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A high-purity germanium detector was used to determine differential cross sections for the elastic
scattering of 81-keV y rays by aluminum, nickel, tantalum, gold, and lead through angles of 60°, 90°,
120°, and 133°. The atomic Rayleigh scattering amplitudes were obtained in the independent-particle ap-
proximation by calculations of modified relativistic form factors (MF’s), a combination of MF’s and
angle-independent ““anomalous” scattering factors (ASF’s), and the relativistic second-order S matrix.
Most experimental cross sections for gold and lead are slightly smaller than the calculations in the S ma-
trix or the MF-ASF approaches, the differences being larger in the latter case. The calculated cross sec-
tions based on MF’s are enormously larger than these values. The tantalum data are in good agreement
with S-matrix calculations. The data for Al show agreement with the different calculations, which differ

by less than about 6%.

PACS number(s): 32.80.Cy

I. INTRODUCTION

Elastic scattering of y rays and hard x rays by bound
atomic electrons is usually called Rayleigh scattering.
The form-factor approximation (FFA) has been found to
be useful for the description of Rayleigh scattering, espe-
cially for small-momentum transfers and photon energies
much larger than K-shell electron binding energies.
Significant deviations from the predictions of FFA’s are
expected in general when the stated conditions are not
applicable, and in particular when photon energies are
close to electron binding-energy thresholds. Several stud-
ies of y-ray scattering performed with semiconductor
detectors (e.g., [1-13]) have confirmed the above-
mentioned expectations. Gamma rays of 88.03, 84.3, and
81.0 keV were used in the first four studies, the remaining
studies having been done with 59.54-keV y rays. Since
relativistic effects are more important with increasing
atomic number Z, there is an increasing interest in pursu-
ing such investigations in the photon energy range cover-
ing K-shell thresholds of stable elements of very high Z,
i.e., from about 80 to 90 keV. The departures from form
factors are expressed in terms of energy-dependent, com-
plex “anomalous” scattering factors (ASF’s), which have
been usually assumed to be independent of angle [14].
Alternatively in some cases, elaborate calculations based
on the relativistic second-order S-matrix treatment have
been carried out (e.g., [15,16]).

In order to provide an extensive test of current theoret-
ical understanding, measurements were performed with
targets of aluminum, nickel, tantalum, gold, and lead at
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angles between 60° and 133°. Calculations of modified
relativistic form factors (MF’s), anomalous scattering fac-
tors, and S-matrix elements were carried out and are de-
scribed in Sec. II. Details regarding the experimental
procedures are outlined in Sec. III. In Sec. IV, con-
clusions are presented on the basis of comparisons of ex-
perimental data with theoretical calculations.

II. THEORETICAL CALCULATIONS

In the case of 81-keV ¥ rays, Delbriick scattering am-
plitudes are negligible and nuclear scattering is well
represented by the nuclear Thomson scattering amplitude
rofr, where ro=e?/mc?, fr=Z*m/ Am,), e is the elec-
tron charge, c is the speed of light, m and m, are electron
and proton masses, respectively, 4 is the atomic weight,
and Ze is the nuclear charge. In nonrelativistic theory,
Rayleigh scattering arises through the photon-electron
interaction Hamiltonian terms e?A-A/(2mc?) and
(—ep- A/mc), where A is the vector potential of the ra-
diation and p is the electron momentum operator. In the
cases studied in the present experiment, the nuclear
Thomson scattering amplitude, though not entirely negli-
gible, is less than 2% of the corresponding Rayleigh am-
plitude. The AZ%-dependent term alone leads to the
form-factor description of atomic Rayleigh scattering
cross section do g /d ), and to Eq. (1) in the case of unpo-
larized incident photons:

d
d(;f =1ri(1+cos®d)|f (g, (1
where
« p(r)sin(gr)ridr
=4 ) (2
flg=dm [ L—‘L—qr )
#ig =2(#w /c)sin(0/2) , (3)
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where fig is the momentum transfer in scattering,
#i=h /2w, h is Planck’s constant, » is the angular fre-
quency of the radiation, 6 is the scattering angle, and p(r)
is the electron number density at a distance r from the
center of an atom. Note that the elastic scattering cross
section is obtained by the coherent addition of the nu-
clear Thomson and the Rayleigh contributions, e.g., in
the FFA by the replacement in Eq. (1) of f(q) by
[f(g)+fr]

When electron binding correction is introduced, the
corrected form factor g;(q) for the ith subshell with the
corresponding density p;(r) calculated relativistically is
known as the modified relativistic form factor (MF). If
E; and ¢; are respectively the total energy and binding
energy of an electron in the ith subshell, E;=(mc?—¢;),
and V(r) is the potential energy at a distance r from an
atomic center, we obtain Eq. (4):

I i(r)sin(qr)rz 2
gi(q)=477'f0 P mc

p- [E,-—V(r)]dr . (4)

The total atomic g(g) is the sum of g;(g) over occupied
subshells. In comparison with the simple form-factor ap-
proach, the use of modified form factors incorporating
binding corrections at least partially in an approximate
way is expected and indeed found to provide a better rep-
resentation of many experimental data. Of course, addi-
tional considerations are needed under the circumstances
mentioned in Sec. I.

The p- A interaction term leads to the introduction of
explicitly energy-dependent real and imaginary anoma-
lous scattering factors /' and f'' or g’ and g"’, in the two
schemes respectively. Accordingly, in Eq. (1) for the
atomic Rayleigh scattering cross section, | f(q)|> will be
replaced by UF@+L12+1F712, or by
[lg(g)+g'|*+Ig”|?], respectively. From the optical
theorem, it is known that the dominant part of the anom-
alous scattering factor f”’ or g’ in the forward direction
is proportional to the photoeffect cross section at the
same energy. A dispersion relation connecting the real
and imaginary parts of the Rayleigh amplitudes is then
used to calculate the real part of ASF’s.'® Since a method
for the calculation of angular variations of ASF’s is not
yet available, ASF’s are frequently assumed to be in-
dependent of angle.

In a previous work [14], it was demonstrated that the
real anomalous scattering factors f'(w) calculated by
Cromer and Liberman [17,18] rely on the dipole approxi-
mation in obtaining the high-energy limit f; (), even
though that approximation is not correct at high ener-
gies. Then a correction term §f' is needed to obtain

S o)

fllo)=fc(@)+8f’ (5)
and

8f'=f"(w)=frr(w), 6

where f'( ) is the correct high-energy limit of f’. Note
that g"(0)=f"(w) and g'(w) is given by Eq. (7), since
the modified form factor g(q) accounts correctly for the
high-energy limit of the Rayleigh amplitude:

g'(@)=ferl@)—fep(o) . (7)

As shown earlier [14], the correction term changes the
calculated cross section by as much as 40% in the case of
59.54-keV photon scattering by lead through 180°. Fur-
ther, the same type of correction also removes to a large
extent the deviations noticed between accurate experi-
mental values of f' for silicon up to about 45 keV [19]
and Cromer-Liberman calculations.

Relativistic MF and ASF calculations have now been
performed for 81.000-keV y rays on the basis of a poten-
tial incorporating a local Slater exchange and a Latter
tail. The contributions of bound-to-bound transitions
have been included in the evaluation of ASF’s. Note that
the experimentally determined binding energy €y of a
gold K-shell electron is 0.277 keV below 81 keV, but that
the calculated value of ex according to the Dirac-Slater
model is 81.007 keV. Thus an energy-shifting procedure
was adopted in the case of calculations for gold. The
photon energy was varied upwards from 81.007 keV in
steps of 0.05 eV to 81.017 keV, then in steps of 1 eV up to
81.027 keV and in larger steps above 81.027 keV. In the
energy range between about 81.2 and 81.4 keV, i.e., for a
photon energy excess above 81.007 keV of more than 0.2
keV and less than 0.4 keV, the calculated cross sections
differed by less than a few percent and thus are not very
sensitive to the assumed value of photon energy excess.

Relativistic second-order S-matrix calculations were
carried out in the cases of relatively strongly bound or
“inner” subshells for which the ratio of photon energy to
the subshell binding energy was less than 300. This con-
dition is satisfied in the case of tantalum for example by
K, L, M, and N, to N; subshells. In the case of gold and
lead, N, and N5 subshells also satisfy this condition. The
calculations for “outer” electrons were carried out by the
simpler procedure described in detail earlier [16]. As in
the case of ASF calculations, an energy-shifting pro-
cedure was necessary for the evaluation of cross sections
for gold. In the S-matrix calculations, the cross sections
differed by less than 1.5% for angles larger than 60° as
long as the chosen photon energy excess was within £15
eV of the expected value of 277 eV. A test was also made
of the sensitivity of the calculations to the nature of the
assumed exchange potential. If the Kohn-Sham (% Slater)
exchange potential is used, the calculated value of e in
the case of gold is 80.591 keV. For a photon energy ex-
cess within 15 eV around the expected value of 277 eV,
the cross sections calculated with the Kohn-Sham ex-
change differed from those calculated with the Slater ex-
change by less than about 1.5%.

The calculated values of cross sections are presented in
tabular and graphical forms in Sec. IV.

III. EXPERIMENTAL DETAILS

A thin **Ba source of strength 7.4X10° Becquerel
(~20 m Ci) and 0.1-cm diameter was used to provide 81-
keV y rays. The source also emits a stronger intensity of
356-keV y rays and weaker intensities of ¥ rays of 53.2,
79.6, 160.6, 223.1, 276.4, 302.8, and 383 keV [20]. The
source was housed at the center of a cylindrical lead
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shield of 15.5-cm diameter and 18-cm length. The lead
shield was covered with brass of 0.6-cm thickness in or-
der to attenuate K x rays of lead. The y rays from the
source emerged through a brass-lined collimator of 0.8-
cm diameter and 10-cm length. The entire source hous-
ing was mounted on an arm which could be rotated about
a vertical direction passing through the target center.
The distance between the source and the target center
was 23 cm.

Targets of better than 99.5% purity were mounted in
conventional reflection geometry with thin tapes on light
frames which were well outside the spread of the y-ray
beam. The targets were thin enough to ensure an
effective transmission for elastically scattered 81-keV y
rays larger than 0.66. The normal target thicknesses
were 0.900, 0.360, 0.0249, 0.0252, and 0.0939 g/cmz, re-
spectively, in the case of aluminum, nickel, tantalum,
gold, and lead. In order to determine the contribution of
possible secondary effects such as multiple scattering,
thinner targets of 0.121-g/cm? aluminum and 0.180-
g/cm? nickel, and thicker targets of 1.800-g/cm? alumi-
num and 0.0905-g/cm? gold, were also utilized.

The distance from the target to the center of the planar
high-purity germanium detector was 23 cm. The detec-
tor supplied by EG&G ORTEC had a diameter of 1.6 cm
and a thickness of 1.0 cm. The preamplifier output was
connected to a Tennelec TC 242 amplifier whose output
was analyzed by an IBM personal-computer- (PC-) based
4096-channel pulse-height analyser supplied by Nu-
cleonix Ltd., Hyderabad, India. The system FWHM (full
width at half maximum) at 81 keV was about 0.46 keV,
and was therefore adequate to resolve the photopeaks of
81- and 79.6-keV y rays from the source. Two different
cylindrically symmetric shielding arrangements employ-
ing brass-lined lead or tungsten carbide were used close
to the detector. The opening in front of the detector had
a diameter of 5 cm in the case of lead shielding, and 2 cm
in the case of tungsten carbide shielding. Both the
shields had lengths of 12 cm and outer diameters of 11
cm. Of course, as expected, the background counts
determined in the absence of any target were lower with
the tighter shield. But the net target-dependent counts
were found to be independent of the differences between
these two shielding arrangements.

As described previously [1], the error in the measured
elastic-scattering cross section do/d(Q is reduced if the
elastic-scattering counts due to a target under study are
compared with the Compton scattering counts N ‘é},mp due
to an aluminum target. With such a procedure, the
source strength and the detector solid angle do not need
to be determined, and only ratios of quantities such as
detection efficiencies and target transmissions for similar
energies are needed. Then we have

da'el

i’

Na _ M' 4M Ty €,
Al Al t Al
N Comp M 4 TComp €comp

[dod)y,/d2] ™!

(8)

where M' and MA! are the masses per unit area of the tar-
get under study and of aluminum, respectively, A4* and
AAl are the atomic weights of the target under study and
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of aluminum, T, and T’C‘(‘,mp are the transmissions for
81-keV elastic scattering with the target and for corre-
sponding Compton scattering with aluminum, €3, and
€comp are the photopeak detection efficiencies for 81 keV
and for the energy after Compton scattering, and
d Ué‘},mp /d Q) is the Compton scattering cross section of an
aluminum atom for 81-keV y rays. The last-mentioned
cross section is calculated reliably through the incoherent
scattering function approach [21], since the binding ener-
gies of electrons in a low-Z atom are very small in com-
parison with 81 keV:

doé(])mp _ dO’KN

dQ  da
where do®V/dQ is the differential cross section for
Compton scattering by an electron according to the well-
known Klein-Nishina formula, S(x,Z =13) is the in-

coherent scattering function for aluminum, and x is given
by Eq. (10):

x =sin(6/2)/[A (A)], (10)

S(x,Z=13), (9)

where 0 is the angle of scattering and A is the wavelength
of the incident radiation in A.

Pulses arising from the detection of ¥ rays of energies
higher than 81 keV give rise to a continuum underlying
the photopeaks due to elastic scattering and Compton
scattering of 81-keV y rays. Uncertainties in the estima-
tion of the continuum intensities contribute to errors in
the experimental determination of cross sections.

Scattered beam spectra obtained in one set of measure-
ments at 133° are shown in Fig. 1 for tantalum in the
neighborhood of 81 keV, and in Fig. 2 for aluminum near
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FIG. 1. Net counts obtained with the tantalum target in 30 h
at 133°, in the neighborhood of the pulse height corresponding
to 81 keV. The shape of the calibration source spectrum deter-
mined in 2000 s is represented by squares, the statistical errors
being smaller than the sizes of the squares.
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to avoid crowding of data points, only fourth consecutive points 4yt
are shown. The statistical errors are smaller than the sizes of
the points. As indicated by the arrow, the peak of 81-keV y
rays after Compton scattering is at 63.950 keV. A continuum 0 L 1
due to higher-energy ¥ rays is shown by the dashed line. See 80 81 82

Sec. III for further details.

the Compton peak. For comparison purposes, the
squares in Fig. 1 show a thin calibration source spectrum
recorded in 2000 s and scaled down by a factor of about
0.01. The statistical errors of the calibration source data
are smaller than the sizes of the squares. The full width
at half maximum of the elastic scattering peak in Fig. 1 is
about 0.54 keV, and is slightly larger than that of the
calibration spectrum on account of unavoidable pulse
height shifts during the long scattering run. Note that
the width of the Compton spectrum is expected to be
much larger than that of the elastic-scattering peak on
account of the finite angular acceptance, ~+2° in this ex-
periment, and the momentum distribution of electrons in
the scatterer [22,23]. It is seen to be <1.8 keV in Fig. 2.
Therefore, the Compton peak around 63.07 keV arising
from the weak (~8.14%) intensity of 79.6-keV y rays
(see Ref. [20]) cannot be resolved from the Compton peak
of 81-keV y rays around 63.95 keV. But a resulting
asymmetry on the low-energy side of the peak is observ-
able. If data on the high-energy side of the peak are then
analyzed in terms of a Compton profile according to the
impulse approximation [22,23], a p, value of about 0.008
mc is obtained corresponding to the half-intensity point
and is quite consistent with that obtained from 59.54-keV
scattering data presented in Fig. 3 of Ref. [23]. Here, p,
is the component of initial-state electron momentum
along a direction parallel to the scattering vector. The
intensities of the two unresolved Compton peaks are pro-
portional to the products of the respective source emis-
sion probabilities; T¢mp €comp and dodh,,/dQ. The
three aforementioned factors vary slowly with decreasing
photon energy, and in a partially compensating manner.
Thus at 133°, the 79.6-keV contribution to the composite
Compton peak was estimated to be 8.2% of that of 81-
keV y rays, and was allowed for in the determination of

ENERGY (keV)

FIG. 3. Net counts obtained with the aluminum target in 16
h at 60°, in the neighborhood of the pulse height corresponding
to 81 keV.

the 81-keV Compton intensity. In the latter case, the sta-
tistical error was less than 1%, but the combined error on
account of the previously mentioned features was about
+5%.

Net counts N, due to elastic scattering of 81-keV y
rays varied from about 20 per hour in the case of alumi-
num at 133°, to about 250 per hour in the case of lead at
60°. The background counts in the absence of a target
varied from 20-30 per hour. Several sets of measure-
ments were made at each angle, sometimes also with
different amplifier gains, and counting times of about 40 h
were used with each target at each angle. The errors in
N, were about £10% in the case of aluminum, and be-
tween £4% and +9% in the case of the other targets.

The target masses were measured with an analytical
balance to an accuracy of +2 mg. The transmission fac-
tors were calculated with the help of attenuation
coefficients interpolated between the values tabulated by
Storm and Israel [24]. With the thin targets in reflection
geometry, a possible error of 5% in attenuation
coefficients leads to less than 1.5% error in the values of
T factors. As shown previously [1], the germanium
detector efficiencies between 56.3 and 88 keV could be
determined from the measurements of relative intensities
of Ka,, Ka,, KB}, and KB, x rays of tantalum, gold, and
lead. The deduced values of the ratio €g/€com, varied
from 0.95 at 60° to 0.85 at 133°, with an estimated error
of £3%. Note that these values are consisent with those
determined by an alternative method which relies on
measurements of intensities of different y rays from a
thin !3Ba source, and attenuation coefficients and
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photoeffect to Compton ratios for germanium from a re-
cent tabulation [25].

The errors arising from the different ratios in Eq. (8)
were combined in quadrature in order to determine the
errors indo,/d}.

Additional representative data for net counts in the
neighborhood of 81 keV obtained at 60° with aluminum
and lead are presented in Figs. 3 and 4, respectively. The
counts shown in the figures below about 80.3 keV arise
clearly from the previously mentioned continuum and the
elastic scattering of 79.6-keV y rays.

The data obtained in the case of gold at 133° are shown
in Fig. 5. A broad and relatively intense peak is observed
in the neighborhood of 80.3 keV, with a slight shoulder
near 81 keV. These features of the distribution arise from
unresolved peaks due to gold K3, x-ray components at
80.078, 80.177, 80.380, 80.660, and 80.720 keV, and elast-
ically scattered y rays of 79.6 and 81 keV. Although the
absolute transition probabilities for the different KfB; x-
ray components are different according to different atom-
ic models, e.g., the Dirac-Slater model [26] or the Dirac-
Fock model [27], the ratios of the transition probabilities
turn out to be nearly the same in the two models. A
least-squares-fitting routine employing seven Gaussians
with a common but adjustable width and the previously
mentioned known ratios was utilized to separate gold
data over a range of about 2.2 keV into the seven constit-
uent contributions. The combined spectrum resulting
from the best fit is also shown in Fig. 5, for convenience
of presentation, by a smooth curve. The generally good

1000 T -
60°
Pb
gool * i
600} + * .
)
N
pd
3
(&)
w0} oot
79.6 4 4
200} ¥ i
*++++ t \
t
botyt bovy
0 1 i
80 81 82

ENERGY (keV)

FIG. 4. Same as for Fig. 3, except that a lead target was used
instead of aluminum.
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FIG. 5. Net counts arising from gold Kf3; x rays, and elasti-
cally scattered 79.6- and 81-keV y rays obtained with the gold
target in 51 h at 133°. The spectrum calculated by a least-
squares-fitting procedure is represented by the solid curve. See
Sec. III for details.

fit is somewhat poor in the two lowest channels because
of the higher channel tail of the more intense K 3] x rays
at slightly lower energies. The separation of the fitted to-
tal spectrum into seven constituent peaks is shown in Fig.
6. Here a logarithmic scale has been used, since the in-
tensity of the weakest component near 80.72 keV is only
about 0.003 of that of the strongest component at 80.177
keV. Note that 81-keV elastic scattering contributes only
about 12% of the total counts in an interval of 1.2 keV
centered at the channel corresponding to 81 keV. A
quantitative idea of the goodness of the fit in Fig. 5 can be
obtained by the following procedure. Let C., and C fy Te-
spectively, represent the measured and fitted counts in ith
channel. If the error in Cl, is E', then Y'=(C, —C})/E'
and x? per degree of freedom is defined as the sum of
(x)?* divided by (n —p), where n is the number of data
and p is the number of adjustable parameters in the fitting
procedure. For the data shown in Fig. 5, )(2 was 1.18.
Good fits were also obtained at 60°, 90°, and 120°, the cor-
responding x? values being 0.84, 0.66, and 0.83, respec-
tively. Since the 81-keV elastic-scattering peak was not
resolved from the gold K f3; x-ray peaks, the errors in the
gold cross sections are larger than those in the other
cases.

As an independent check of the above-mentioned pro-
cedure, an additional experiment was performed with
88.03-keV ¥ rays of a '%Cd source exciting the gold K x
rays. In this case, the 80—81-keV range included only the
five components of gold K3, x rays. The good fit of ex-
perimental data with the resultant of the five components
is shown in Fig. 7. Note that in this case the fit is also



ELASTIC SCATTERING OF 81-keV ¥ RAYS 3669
10*

T
80.08+
v

80.664 :-50.72

somewhat poor in the two lowest channels shown, on ac-
count of the tail of K3} x rays.
80188038 a1

1 Lo 1

The final experimental results for 81-keV elastic-

scattering cross sections are presented in Sec. IV.
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IV. RESULTS AND CONCLUSIONS

The main focus of the present study is on angular dis-
P tributions of y-ray elastic-scattering cross sections near
/ XN K-shell thresholds ¢ of stable elements of very high Z.
4 NN Note that the y-ray energy of 81 keV is about 7 keV
102 '- oo below € of lead. In previous measurements at six angles
between 60° and 150° [5], the 59.54-keV photon energy
e A ) was about 7.9 keV below e of tantalum. Therefore,
i N A i qualitative similarities are expected between the results in
! these two cases, and are indeed observed. Further since
the experimental value of €4 in the case of gold is 80.723
\ . keV, “anomalous” scattering effects have been probed in
the present study at an energy much closer to €4 than in
| most other studies [2,3,5-13] mentioned in Sec. I. The
[ measured cross sections are not expected to be appreci-
ably influenced by solid-state environment effects in the
N 4 range from 3.266 to 5.991 of the momentum-transfer pa-
rameter x for this experiment. Thus the experimental re-
ENERGY (keV) sults have been compared with calculations for isolated
atoms. In the case of aluminum (Z =13) with g as low
FIG. 6. The fitted spectrum in Fig. 5 is shown on a logarith-
mic scale along with the seven constituent Gaussians represent-

as 1.56 keV, the cross sections, including the effect of nu-
ing five gold Kf3; x-ray components, and elastically scattered
79.6- and 81-keV ¥ rays.
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FIG. 8. Differential cross sections for elastic scattering of
81-keV y rays by aluminum. The theoretical values are ob-
tained by the coherent addition of nuclear Thomson and atomic
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Rayleigh amplitudes. The latter are calculated with relativistic
ENERGY (keV)

modified form factors (MF’s), with combinations of MF and

“anomalous” scattering factors (ASF’s), and with the relativistic
second-order S-matrix treatment. See Sec. II for details, and
FIG. 7. Spectrum obtained in 20 h from only gold K3; x rays Sec. IV for conclusions. Note that cross sections calculated ac-
excited by 88.03-keV y rays from a 'Cd source. The solid cording to MF and MF-ASF schemes in the case of aluminum
curve shows the spectrum calculated by a least-squares-fitting are not very different from the corresponding values obtained by
procedure employing only five Gaussians in this case to
represent the gold K8; x-ray components.

the S-matrix treatment and are therefore not shown separately
in this case.
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clear Thomson scattering, calculated on the basis of
modified form factors (MF’s), combinations of MF and
anomalous scattering factors (ASF’s), and the relativistic
second-order S matrix differ by less than about 6% in the
relevant cases (Table I). The experimental results for
aluminum presented in Table I and Fig. 8 are in good
agreement with these calculations.

The experimental and theoretical results for nickel,
tantalum, gold, and lead are listed in Table I, and are also
presented graphically in Figs. 9, 10, 11, and 12, respec-
tively.

In the case of nickel (Z =28, €4 =8.333 keV), the
angle-independent real anomalous term g'(= +0.0835) is
of the order of 5-10% of g(q), and |g”|? is less than
0.5% of lg(q)|2. In Fig. 9 for nickel, the experimental
values with 810 % errors do not show a consistent trend

over the whole angular range with respect to any one of
the three methods of calculation. However, it can also be
seen from the caption of Table I that for nickel the aver-
age value 3.29 of y? with the MF-ASF approacah is
significantly larger than 2.26 with the MF calculation or
2.10 with the S-matrix treatment.

Experimental values with about 10% errors in the case
of tantalum (Z =73, e, =67.4 keV) show excellent agree-
ment with S-matrix calculations. In this case, the
modified form factor g(gq) decreases from about 6.99 at
60° to 3.41 at 133°, and the angle-independent real anom-
alous term g’ is —0.359. Over this angular range,
g'/g(q) varies from about —0.05 to —0.1, and
lg”"1%/1g(g)|? increases from 0.12 to 0.51. So the cross
sections calculated in the MF-ASF approach are only
moderately larger than the MF results, the differences be-

TABLE 1. Cross sections for the elastic scattering of 81-keV ¢ rays. The theoretical values are cal-
culated by the coherent addition of nuclear Thomson and atomic Rayleigh scattering contributions.
The latter have been obtained on the basis of relativistic modified form factors (MF’s), a combination of
MF and anomalous scattering factors (MF-ASF), and also the relativistic second-order S matrix. The
calculated values of cross sections are given in columns 2, 3, and 4, respectively. The experimental
Cross sections o, along with errors A appear in column 5. If o is the calculated value in column 4,
Xs=(0expe—0s)/A and (xs) is listed in the last column. For Al, Ni, Ta, Au, and Pb, average values of
(xs)? are, respectively, 0.60, 2.10, 0.06, 1.17, and 2.13; average values of similarly defined (¥ yr.asr)’ are
0.59, 3.29, 1.00, 1.29, and 7.06; and average values of similarly defined (xmr)? are 0.85, 2.26, and 0.70 in
the case of Al, Ni, and Ta, respectively. In the case of Au and Pb, oy is larger than 1.4 times o, and
s0 Ymr is not listed. All cross sections are given in 1072* cm?/sr. See Sec. II for more details regarding

calculations.
Calculated cross section (b /sr)
6
(deg) MF MF-ASF S matrix T expt (b/ST) (xs)?
Al
60 0.023 66 0.02407 0.023 82 0.0222+0.002 6 0.38
90 0.004 928 0.005 094 0.005043 0.005 8240.000 70 1.24
120 0.002 247 0.002 374 0.002 353 0.002 63+0.000 33 0.72
133 0.001929 0.002 057 0.002 033 0.00196+0.000 30 0.05
Ni
60 0.1328 0.146 8 0.1413 0.125+0.011 2.11
90 0.049 28 0.05708 0.054 39 0.0570+0.0043 0.37
120 0.04198 0.05011 0.04773 0.0505+0.0040 0.49
133 0.043 40 0.052 39 0.049 50 0.0397+0.0042 5.44
Ta
60 2.435 2.486 2.377 2.35+0.20 0.02
90 0.7935 0.9070 0.8467 0.843+0.096 0.00
120 0.6639 0.8348 0.7693 0.741+0.082 0.12
133 0.6831 0.8931 0.8082 0.783+0.083 0.09
Au
60 3.268 1.429 1.531 1.26+0.19 2.02
90 0.9449 0.4444 0.4356 0.386+0.058 0.74
120 0.7779 0.4967 0.4415 0.549+0.082 1.70
133 0.8138 0.5803 0.4931 0.461+0.069 0.22
Pb
60 3.790 2.709 2.552 2.21£0.17 4.00
90 1.059 0.5888 0.5354 0.518+0.045 0.14
120 0.8423 0.3992 0.3572 0.314+0.033 1.70
133 0.8843 0.4006 0.3526 0.304+0.030 2.67
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FIG. 9. Same as for Fig. 8, except that nickel is the scatterer.

tween them increasing from about 2% at 60° to 30% at
133°. The tantalum data in Table I are in fair agreement
with either the MF or MF-ASF calculations, and in Fig.
10 are seen to be approximately midway between the two
calculations for 6= 90°.

An idea of the nature of variation of ASF’s with pho-
ton energy near g can be obtained from previously pub-
lished interferometric and theoretical work, respectively
[28,29]. The MF cross sections are nearly three times
larger than the experimental values for gold at 60°, and
for lead at 133°. This trend can be understood since, cor-
responding to these two cases, g’ and g(q) are —3.776
and 8.097, and —1.391 and 3.881, respectively. In this
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FIG. 10. Same as for Fig. 8, except that tantalum is the
scatterer.
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FIG. 11. Same as for Fig. 8, except that gold is the scatterer.

context note also that |g”’|? is 9.973 for gold but only
0.5952 for lead. The MF-ASF calculations follow the
trend of the experimental data for gold except near 133°,
but are systematically somewhat larger than experimental
values in the case of lead. As mentioned in the beginning
of this section, the MF-ASF calculations for tantalum
with 59.54-keV ¥y rays are also similarly larger than the
corresponding experimental values obtained previously
[5]. In Figs. 11 and 12, the experimental results show
reasonable agreement with S-matrix calculations.

It is evident from Table I that the cross sections calcu-
lated according to the MF-ASF scheme have turned out
to be systematically a little larger than the S-matrix re-
sults, except for gold at 60°. The probable reasons for the
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FIG. 12. Same as for Fig. 8, except that lead is the scatterer.



3672 BASAVARAJU, KANE, KISSEL, AND PRATT 49

differences need to be studied in detail, since the simpler
MF-ASF approach has to be used in many cases (e.g.,
[30]) due to a lack of availability of elaborate S-matrix
calculations.
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