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Inelastic and anomalous elastic scattering of 88.03-keV y rays
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Cross sections for the elastic scattering of 88.03-keV y rays through 125 by aluminum, gold,
lead, and bismuth have been measured with a semiconductor detector. Simultaneously, informa-
tion has been obtained regarding resonance Raman scattering and Compton scattering in the case
of bismuth, and K-shell photoeffect cross sections in the case of gold and lead. Values accurate to
about 8%%uo were determined with the help of a normalization technique relying on a comparison
with the Compton scattering counts from the low-atomic-number aluminum target. The elastic
scattering cross section of aluminum at the chosen photon energy, which is far above the alumi-
nurn K-shell threshold, is in reasonable accord with form-factor and S-matrix calculations based
on the independent-particle approximation. For gold, 7.3 keV above its threshold, the experiment
agrees with the S-matrix prediction. However, for lead some 25 eV above threshold, the experi-
mental value is about 40% larger than predicted, while for bismuth (2.5 keV below threshold), ex-
periment lies 70% above theory. The measured K-shell photoeff'ect cross section of lead is within
10%%uo of the prediction based on the independent-particle approximation.

I. INTRODUCTION

A cadmium-109 source is a popular choice in the ap-
plication of the x-ray Auorescence (XRF) technique to
the determination of concentrations of trace elements in
different types of samples. While using the XRF tech-
nique in conjunction with an annular source and a Si(Li)
detector, we thought it worthwhile to study selected
photon-atom cross sections with the same experimental
arrangement. The low efficiency of detection of a Si(Li)
counter has generally discouraged the use of this counter
for y-ray energies above about 40 keV. However, as we
shall show, the cylindrical symmetry of the adopted ar-
rangement enables fairly precise measurements to be
made even with such a counter and sources of only a few
millicurie strength. Note also that, unlike in the case of
germanium counters, escape peak corrections are small
in the case of Si(Li) counters.

The 88.03-keV y energy from a cadmium-109 source
is only about 25 eV higher than the K-shell binding ener-

gy of lead (88.006 keV) and about 2.5 keV lower than
the K-shell binding energy of bismuth (90.527 keV). To
our knowledge, anomalous scattering amplitudes have
not so far been studied in the close vicinity of K-shell
binding energies of such high-Z atoms. Previous studies
of anomalous scattering have been summarized in recent
reviews. ' Further, accurate theoretical values of elastic
scattering cross sections of lead for 88-keV y rays re-
cently became available. The calculations indicated
that near x=6.3 the real parts of the scattering ampli-
tudes make a very small contribution to the lead elastic

0
scattering cross section. Here, x =sin(I9/2)/A, (A), 0 is
the angle of scattering and A, (A) is the wavelength of the
y radiation in angstroms. Accordingly, measurements

were made at a mean scattering angle of 125 in an effort
to understand the salient features of the anomalous elas-
tic scattering amplitudes. The imaginary amplitudes due
to the bismuth K-shell are, of course, zero at 88.03 keV.
Since the photon energy is as much as 7.3 keV larger
than the gold K-shell binding energy, the anomalous
scattering contributions are less important in the case of
gold than in the case of lead and bismuth. Since all elec-
trons in a low-Z element such as aluminum are weakly
bound, the scattering cross sections for this case calcu-
lated in the form-factor approximation with minor
corrections can be used to check the accuracy of the ex-
perimental values. New 5-matrix calculations have also
been performed in support of this experiment.

Since the chosen photon energy is lower than the
bismuth K-shell binding energy, there was clearly a pos-
sibility of a simultaneous study of the recently
discovered process of x-ray resonance Raman scattering
(RRS) corresponding to virtual K L2, K L3, K M-z3--
transitions. After our work was completed, we saw a
published report concerning this aspect. That report is,
however, not concerned with the measurement of elastic
scattering cross sections. As a by-product of our main
investigation, we have observed K-I 2 and K-M2 3 RRS
in bismuth but are unable to report accurate values of
RRS cross sections due to complications arising from a
possible higher-energy weak contamination present in
the source (see Sec. II for more details regarding the
contamination).

The photoelectrons ejected from the lead K shell by
88.03-keV y rays have a maximum kinetic energy of
only about 25 eV. On the other hand, the K-shell hole
state in a high-Z element such as lead has a width of
about 66 eV (Ref. 5) and so a mean life of about 10 ' s.
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II. EXPERIMENTAL PROCEDURES

The experimental arrangement is shown in Fig. 1.
The annular cadmium-109 source supplied by Amers-
ham had a strength of about 3 mci. It was housed in a
stainless-steel holder containing heavy tungsten alloy
shielding and capped with a berryllium window. The
targets were fixed to very thin sticking tapes which were
mounted on thin aluminum rings. The source holder
and the target mounting ring were held fixed in a spe-
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FIG. 1. Experimental arrangement.

The time required for the 25-eV electron to emerge out
of the lead atom will be a significant fraction (-0.3) of
the decay time of the hole state. Thus the usually as-
sumed separability of the two processes of vacancy
creation and subsequent decay is not sharp in the lead
case under discussion. Note that the width of a K-shell
hole state decreases rapidly with decreasing Z and is, for
example, only about 1.2 eV in the case of nickel. There-
fore, even though resonance Raman scattering experi-
ments have been performed with finely tuned synchrot-
ron radiation and a nickel target, situations involving a
photoelectron energy considerably smaller than the hole
state width have not been adequately studied as yet. We
may also ask whether in such circumstances, and so
close to threshold, an independent-particle description of
elastic scattering remains appropriate.

As a by-product, we also determined the incoherent
scattering function of bismuth at a mean x value of 6.3,
and the K-shell photoeffect cross sections in the case of
gold and lead. Since the intense Ke x-ray peaks overlap
to a significant extent, the broad Compton peak centered
at about 69.3 keV; the overlap being less in the case of
lead than that in the case of gold, the incoherent scatter-
ing functions of gold and lead could not be determined
in this experiment.

The details of experimental procedures are described
in Sec. II. The results are presented and discussed in
Sec. III in the light of available theoretical calculations.
In the same section, suggestions are given for more de-
tailed experimental and theoretical studies.

d c7e)

dO

do-C

Al

T88 T88 88sc A Yj'

TC TC C

where N„ is the number of target atoms and is propor-
tional to pt/3', pt is the mass of the target per unit
area, A ' is the atomic weight of the scatterer, XA, is the
number of atoms in the aluminum target, (der /dQ, )~, is
the Compton scattering cross section of aluminum, T„
and TA, are, respectively, the average transmission fac-
tors of the scatterer at 88 keV and of aluminum for
Compton-scattered photons, TA and TA are the

cially made cylindrical aluminum shell (not shown)
which fitted snugly onto the horizontal detector arm.
The reproducibility of the short source-target and
target-detector distances was checked by making mea-
surements of counting rates with the same target after
several operations involving the placement and removal
of the target mounting ring. A 1-mm-thick cylindrical
sleeve of tantalum was found to be useful in reducing
higher-energy radiation background not completely ab-
sorbed by the thin sides of the stainless-steel holder.
Aluminum, gold, and lead foils of better than 99go puri-
ty were used as targets. Relatively thin targets with
effective transmission factors in the neighborhood of 0.8
were used. The thicknesses of the aluminum, gold, and
lead targets were 212, 27.4, and 19.2 mg/cm, respective-
ly. Analytical reagent grade bismuth in the form of
Bi(NO3)3 5H20 powder was crushed in a mortar and
formed under pressure into a pellet of 139 mg/cm
thickness. The Si(Li) detector of 0.5 cm thickness and
1.6 cm diameter was supplied by EGKG ORTEC. The
full width at half maximum was about 630 eV for 88-
keV y rays. The large Aux of scattered silver K x rays
was attenuated with the help of a graded copper-
aluminum absorber in front of the detector with the
aluminum surface facing the detector. The thicknesses
of copper and aluminum were 0.010 and 0.100 cm, re-
spectively. The absorber was helpful in reducing the to-
tal counting rate to less than 70 per second. Thus effects
due to pileup were negligible. The transmission of the
absorber for 88-keV y rays was as high as 0.908.

The net count rate due to a given target was deter-
mined from the difference between the target-in and
target-out. rates. Any cross section of interest was ob-
tained by comparing the corresponding net count rate n

with the net count rate n A& determined from the Comp-
ton peak with an aluminum target of the same area and
a known number of atoms. The method described previ-
ously relies on the fact that the Compton scattering
cross section of a low-Z element like aluminum is given
accurately by the product of the Klein-Nishina expres-
sion and the incoherent scattering function S(x,Z).
Nonrelativistic values of S(x,z) are available in tabular
form. With this method, the source intensity and solid
angle factors are eliminated, and a knowledge of the ab-
solute value of the detection e%ciency is not required.
Let us suppose that the elastic scattering cross section
do. ,&/dQ of a target atom is to be measured. Then
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transmission factors of the previously mentioned ab-
sorber at 88 keV and for Compton-scattered photons,
and q and g are the photopeak efficiencies of the
detector at 88 keV and at the Compton energy. Mea-
surements were made in each case with two additional
targets of thickness larger than the ones mentioned ear-
lier in order to verify the absence of any significant
secondary effects such as bremsstrahlung generated in
the target. Since thin targets were used for determina-
tion of cross sections, the errors in the ratios of
transmission factors are only of the order of 1.5%.

It should be noted that the ratio g /g of photopeak
efficiencies is required only over an energy range from
about 65 to 88 keV. It is known that errors in absolute
efficiencies can be large and are not easily determined.
It is for this reason that a measurement technique rely-
ing on a ratio of efficiencies is desirable. Calculated
values concerning variation of detector efficiency with
photon energy were supplied by ORTEC in a graphical
form. These data were checked by us in the following
way. With targets of gold and lead, prominent Kaz,
Ka&, KpI, and Kpz x-ray peaks are observed at energies
varying between 66.99 and 87.36 keV. Suppose that we
compare measured intensities n; and n of the ith and
the jth K x-ray peaks of a given target. Then

cx; Tsq Tg
Ti T

where a; and e are the branching ratios for the K x-ray
transitions labeled i and j, the transmission factors are
evaluated for energies of peaks i and j, and q'/g~ is the
ratio of detector efficiencies for energies of peaks i and j.

The values of a; and a were taken from the work of
Scofield. ' Recent experimental work" concerning the
above-mentioned branching ratios has clarified the origin
of inaccuracies in earlier data and has also confirmed
Scofield's calculated values. The intensities of the peaks
were determined by the method of least squares. A
Gaussian and a polynomial continuum were adequate for
the representation of most peaks except the lead Kp2 x

rays and the bismuth KP& x rays. For example, in the
lead case, four Gaussians representing the lead Kpz x

rays were necessary. The value of 7 in each case was
approximately unity. The error in the ratio n, /n of in-
tensities is less than 3%%uo. The error in the calculated ra-
tio a;/a is expected to vary between about 1 —3%%uo.

The error in the measured value of q'/q~ is thus about
+4% in most cases. The experimental value of g at gold
Ea& energy of 68.80 keV was normalized to that shown
by the manufacturer. The relative error in reading the
value of the efficiency from the curve supplied by the
manufacturer is variable and is as high as 4%%uo near the
high-energy end of 90 keV. The data are presented in
Fig. 2. The agreement between the solid curve based on
manufacturer's data and our measured values is quite
good. In reporting the values of cross sections a value of
+5% has been adopted as the error in the efficiency ra-
tio in Eq. (1).

Net counts obtained with an aluminum target in the
neighborhood of the Compton peak in a counting time
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of 23 h are shown in Fig. 3. From the width of the
broad Compton peak, the angular acceptance in the ex-
periment can be directly estimated to be +12'. The use
of the tantalum sleeve is responsible for the tantalum K
x-ray peaks noticeable in the figure. Similar data in the
neighborhood of the Cornpton peak obtained with the
bismuth target are not shown. Data obtained near 88
keV~ith gold and bismuth targets are presented in Fig.
4. The gold data reveal a clean elastic scattering peak
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FICs. 3. Counts obtained with the help of an aluminum tar-
get in the neighborhood of the broad Compton peak vs channel
number. The sharp peaks labeled as Ta KPI and Ta Kf3'2 are
due to the characteristic x rays of the tantalum sleeve. C indi-
cates the position of the Compton maximum.

FICz. 2. Detector efficiency vs photon energy in the region
of interest. The solid curve is based on the data supplied by
the manufacturer. The data indicated by crosses are used for
normalization. The data at other energies are obtained as dis-
cussed in Sec. II and shown along with the estimated errors.
Only the ratios of efficiencies are needed in the determination
of cross sections.
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FIG. 4. Counts obtained with a gold target for energies
above about 79.3 keV and with a bismuth target for energies
above about 81 keV. The solid curve in the neigborhood of 88
keV is a fit to the elastic scattering counts determined with a
gold target. The larger intensity between 81 and 85 keV ob-
tained with the bismuth target in comparison with that ob-
tained with the gold target is attributed to E-M, 3 resonance
Raman scattering. The small KPz peak in bismuth data is
caused by a weak higher-energy contaminant in the source (see
Sec. II). The intense peak around 80 keV Inot fully shown) is
due to KPz x rays of gold. Several such data sets were ob-
tained.

and in lower channels the tails of the strong gold KPz x-

ray peak. The data obtained with bismuth reveal a
broad peak in the neighborhood of 88 keV and a smaller
but noticeable peak at about 89.9 keV. The higher-
energy peak is observed only with a bismuth target and
is clearly due to KPz x rays of bismuth. The broadening
on the lower-energy side of the 88-keV elastic scattering
peak is due to KP', x rays of bismuth. Note that the
light elements in the bismuth compound target contrib-
ute negligibly, i.e., less than 0.5%, to the 88-keV elastic
scattering intensity. The 88.03-keV y rays cannot pro-
duce a vacancy in the K shell of bismuth. The appear-
ance of the bismuth K x-ray peaks indicates that weak
radiations of higher energy were present in the source.
The data due to radiations directly from the source were
measured in a separate experiment with a Si(Li) detector
and also with a NaI(T1) detector. Significant intensities
of higher-energy y rays were not found. Therefore, it
was concluded that the undesirable higher-energy radia-
tion must be primarily bremsstrahlung from a weak P
contaminant in the source. This possibility has been
confirmed by Amersham. Bismuth K x-ray intensities
were typically about 2&(10 of the K x-ray intensities
measured with an equivalent lead target and indicate a
source P component of a few percent. From the data
presented in Ref. 4, it is apparent that such a contam-

inant was not present in the source used by the workers
in Canada.

The bismuth resonance Raman scattering (RRS) com-
ponent is evident from the data in Fig. 4 below about 85
keV. For example, the K-M3 RRS component is expect-
ed to appear at energies below (88.03 —BM ) keV, where

3

B~ is the binding energy of the M3 subshell and is
3

3.177 keV in the case of bismuth. There is no charac-
teristic x ray of bismuth with energy between 80 and 85
keV. In the same energy range, the bismuth data lie
substantially above the corresponding gold data, al-
though the bismuth counts in the neighborhood of 88
keV are somewhat less than the gold counts. Thus the
higher bismuth counts between 80 and 85 keV cannot be
due to a lower-energy tail of the peak around 88 keV.
Of course, the K-M2 RRS component is also expected to
appear below 84.33 keV. A similar enhancement, not
shown, was noticed in the bismuth data below 72.3 keV
corresponding to the K-L2 RRS component. The K-L, 3

RRS component could not be seen clearly because it
overlaps with the Ka2 x rays of bismuth at 74.82 keV
caused by the higher-energy source contamination men-
tioned in the previous paragraph. The observed bismuth
RRS intensities are consistent with those reported in
Ref. 4.

The data obtained with the bismuth target in the
neighborhood of 69.3 keV were used to determine the
Compton scattering cross section. For this purpose a re-
lation similar to Eq. (1) was used. The ratio of the mea-
sured Compton scattering cross section to the Klein-
Nishina prediction for a free electron gives the value of
the incoherent scattering function S(x,Z). On account
of the strong intensity of Ka x rays of gold and lead in
the neighborhood of the expected Compton energy,
values of S(x,Z) could not be determined in these cases.
However, another relation similar to Eq. (1) and Ka, x-
ray counts instead of elastic scattering counts were used
to estimate the K x-ray production cross sections in the
case of gold and lead and therefrom the K-shell
photoeffect cross sections. It should be noted that the
detector efficiency ratios needed for these determinations
have an error which is much smaller than the 5% error
mentioned in the case of elastic scattering cross sections.

III. RESULTS AND DISCUSSION

Although definite evidence is obtained for resonance
Raman scattering corresponding to K-L2 and K-Mp 3

transitions in bismuth, cross sections for these processes
are not reported for reasons outlined in Sec. II. The ex-
perimental values obtained for various other cross sec-
tions are summarized in Table I. In this table we also
show our new S-matrix predictions obtained in
independent-particle approximation in a Kohn-Sham po-
tential with Latter tail, shifting the energy scale to coin-
cide with experimental threshold energies. These
represent the best currently available theoretical predic-
tions.

We shall first discuss the elastic scattering cross sec-
tions. The first part of the discussion will show that the
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TABLE I. Results obtained with 88.03-keV y rays. The differential elastic scattering cross sections
do.,~/dQ at 125' are given in column 2. Corresponding S-matrix predictions are given in column 3.
The incoherent scattering function S(x,Z) and K-shell photoeffect cross sections o.z are listed in
columns 4 and 5, respectively.

Element

Aluminum
Gold
Lead
Bismuth

d o.,)/d 0
(10 cm /sr)

Experiment

0.0016+0.0002
0.711+0.049
0.604+0.054
0.221+0.020

Theory

0.00133
0.680
0.424
0.132

S(x,z)

68.6+4.7

cr (10 cm )

1960+122
1760+ 114

adopted experimental technique of normalization with
respect to aluminum Compton counts is satisfactory.
Referring to Eq. (1), one notices that only the elastic
scattering counts n, &, the number N„of target atoms,
and the effective target transmission factor T„are
different in the case of different targets.

In the case of y rays of energies as high as 88 keV in-
cident on a low-Z target such as aluminum, the form-
factor approximation is expected to give predictions ac-
curate to about l%%uo for the Rayleigh amplitudes. We
add the Rayleigh and the nuclear Thomson amplitudes
and obtain a value of 1.32&10 cm /sr. The full S-
matrix calculation is almost the same. The experimental
value in Table I is slightly larger than this theoretical
value. The deviation of (18+13)%%uo between experiment
and theory in this case should not cause serious concern
in view of the difficulty of measuring a very small cross
section with a weak source. Next we discuss the elastic
scattering cross section of gold. Since the photon energy
is only about 7.3 keV above the K-shell binding energy
of gold, the form-factor approximation is expected to be
unreliable for gold.

The experimental value of (0.711+0.049) && 10
cm /sr agrees with the S-matrix prediction of 0.680.
The calculation indicates a substantial suppression of the
real amplitude from its form-factor value and a compa-
rable magnitude imaginary amplitude. For lead, the
photon energy is now only 25 eV above the E-shell
threshold. The experimental value of (0.604+0.054)
&& 10 crn /sr is significantly larger than the S-matrix
prediction of 0.424. This prediction rejects a near-
complete cancellation (at this angle) of the real ampli-
tude and a cross section arising almost entirely from the
imaginary amplitude. Here one may worry about the
validity of independent-particle approximation (IPA),
the determination of the threshold position, the effect of
the large width of E-shell hole states, ' etc. Some en-
couragement for the view that IPA is adequate for the
imaginary amplitude follows from our observation (see
below) of a photoeffect cross section within 10% of the
IPA prediction. Finally, for bismuth the photon energy
is now 2.5 keV belo~ threshold. Experiment is substan-
tially (70%%uo) above theory, which again is due to a
significant predicted cancellation of the real amplitude,
but with a less important imaginary amplitude. The

above-mentioned experimental results and IPA calcula-
tions suggest that the near-threshold departure of the
real amplitude from the IPA prediction required for the
explanation of experimental values is of the order of
1.5ro in the case of lead and about 0.4ro in the case of
bismuth. Here the classical electron radius r o

=e /
4~come, e and m are the charge and mass of the elec-
tron, c is the velocity of light, and eo is the permittivity
of free space.

As a by-product, a value for the whole atom Compton
scattering cross section was determined in the case of
bismuth. The resulting value of the incoherent scatter-
ing function is (68.6+4.7), whereas the nonrelativistic ta-
bulations lead to a value of about 77 at x=6.3. A
smaller deviation of the same sign between experimental
and nonrelativistic values was noticed earlier in experi-
ments performed with 1.17- and 1.33-MeV y rays at
small scattering angles but for similar values of x.

The E-shell photoeffect cross sections measured in the
case of gold and lead are, respectively, somewhat larger
and smaller than the values 1770& 10 cm and
1968&&10 cm obtained by interpolation-extrapolation
from the tabulations of Storm and Israel, ' and of
Scofield' for atomic cross sections. These values have
errors of about 3%%uo. The recent calculation of Tulkki'
for radon gas atoms is useful for an understanding of
departures from Scofield predictions when the photon
energy is only slightly higher than the E-shell binding
energy. In the present case, solid-state environment
effects will also have to be considered.

The above discussions show that there is a significant
deviation between experiment and existing theoretical
calculations of elastic scattering near K-shell thresholds
of high atomic number atoms. Further experimental
and theoretical studies in this field will be very useful.
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