group. As Table I indicates, this group in-
cludes transitions from the M, N, 0, and P shells to the
K shell, whereas the Ka group involves only the L and K
shells. The results provided a significant improvement
over previous data. As in the case of I( Ka)/iI(Kai) the
various ratios exhibited smooth Z dependences and the ra-
tios involving the strong electric dipole transitions agreed
very well with Scofield's predictions, e.g., the RTP
I(KP3)/I (KI3& ) was within 1—2 % of the Dirac-Hartree-
Fock (DHF) and the Dirac-Hartree-Slater (DHS) predic-
tions, which are almost equal. I(Kpq)/I(Kpi), which in-
volves the %23 and M3 shells, agreed well with the DHF
prediction, favoring it over the smaller DHS values; this
preference for the DHF predictions, which include over-
lap and exchange effects, persisted in the results for

TABLE I. X-ray transition nomenclature.
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I(KO23)/I(KPi) and I(KP23)/I(KPi) although these in-

creasingly smaller ratios inevitably become less accurate
than the M- and N-shell results. There was reasonable
agreement with theory for the RTP's involving weak elec-
tric quadrupole transitions, and finally, in the case of
uranium, there was a tentative and qualitative indication
of the /-forbidden magnetic dipole KM i transition

(3S1/2 1S1/2)'
There remain two gaps in our attempt to test the exist-

ing calculations of K x-ray RTP's in heavy atoms to the
limits of accuracy and precision afforded by Ge spectros-
copy. It should first be feasible to improve greatly upon
our estimates for the contributions of the magnetic dipole
KI. i (Ka3) and KMi transitions; to do this is the main
objective of this paper. All previously measured values
for I(Ka3)/I(Kai) RTP's are by wavelength-dispersive
spectroscopy and they vary from slightly below to over
twice the theoretical values.

The other gap arises from the fact that our Ka and KP
multiplet studies' were entirely separate. We have not
measured RTP's for inajor Kp lines relative to major Ka
lines. It was a systematic difference between the trend of
many measurements of the gross ratio I(KP)/I(Ka) and
DHS theory that originally led to the full DHF calcula-
tions, which removed the discrepancy, at least within the
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FIG. 1. Results of previous measurements of I{K13i}/I{Kai){Z)70) compared with DHF {solid line) and DHS {dashed line)
predictions.

experimental errors. It would be of great interest to mea-
sure precisely whichever specific ratio I(KP; }/I(Kal) is
most sensitive to the overlap and exchange effects treated
in the DHF calculations. The two predictions differ by
only 3% for I(KPi)/I(Ka&}, I(KM3)/I(KLs), and
I(KP3)/I(Kai) [i.e., I(KM2)/I(KL3)]. But when the
shell separation increases, the difference is more dramatic,
rising to 6% for I(KP2)/I(Kai) [i.e., I(KN23)II(KL3)].
Figure 1 reproduces the measurements~ '2 above
Z=70 of I(KPs)/I(Kai)=I(KNzs+Kos3+KN45
+KP2s}/I(Kai) from the review of Salem et al. ,

' and
clearly the scatter is such as to preclude any useful con-
clusions; reported measurements do not separate KPi
from KPi.

The present study fills these two gaps, using a new Ge
spectrometer constructed to our design with this specific
task in mind. The design minimizes low-energy peak dis-
tortions which detract from the quality of least-sq~res
fits of analytic models to the x-ray spectra. Improve-
ments were also made in the fitting methodology itself.
Only two heavy atoms —lead and uranium —were used.
As before, we did not see any need to measure at many Z
values in view of the smooth Z dependences of the quanti-
ties of interest; moreover, we had obierved in Ref. 2 that
only at Z & 80 were our least-squares-fit results essentially
free of a dependence upon starting parameters.

II. EXPERIMENTAL DETAILS

The lead x rays were derived from a radionuclide source
of Bi prepared by drying a droplet of a commercially
supplied solution on a beryllium disk of 0.05-mm thick-
ness.

The uranium x rays were obtained from radiochemical-
ly pure Np prepared using previously reported

cyclotron-irradiation and radiochemical-separation tech-
niques. 's 2ssNp radiochemical purity was confirmed by
y- or x-ray and a-particle analysis, no other actinides or
fission-product impurities being detected at the ppm level.
Isotopic purity, determined by a-particle analysis, was es-
timated to be 99.999% by activity, the remaining 0.001%
being assigned to 3 Np.

The 2ssNp source was prepared by evaporation of a sin-
gle drop of 4-molar hydrochloric-acid solution, centrally
placed on a 0.02-mm-thick, 27-mm-diam Mylar backing
foil. The dry deposit, approximately 4 mm in diameter,
was fixed by applying a 10-mm-diam circle of adhesive
Mylar.

The 200 mm )& 10 mm intrinsic Ge crystal was mount-
ed in a special cryostat by its manufacturer, Aptec Inc.
(Toronto, Canada). The horizontal cryostat's beryllium
window (0.5-mm thick) occupied its entire front face (di-
ameter: 7.5 cm); in other words, the conventional alumi-
num endplate with a central beryllium window was re-
placed by a beryllium endplate. No attenuating material
except the intervening air was placed between source and
detector, and the source was held by fine nylon threads a
few mm in front of the window. The objective of this
design was to minimize Compton scattering of photons en
route to the detector since this process is a major contri-
butor to the approximately flat shelf observed on the low-
energy side of full energy spectral peaks due to monoener-
getic photons. The new detector, whose energy resolution
was 530 eV at 122 keV, exhibited a shelf some 2—3 times
less intense than in the devices we have previously used. '

Counting rates were kept below 1500 s ' and both a
pileup inspector (in the Ortec 572 amplifier) and a
homemade pulse-shape inspector were used to suppress
distorted pulses. The analog-to-digital converter (ADC)
was a Nuclear Data 575 model equipped with a ND595
digital stabilizer and hosted by a Nuclear Data 66 pulse-
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FIG. 2. Absolute efficiency of Ge detector.

height analyzer. In the uranium case over 90%%uo of the
counting rate was due to the predominant L x rays and so
runs lasted from one to two weeks. The lead runs took
one or two days.

Some auxiliary runs were done with lead and tin colli-
mators ta block the periphery of the Ge crystal, and some
uranium runs were done with a O. l-mm copper sheet to
filter out the L x rays. These runs confirmed the results
of the main runs and it is the latter which are reported
here.

The detector's absolute efficienc in the energy region
of interest was measured with radionuclide point-source
standards of 'Am, Co (Physika»sche-Technische-
Bundesanstalt, Germany), and ' Ba (Atomic Energy of
Canada Ltd. ), and the mixed standard 4275-10 supplied
by the U.S. Natianal Bureau of Standards. The efficiency
curve is shown in Fig. 2; thanks to the increased detector
thickness it varies less over either Ka Kp spa—n than any
of our previous detectors, yielding a further improvement
in precision.

The spectrometer's resolution function was obtained by
recording spectra of monoenergetic y rays from the ra-
dionuclides z"'Am ' 'Tm ' sGd '~Cd, and 7Co. For
each line, about 3 &(10 counts were recorded, whereas the
Ka and Kp intensities of Pb and U ranged from 2.5X 10
to 60' 10'.

III. ANALYSIS OF THE y-RAY DATA

A full description and justification of the analytical line
shape F(x} used to represent a y-ray peak, i.e., of the
resolution function, was given in our previous paper, and
need not be repeated. There was one necessary change.
The low-energy exponential tail D(x) had to be replaced
by two tails D, (x} and Dz(x) of very different slope.
Di(x) was a steeply falling tail whose intensity clearly
had to be associated with the main Gaussian component
G(x) in obtaining the peak area. Di(x) was a long-term
tail falling slowly over a long energy interval left of the
peak. The contributions of these, and of the flat
Compton-scatter shelf S(x), are shown for the 88.03-keV
peak of ' Cd in Fig. 3.

ENERGY (keV)

FIG. 3. Components of monoenergetic photon line shape at
66.7 keU.

In Table II we indicate the goodness of fit and the two
tail areas relative to their Gaussian parent, for the non-
linear least-squares fits of the model S(x), incorporating a
linear background 8(x}. Far the sake of uniformity we
express all reduced chi-squared values (X ) throughout
this paper as corresponding to an intensity of one million
counts in the fitted region. This is easily shown'6 to be

(X,)~—1
X,'=1+ (1)

TABLE II. Reduced P (per 10 counts) and ratios of tail to
Gaussian areas for monoenergetic y-ray spectra.

Energy
A (D) ) A (D2)
A (G) A (6)
Linear background

A (D$ ) A (D2)
A(G) A (G)

Filter fit

59.54
66.72
88.03

103.18
122.10

1.028 6.90%
1.053 11.45%
1.078 6.05%
1.025 9.90%
1.072 7.41%

1.91%
1.69%
1.54%
2,.28%
2.04%

11.0%
12.85%
13.80%
8.96%

10.6%

2.20%
1.62%
2.31%
2.53%
1.70%

where (X,)z is the actual chi squared achieved in fitting
the measured spectrum containing N million counts. This
approach eliminates potentially misleading comparisons
of the goodness of fit for spectra of very different intensi-
ties.

A second round of fits was done to the y-ray data using
a quite different treatment of the backgraund continuum.
A background term was not included in the line-shape
model. Instead, both the data and the peak model S(x}
were convoluted with a top-hat filter' before the fit was
performed. This filter, shown in Fig. 4, when applied to a
linear function reduces it to zero, and hence when it is ap-
plied to our data it should eliminate most of the quasilin-
ear continuum (low-frequency component) while simply
changing the shape of the peaks (high-frequency com-
ponents}. The chi-squared values lose their usual meaning
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FILT

FIG. 4. Top-hat filter {Ref. 17). Convolution of the filter with the upper spectrum results in the lower spectrum where the hnear
background is removed. By permission of F. H. Schamber and Ann Arbor Science Publishers.

in this approach, but the quality of fit may be judged via
the uniformity of the residues. The tail-area ratios are
very similar, and the combined areas of the Gaussian and
the short tail differ by typically 0.1% between the two
methods. This second approach is extremely useful in fit-
ting multiplets, as described in Sec. IV below.

The y-ray fits established the appropriateness of the
line-shape model. They also established bands of accept-
able values for the low-energy tail parameters and, most
importantly, for the tail-area fractions. The area fractions
of Table II provide acceptance or rejection criteria for the
x-ray multiplet fits, where there is a higher propensity for
the fit to terminate in spurious minima. These may have
acceptable X, values but they are identifiable by tail areas
that are not within the bands established in Table II.

IV. ANALYSIS OF THE E X-RAY DATA

In contrast to all other reported E x-ray work with Ge
detectors, our previous work' has taken account of the
intrinsic I.orentzian x-ray hne shape

I /2m

(X—Xo) +(I /2}

where I is the width of the line. The proper approach is
to replace the y-ray resolution function F(x) by its convo-

lute with L(x}. However, in our previous work we re-
placed

F(x)=G (x)+S(x)+D i (x)+Di(x)

by

K(x)=[G(x)L(x))+S(x)+Di(x)+Di(x), (4)

i.e., we neglected convolution of the non-Gaussian com-
ponents. This was done because convenient analytical ap-
proximations exist for the Voigtian function LSG and
was justified by the minor role of the shelf and tail com-
ponents. In the present context where the Ka3 x-ray in-
tensity is to be extracted from the low-energy edge of the
Eaz line, this approximation had to be eliminated. Our
current computer code employs a numerical method to
perform the full convolution

K(x}=L(x}e[G(x}+S(x}+Di(x}+D2(x}]
and this may be added to a linear background to complete
the model or used in the continuum suppression mode.

All other aspects of the multiplet fitting methodology
follow the detailed description of Ref. 2 and need not be
discussed further. In the present work the "peak area"
was the sum of the areas of the Gaussian and the short-
term tail.

There were four principal spectral regions to be fitted,
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TABLE IIL Some results of fits to the 1ead and uranium Ka and KP x-ray spectra.

Multiplet No. of lines
Tail areas go

A (D) )/A (G) A (D2)/A (G)

Pb Ka
Pb KP
U Ka
U KP

3
9
3

10

Linear background
1.05
1.07
1.08
1.15

5.9
8.0

10.4
8.6

2.3
2.35
3.4
2.7

Pb Ea
Pb KP
U Ka
U KP

3
9
3

10

Filtered background
1.01
1.08
1.08
1.05

8.2
9.4

12.9
8.8

2.0
2.9
3.8S
3.1

viz. , the Ea and EI3 regions of both lead and uranium.
Many fits were performed in each of these cases, with the
linewidth I" held fixed at a series of values in the vicinity
of the theoretical values and the length of the fitted region
varied; sometimes the short tail parameters were allowed
to vary and sometimes they were fixed at the values ex-

pected from the y-ray data. The best fits were obtained
with I close to the predicted value. Table III summarizes
some of the details of some of the fits chosen to generate
the final results. As indicated earlier, other data were tak-
en using collimators and absorbers; these were also fitted
and the results supported those of the main experiment.

CO ~aller+~~—

O $0

1
' ' '

l

Ener gy (keV)

FIG. S. Results of fit to the Ea spectrum of' uranium. (a) The Ka3 line at 93.852 keV is excluded from the model and a strong
residue appears at that energy. (b) Ea3 is included in the model and the residue disappears.
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TABLE IV. Relative transition probability I (Ko.3)/I (Ka~ ).

Z=82 Z=92

Measured
Scofield calculation
Gabriel et al. calculation
Rosner and Bhalla calculation

(1.02+0.2) x 10-'
0.98x 10-'
0.98x 10-'
0.91x 10

(2.3%0.3)x10-'
2.34x 10-'
2.35 x 10
1.61x 10-'

4x10
~R
oR
~R
oR
oR

f(Ka3 )
IKag j 2-

I I I
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FIG. 6. Present and previous measurements of
I(Ka3)/I(Ka~), compared with the DHS predictions.

V. RESULTS

A. I{Ka3)/I{Kai)

When the 8.4X10 -count uranium Ka spectrum was
treated using the top-hat filter technique, excellent fits
were obtained with linewidths I of 96, 100, and 104 eV,
and each case gave essentially the same RTP
I(Ka3)/I(Kai) of (2.31+0.02) X 10 . The theoretical
value of I is 104.5 eV. The fits with linear background
gave more of a spread. Depending on the value of I' and
the actual length of the fitted region of the spectrum, the
value of I(Ka3)/I(Kai) varied from 2.10X10 to
2.59X 10 . The final result is I (Ka3) /I(Ka i )

=(2.3+0.30)X10 at 90% confidence level.
To illustrate the role of the Ka3 peak in the spectral fit-

ting, Fig. 5 compares the residues in one particular fit,
first with Ka3 ignored and then with Ka3 included in the
model.

In the lead case the best fits were obtained with 1
values of 64, 66, and 68 eV, and when I was permitted to
float, the result was 1 =66.5 eV. This excellent agree-
ment with the theoretical value of 66.5 eV lends confi-
dence in the results for I(Kai)/I (Kai). In the 20X 10-
count spectrum with the uncollimated detector, there was
only a slight small difference between the results of the
two background treatments, giving a range
(1.06—1.21)X10 . However, when a tin collimator was
used the result was (0.84—0.87) X10 . The fitting indi-

cated lo errors of about 7%. If we accept a mean
I(Ka3)/I(Kai)=(1. 02+0.2)X10 all results are in-
cluded and our claimed 2o uncertainty (90% confidence
level) is compatible with the errors of individual fits.

Table IV compares these results to Scofield's DHF pre-
dictions6 and to the more recent calculations of Gabriel
et a/. ' The latter derive analytic expressions for transi-
tion rates in the form of power series in an atomic scale
parameter which characterizes a small-distance expansion
of the screened relativistic potential. The table also in-
cludes older results of Rosner and Bhalla' obtained using
DHS wave functions; we have extracted these from a plot
in Ref. 19 via an epidiascope. The present results clearly
favor Scofield's predictions.

Figure 6 adds our two results to the previous experi-
mental information on I(Ka&)/I(Kai) given in the
Salem et al. '4 review. Our results do not support the im-
pression conveyed by the previous data that Scofield's pre-
dictions may be low.

8. I{EMi)/I{Kai) for uranium

To obtain useful information on the weak KMi transi-
tion a spectrum of very high intensity is needed. Since in
the ~3sNp source I. x rays dominate the K x rays (by a
factor 50:1) the only way to achieve this in an acceptance
time was by the use of an O. l-mm copper absorber. Fig-
ure 7 shows the results of fitting a Kp spectrum contain-
ing 13X 10 counts. The evidence for the KMi line is not
overwhelming, but the fit does indicate its presence, with
I(KM i )/I (KM3) =(4.5+ 1.I ) 10 . This is in rather
good agreement with Scofield's DHF prediction of
3.3 y 10-'.

C. I{KP&)/I{Ka&)and I(KP2)/I{Kai)

The results for these two RTP's are given in Tables V
and VI along with Scofield's DHF (Ref. 6) and DHS (Ref.
7) predictions. The uncertainties quoted are —1.5—2%
at 90% confidence level; this is obtained simply by adding
linearly the uncertainties in fitted peak areas plus any
difference in the fractional areas of the long-term tails.
This figure is compatible with the differences observed be-
tween the results given by the linear background and fil-
tered background methods.

The mean results agree we11 with the DHF predictions.
In the case of I (Kp2)/I (Kai ), measured here for the first
time, there is a very strong demonstration of the overlap
and exchange effects that are catered for in the DHF
treatment. The I(Kpz)/I(Kai) data are presented again
in Fig. 8, which is to be compared with the preexisting sit-
uation shown in Fig. 1.
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FIG. 7. Results of fit to uranium 1(.'P spectrum. (a) The EM~ line at 110.062 keV is excluded from the model and a strong residue

appears at that energy. (b) KM& is included in the model and the residue disappears.

TABLE V. Relative transition probability I(KP~)/I(I{.'a~). LB and FB denote linear background
and filtered background methods, respectively.

LB
Experimental results

FB Mean
Theoretical

DHS (Ref. 6) DHF (Ref. 7)

82
92

0.2223
0.235

0.2208
0.227

0.2215+0.003
0.231 +0.004

0.2159
0.2256

0.2225
0.2313

TABLE VI. Relative transition probability I(It.'P2)/I(ICa~). LB and FB denote linear background
and filtered background methods, respectively.

z LB
Experimental results

FB Mean
Theoretical

DHS (Ref. 6) DHF (Ref. 7)

&2

92
0.0836
0.0944

0.0824
0.0906

0.083+0.001
0.0925

0.0789
0.0873

0.0840
0.0923
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VI. CONCLUSIONS

We have concluded our Ge spectroscopic studies of the
Ka and KP x-ray series at high Z by presenting the first
quantitative Ge measurements of the RTP
I(Ka&)/I(Kai) and by demonstrating excellent agree-

FIG. 8. Present measurements of I(KP2)/I(Kai) compared
with DHF (solid line) and DHS (dashed line) predictions.

ment of I (KPi) /I (Ka i ) and I(KP2)/I (Kai ) with
Scofield's Dirac-Hartree-Fock predictions. The work on
I(KP2)/I(Ka, ) provides a more finely focused test of the
overlap and exchange effects inherent in the DHF treat-
ment than prior measurements of the gross RTP of the
KP and Ea line groups.

In contrast to the prior wavelength-dispersive data, the
present energy-dispersive data support the DHF calcula-
tions of I(Ka&)/I(Kai). Finally, we can now claim to
have observed the 3Si~2-1St&& transition and shown that
I(KMi)/I(Kai) agrees with theory, albeit within large
uncertainty limits.

We believe that any further refinement of relative tran-
sition probabilities to the K shell will have to come from
wavelength-dispersive spectroscopy using intense x-ray
sources along the lines described by Barreau et al.
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