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Die'erential cross sections are reported for the elastic scattering of 344-, 411-, ~".~-, 723-, 779-,
868-, 964-, 1005-, 1086-, 1112-, 1275-, and 1408-keV y rays through scattering angles from 2 to 45'

by targets of Cu, Mo, Sn, Ta, Pb, and U. The results have been compared with two sets of theoreti-
cal cross sections for Rayleigh plus nuclear-Thomson plus Delbruck scattering. The first set was in-

terpolated from the tables of P. P. Kane et al. [Phys. Rep. 140, 75 (1986)],which are based upon ex-

act S-matrix amplitudes for inner-shell Rayleigh scattering and use of modi6ed form factors and
photoelectric cross sections for outer-shell Rayleigh scattering; the second set was based upon
modi5ed-form-factor Rayleigh amplitudes for all electron shells. The measured cross sections agree
to closer than 10' with the Kane et al. calculations and indicate that for larger scattering angles,
higher photon energies, and heavier target elements the modi6ed form factor overestimates Ray-
leigh scattering. At small scattering angles there is no evidence for any systematic discrepancy be-
tween experiment and the cross sections of Kane et al.

I. INTRGDUCTION

The elastic scattering by atoms of y rays of energies up
to a few MeV has been the subject of intensive experi-
mental investigation in an attempt to assess the accuracy
of the theoretical cross sections computed from the con-
tributing processes of Rayleigh, nuclear-Thomson, Qel-
bruck, and nuclear-resonance scattering. A detailed in-
vestigation of the elastic scattering of ' Eu and ' Eu y
rays through small angles has already been published, '

and the present work extends this investigation to larger
angles where the differences between the various theoreti-
cal models are more marked.

For y-ray energies below a few MeV the dominant pro-
cess is Rayleigh scattering for which the most accurate
calculations2 are based upon the second-order S matrix
in the bound-interaction picture, which allows for atomic
binding el'ects on the initial, intermediate, and Snal elec-
tron states, and involves multipole expansions of the ini-
tia1 and final photon fields and numerical solution of in-
homogeneous radial Dirac equations for each atomic sub-
shell. These numerical partial-wave calculations require
vast amounts of computer time and, consequently, have
been restricted primarily to E- and I.-shell scattering.
For this reason the form-factor and modified-form-factor
approximations of Franz are still widely used to calcu-
late Rayleigh scattering. In particular, modi6ed form
factors have recently been used by Kissel and Pratt ' to
obtain outcr-shell Raylcigh scattering amphtudes which,
when combined with the accurate inner-shell S-matrix
calculations, yield total-atom Rayleigh amplitudes accu-
rate to the order of 1%.

Gf the remaining contributions to clastic scattering,
nuclear-Thomson scattering is accurately described by
the simple formula for classical scattering of an elec-
tromagnetic wave from a free structureless point charge
(ln this case the Illlclells), Delbl'uck scatterlllg llas beeli
calculated ' to order a(aZ) using the first Born approx-

imation for the interaction of the virtual electron-
positron pair with the nonquantized Coulomb field of the
nucleus, and nuclear resonance scattering is negligible for
thc y-ray energies considered in this investigation since
the giant-dipole resonances are centered around =80
A ' MeV and have full widths at half maximum of a
few MeV. These Delbruck and nuclear-Thomson ampli-
tudes have been combined with the accurate Rayleigh
amplitudes of Kissel and Pratt ' to yield~ theoretical
elastic scattering cross sections with uncertainties conser-
vatively estimated as 2%, thus surpassing the typical er-
rors of 5-10% in the present experimental data. Kane et
al. also present a detailed comparison of existing experi-
mental data with their theoretical cross sections and con-
clude that„although there is no evidence for any sys-
tematic disagreement between theory and experiment, the
largest discrepancies do appear to occur at the smaller
scattering angles and that, for the most extensive data set
(Pb), the theoretical results lie below experiment for
145-412 keV and above experiment for 662-1332 keV.

DifFerent ranges of scattering angle provide difFerent
checks on the adequacy of the theoretical calculations.
For small-angle (that is, small-momentum-transfer) elas-
tic scattering, Rayleigh scattering is the only significant
contributing process to the cross section. Furthermore,
in this region there will be major contributions to Ray-
leigh scattering from outer atomic subshclls for which
only form. -factor amplitudes are available. Roy et al.
have shown that, for small momentum transfers, cross
sections calculated with Rayleigh scattering represented
by form-factor amplitudes (denoted NRFF) computed us-

ing nonrelativistic Hartrce-Fock atomic wave functions,
and modified form-factor amplitudes (denoted RMFF)
computed using relativistic Dirac-Hartree-Pock-Slater
(DHFS) atomic wave functions, agree closely with the S-
matrix calculations of Kissel and Pratt, ' whereas form-
factor amphtudes (denoted RFF) computed using DHFS
wave functions are too large.
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At larger angles the differences between the various
theoretical models for Rayleigh scattering are more
marked, and the inclusion of Delbruck scattering is
essential. Accurate measurements in this region can
therefore test both the validity of the various treatments
of Rayleigh scattering and of the Born-approximation
Delbruck amplitudes.

A previous investigation' on small angle (8&10'}
scattering of Eu y-rays yielded experimental data in good
agreement with theoretical cross sections for Rayleigh
plus nuclear-Thomson scattering based upon RMFF
Rayleigh amplitudes. This present paper extends this in-
vestigation to larger scattering angles and reports on the
scattering of 344-, 411-, 444-, 723-, 779-, 868-, 964-,
1005-, 1086-, 1112-, 1275-, and 1408-keV y rays through
scattering angles of 15', 20', 30', and 45' by targets of Cu,
Mo, Sn, Ta, Pb, and U. Low count rates restricted the
Cu results to 8 & 15', the Mo results to 8& 30', and the Sn
results at 45' to energies below 779 keV. The use of a Eu
y-ray source allaws simultaneous determination of crass
sections for the difFerent y-ray energies, which reduces
experimental running time and eliminates many sources
of error, thus allowing all cross sections to be related
back to one normalization point. The experimental cross
sections are campared with theoretical cross sections for
Rayleigh plus nuclear-Thomson plus Delbruck scattering
interpolated from the tables of Kane et al. Comparisons
are also presented with the "best possible" form-factor
model in which RMFF Rayleigh amplitudes are used.
For completeness, tabulations of the present results also
include the data for 2', 3', 5', 7', and 10' scattering which
were discussed, but not tabulated, in our earlier investiga-
tion. ' A preliminary report on some of the present re-
sults has already been published. '

II. THEORY

The diN'erential cross section for elastic scattering of
unpolarized y rays of energy iik0 through an angle 8 into
the element of solid angle d 0 is

=r,
~
f(a), 8)

~

=r,'[
f
f+(a, 8) f'+

f f (~,8) ['], (3)

where f+ and f are the amphtudes for no-spin Ihp and
spin Sip, respectively, that is, for no change and change,
respectively, in the state of circular polarization.

The exact calculations of Rayleigh scattering ' are
based upon the second-order S matrix for scattering of a
photon of initial four-wave vector k, =(co,k, } and four-

where f(co, 8) is the total elastic scattering amplitude in
units of the classical electron radius r, . For y-ray ener-
gies up to a few MeV, f(t0, 8) is a coherent superposition
of amplitudes for Rayleigh R, nuclear-Thompsan T, Del-
bruck D, and nuclear resonance N scattering, i.e.,

f=R+T+D+N .

If each scattering process is described in terms of circu-
larly polarized photons, then

polarization e"=(0,e") into a state with k& ——(co, k&)
and e'J'=(O, e'/'},

and

S"= ' f f d x'd x g(x')ye'I'
8$' 'flN

Xexp(ikix')S"""(x ',x )y e"

)& exp( ik,—x )g(x ),

The y" (p, =0, 1,2, 3) are the Dirac matrices, x"=(ct,x),
the atomic states f(x ) are solutions of the Dirae equation
for an electron in an external Seld A „'"",

r

8 e l,„,) rriec
iy" ——y"A '""(x) — f(x )=0,

Bx&
(7)

and the bound-electron propagator S"""(x',x }satisfies

i y" — y"A—'*"(x) — S'""(x',x )
8 e lfleC

= —2tS'"'(x —x ) . (8)

z&(R gRll) (12)

A multipole expansion of the photon interaction terms

a":—e"exp( ik; x)—
and a' ' then results in the Rayleigh amplitudes R'~~' '

being expressed as a sum over 611ed atomic subshells of
multipole amplitudes constructed from the solutions of
the inhomogeneous radial Dirac equations. Most of the
calculations have used DHFS self-consistent potentials
for V(r ) but have restricted the sum over subshells to the
K-, I,-, and, in some cases, M-shell electrons.

The widely used form-factor treatment of Rayleigh
scattering ' replaces the bound-electron propagator

The calculational procedure developed by Brown and co-
workers, " Johnson and coworkers, and Kissel and
Pratt ' assumes a spherically symmetrical static external
Iield A„'""=(0, V(r)/c) and that the scattering is from
an atom with filled subshells. The Smatrix

S=r E. e'I"e"'
e jk j k

can then be written in terms of polarization vectors paral-
lel all and perpendicular ei to the scattering plane as

S=r Rile'I' e"+r,Rim'/' e" .e (( )) e

In terms of circular polarization vectors

1Eg= W ~ (e'llklei), '

&2

the amplitudes for no change R+ and change R, re-
spectively, in the state of circular polarization are
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with the free-electron propagator, that is, atomic binding
effects are neglected in the intermediate states, an ap-
proximation which requires the atomic binding energies
B,=m, ci E—, to be much less than the photon energy
Ace, and also that all momentum transfers to the atom to
be much less than m, c. The amplitudes for Rayleigh
scattering from the ith atomic subshell are then

As a consequence of the above observations, Pratt and
co-workers ' computed total-atom Rayleigh amplitudes
according to the prescription of numerical S-matrix am-
plitudes R for the inner shells (usually K and L shells),
and

RCR;i = —g, , RCR)~ = —g;cos8,

g,.*=——,'(1+cos8)f; (q ),
where f; is the atomic form factor

f (q ) = f d x pt(x)exp(iq x)f; (x}

Aq =(2A'co/c )sin(8/2)

(13)

for the outer shells. 0; is the total photoelectric cross
section for the ith shell and vanishes for A~ &8;.

The amplitudes for nuclear-Thomson scattering from a
nucleus of mass M and charge Ze are independent of pho-
ton energy and are given by

is the momentum transfer from the photon to the atom.
A detailed comparison of numerical S-matrix and

form-factor predictions for Rayleigh scattering, both us-

ing DHFS atomic wave functions, shows that, at high
energies where the agreement is best, the form-factor am-
plitudes are satisfactory for iilq &0.2m, c, the error being
about 0 5(aZ. /n)z, where n is the principal quantum
number of the electron. For larger momentum transfers
iriq ~~0.2m, c and high photon energies Aco~p8, , the
DHFS form-factor predictions are too large, often by fac-
tors exceeding 2-10.

The modi6ed form-factor treatment of Rayleigh
scattering ' replaces f;(q) by the modified atomic form
factor

g;(q)= f dix gt(x)exp(iq x) 1(;(x),
l

(16)

where E; is the energy of the atomic electron in state

P, (x) and V(r) is its potential energy. The additional
factor m, c (E;—V) ' in the g form factor represents a
binding correction to the assumption of free
intermediate-state electrons used in the f form factor. In
fact, an expansion of the g form factor in powers of aZ
yields the first- and second-order terms of the Born-
approxImation calculation of the S matrix performed by
Brown and %'oodward, ' in which the bound intermedi-
ate states of the electron were expanded in terms of
free states and potential scatterings. The factor
rn, c (E; —V) ' tends to correct the order (aZ) errors
in the f form factor and, at high energies, the g form fac-
tor reproduces exactly the zero-angle Rayleigh amphtude
at infinite photon energy calculated by Levinger and
Rustgl.

The modified form factor can be used for momentum
transfers A'q &A'q, , where fiq,„=aZm, c/n is the typi-
cal momentum of electrons in the shell with principal
quantum number n. Since the contribution to the Ray-
leigh amplitude of any shell is approximately constant
and equal to the number of electrons in that shell, for
FATE & Alftyp, aild thcil dccrcascs monotonlcally lllitll it is
negligible at the typical momentum of the next innermost
shell, the g form factor can generally be used for any shell
other than the E shell. The E-shell scattering gives near-
ly the entire Rayleigh amphtude for fiq & aZm, c.

Z 7PTq

T = — (1+cos8),

and therefore have the same angular dependence as the
form-factor Rayleigh amplitudes. The maximum (zero-
angle) nuclear-Thomson contribution T+ ranges from
—0.0034 for Al to —0.0196 for U and is therefore rela-
tively insignificant in comparison with the zero-angle
Rayleigh amplitude 8 +(co,0)= —Z. However, for
momentum transfers Aq&lqtypf where the form-factor
Rayleigh amplitudes over estimate the Rayleigh ampli-
tude, the nuclear-Thomson contribution increases in
significance.

Delbruck scattering is the scattering of a photon by the
static nonquantized Coulomb field of the nucleus. The
incident photon creates an electron-positron pair, virtual
or real depending on whether the photon energy is small-
er or greater than 2m, c, which then interacts with the
nuclear field before annihilating to produce the outgoing
photon. The imaginary part of the Delbruck amplitude,
corresponding to real pairs in the intermediate states, is
closely related to the pair-production cross section and
vanishes for photon energies below 2m, c . The real part
of the amplitude corresponds to virtual pairs and is relat-
ed to vacuum polarization.

The most accurate calculations of Delbruck scatter-
ing ' ' use the first Born approximation for the
intermediate-state pair to express the Delbruck ampli-
tude in terms of the fourth-order vacuum polarization
tensor. The electron and positron between interactions
are then represented by the free-electron propagator and
the Delbruck amplitude has the form (aZ)i times a Z-
independent amplitude. These Z-independent amplitudes
have been computed ' for a wide range of scattering an-
gles and photon energies. These lowest-order Born pre-
dictions are expected to be accurate to a few percent for
Z ~60, but for larger Z the higher-order Coulomb
corrections of order (aZ) ", n =2, 3, or 4 can be
significant (e.g., scattering of 2.75-MCV photons by Pu in-
dicates that these terms modify the Delbruck amplitudes
by more than 50%' ).

For 1-4-MeV photons scattered by heavy atoms,
strong interference occurs between the contributions of
Delbruck, nuclear-Thomson, and Rayleigh scattering,
with Rayleigh and nuclear-Thomson amplitudes general-
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ly of the same sign, but with Delbruck scattering interfer-

ing destructively at smaller angles and constructively at
larger angles. Nuclear-resonance scattering arises from
excitation of the giant-dipole resonance which can be
represented' by a Lorentzian, or super osition of two
Lorentzians, centered around =80 A ' MeV and with
width(s) of =3-5 MeV. This nuclear-resonance scatter-
ing is negligible for y-ray energies considered here and
will be ignored.

Two sets of theoretical cross sections for Rayleigh plus
nuclear-Thomson plus Delbruck scattering have been cal-
culated for comparison with our experimental data. The
first set, denoted der, were obtained by interpolation of
the tables of Kane et al. ~ These cross sections use the
above prescription of Kissel and Pratt3 for the Rayleigh
amplitudes, that is„numerical S-matrix amplitudes for
inner-shell and Eqs. (17) and (18) for outer-shell ampli-
tudes, and include nuclear-Thomson and Delbruck
scattering calculated, respectively, from (19) and the pro-
gram of Papatzacos and Mork. The tables of cross sec-
tions were interpolated with respect to energy using both
the method of cubic splines and the Fritsch and Carlson
method of monotonic piecewise cubic interpolation.
The two methods give cross sections which agree to
within a few percent. The second set of theoretical cross
sections, denoted do", use RMFF Rayleigh ampli-
tudes for all electrons, obtained from the computer pro-
gram of Schaupp et al. 2' using input DHFS wave func-
tions generated by the computer program of Liberman
and Cromer. The computed RMFF values agreed to
better than 1% with values obtained by cubic-spline in-
terpolation of the tabulations of Schaupp et al. 3 The
lowest-order Born approximation Delbruck amplitudes
used in do" were computed by Mork and Rotting'
using the program of Papatzacos and Mork. ~ A compar-
ison of the two sets of cross sections, together with cross
sections calculated using nonrelativistic (do "

) and
relativistic (do""")f form-factor Raylei h amplitudes,
indicates that, whereas do "M and do agree closely
for momentum transfers x—:A, 'sin(el2) as large as 40
A ', do" and dcr R""become far too large for x &10A, the discrepancy increasing rapidly with x, Ace, and
Z.

III. EXPERIMENTAL DETAILS AND RESULTS

The experimental details difFer from those of our previ-
ous investigation only in that a stronger y-ray source
was used. The y rays from a 3-Ci source containing
' 2Eu and ' Eu were scattered into a Ge(Li) detector
which had a resolution of 2.5 keV full width at half max-
imum (FTHM) at 1330 keV. At each scattering angle,
experimental runs were done with thick and thin targets
of each element studied in order to check for rnultiple-
scattering efFects, with a carbon target to obtain a Comp-
ton line shape, and with a O. l-mCi source containing

Eu aod ' Eu placed at the target position to obtain t:he
elastic line shape. These runs were interspersed with oo-
target runs to obtain background spectra. All spectra
were recorded by a 4096-channel pulse-height analyzer.

If I(c0,Z, 8, t ) is the intensity in the elastic or Compton
peak for scattering of a photon of incident energy Ace

through an angle 8 from a target of atomic number Z and
thickness t, the associated difFereotial cross section is
given by

do(c0, Z, S) I(cD, Z, e, t )

dQ Gs~GrDN(c0)e(c0')nz T(co, Z, O, t )
'

where Gsz and G&D are source-target and target-detector
geometrical factors, N(c0) is the source strength of y rays
of energy %co after correction for radioactive decay, e(c0')
is the detector photopeak efficiency at the scattered pho-
ton energy i}tuu', nz is the atomic density of the target, and

—PX —P,'X( t —X )SeC8

0
(21)

is the target transmission factor where p and p' are the
target linear-attenuation coef6cients for the incident aod
scattered photon energies, respectively. The thin target
thicknesses were chosen so that p,t= 1 for 344 keV y
rays, the thick targets such that pt = 1 for 779 keV.

Ratios of elastic scattering cross sections at difFerent
angles, and of elastic to Comptoo scattering cross sec-
tions at a given angle, were directly obtained' from the
intensities of the elastic and Compton peaks in the scat-
tered photon spectrum. Absolute elastic cross sections
were obtained by normalizing to the theoretical carbon
Compton cross section at 7' taken to be the Klein-
Nishina cross section multiplied by the incoherent
scattering function. The cross sections change by less
than 10% if the normalization is changed to the theoreti-
cal carbon Compton cross section at 3', 5', or 10' or if
theoretical aluminum Cornpton cross sections at 3', 5', or
7' are used.

For those angles and energies where the elastic and
Compton peaks overlap, their relative intensities were ex-
tracted using a least-squares method based upon the ex-
perimentally measured elastic and carbon Compton line
shapes. Previous analyses' s' had assumed that the
Compton line shapes were independent of the target ma-
terial but recently Dow et al. 2 have established that the
widths of the Compton peaks increase slightly with in-
creasing atomic number and photon energy. To allow for
this efFect, the elastic and Comptoo intensities of a target
spectrum were extracted using a least-squares method
based upon the Compton line shapes of the carbon spec-
trurn and the elastic line shapes of the Eu spectrum,
where the carbon Compton profiles were broadened for
each element by convoluting the carbon Cornpton profile
with a Gaussian of F%HM m& and va, rying m& until a
best fit was obtained. This efFect is significant in the
determination of elastic cross sections only where the
elastic peak is very small compared to the overlapping
Compton peak. Only the results at 5' and 7 needed to be
corrected for this Z dependence of the Compton line
shapes, and at these angles the correction was significant
only for Cu and Mo for y-ray energies & 964 keV aod for
Sn and Ta for energies & 1.005 MeV. The correction was
less than 5% for the Pb aod U targets. The maximum
correction was about 38% for the case of 1408-keV y
rays scattered from the Cu target at S'. The experimental
results, together with the theoretical cross sections (do
for y-ray energies from 344-1275 keV and do " for
1408 keV y rays), are given in Tables I—VI. Compar-
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isons of the experimental results with the de and
do "M~ cross sections for Ta and U are sho~n in Pigs. 1

and 2.
There are several sources of error which affect the

determination of cross sections from Eq. (20). The error
in the net elastic intensity arises from the combination of
the uncertainty in determining the elastic intensity in the
target spectrum and the uncertainty in determining the
corresponding intensity in the background spectrum (no-
target run). The error in an elastic intensity of a target
spectrum for the case of well-separated elastic and Comp-
ton peaks ranged from 1% to 15% and arises from the
counting statistics error and the uncertainty in determin-
ing the linear background underneath the peak. For the
case of overlapping elastic and Compton peaks, the error
in an elastic intensity ranged from 3% to 15% for y rays
of strong to weak intensity and was due to a combination
of counting statistics error and the error from the least-
squares method used for separating the elastic and Comp-
ton components. The least-squares method was the main
source of error because of its sensitivity to channel shifts
introduced to compensate for amplifier drifts for difFerent
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FIG. 2. As for Fig. 1 but for scattering by U.
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FIG. 1. Comparison of experimental difkrential elastic cross
sections (denoted by 0) for Ta with theoretical Kissel-Pratt
cross sections {Ref.4) {solid line) and modified form-factor croRs
sections (dashed line) for scattering of 344-, """-.-, 779-, 1086-,
and 140S-keV y rays, denoted by A, 8, C, D, and E, respective-
ly.

runs. The total error in the net elastic intensity generally
ranged from 2% to 20%.

Since the absolute source strength is not used for the
determination of the elasti. c cross sections, self-absorption
in the source had no e8ect on the measurements and
therefore no correction was needed for this effect. The
error in the value of the atomic density nz of a target
used in the calculation was negligible since the mass den-
sity of a target could be easily determined to an accuracy
of better than 0.5%. The error in the target transmission
factor T depends on the product pt of the linear attenua-
tion coeScient p and the target thickness t. The values
of p were obtained from the tabulated mass-attenuation
coefficients pip of Hubbell and are accurate to better
than a few percent. Apart from the uranium target, all
target thicknesses satisfied pt ~2, resulting in a max-
imum error in T of 6%. For photon energies above 779
keV, where pt & 1, the error in T was less than 3%. For
the uranium target with pt ~ 2, the error in T was about
10%. The relative photopeak efficiencies of the detector
for the Compton and elastic peaks ranged from 1.009 to
1.014 with an error of less than 1%.

The geometrical factors required when dNerent
source-target-detector geometries were used were deter-
mined at a given scattering angle from the average of the
ratio of the elastic intensities of each peak in the Pb tar-
get spectra for the two di8'erent geometries. The result-
ing errors were less than 5%.

The remaining source of error was associated with the
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determination of the scattering angle. The zero angle,
and hence each scattering angle, was determined to +0.1'

by 5nding the position of maximum count rate for a no-
target run and then checking this setting by measuring
the peak positions of the strong y lines Compton scat-
tered through 15' and comparing these energies with the
Compton formula for ~ P"". This error of +0.1' cor-
responded to a maximum error in the elastic cross sec-
tions of 5% at small scattering angles (2'-5'), 3%%uo at 7',
and was negligible at larger angles. Although no correc-
tion for angular acceptance was made to the cross sec-
tions (even at 2' the horizontal and vertical angular ac-
ceptances were only 0.46' and 0.05', respectively, and the
averaged theoretical cross section over the detector face
corresponded to a scattering angle of 2.025'}, the associ-
ated error in the cross section ( (2%) was included in
the experimental error.

The experimental results for each target material stud-
ied were determined with thin and thick targets. They
were generally in agreement to better than 10% but for
some weak lines they differed up to 20% on the account
of poor counting statistics. The average values of the
thin- and thick-target results, for those in agreement to
better than 10%, were used for the final results. Howev-
er, for the thin- and thick-target results which difFered by
more than 10%, the following criterion, based upon con-
siderations of best counting statistics, was applied; for y
rays of energies less than 779 keV the results for the thin
targets were used whereas for y rays of energies greater
than 779 keV the results for the thick targets were used.

IV. DISCUSSION AND CONCLUSIONS

The present experimentally measured elastic scattering
cross sections are compared with theoretical elastic
scattering cross sections, for Rayleigh plus nuclear-
Thomson plus Delbruck scattering, in Tables I-VI and
in Figs. 1 and 2. Only two theoretical models, do /dQ
and der /dA, have been used for comparison since,
as discussed earlier, the RMFF approximation is believed
to be the most accurate model among the various form-
factor approximations used for predicting the Rayleigh
scattering amphtudes. The present experimental results
are generally in excellent agreement to better than the
10% level with both theoretical models where the two
models coincide and are in better agreement with the
Kane et a/. cross sections, for most cases, where the two
models are difFerent. For the case of the 1408-keV y
rays, where Kane et aI. cross sections are not available,
the experimental results for all targets at 8 & 20' are gen-
erally in good agreement of order of 0-3 % with RMFF
cross sections; for 8~ 20 the experimental results for the
lighter elements (Mo and Sn) are in reasonable agreement
at the 15% level with the RMFF cross sections, but for
heavier elements (Ta, Pb, and U} the experimental results
apparently lie below the RMFF cross sections (by
2 —15%) as one would expect since the RMFF approxi-
mation has a tendency to over estimate the Rayleigh
scattering amplitudes in such regions.

A direct comparison of the present experimental re-
sults with the results of other ~orkers is dificult because
of the rapid variation of the cross section with scattering

angle and y-ray energy. Therefore the comparison has
been restricted to only those investigations which used
equal or nearly equal y-ray energies and/or scattering an-
gles.

The only reported work using the same y-ray energies
and the same targets is that of Ramanathan et a/. 2 This
study only involved the measurement of elastic cross sec-
tions in the angular range from 2.4'-10', and a compar-
ison of their results with the present results has already
been given. ' In general, the present results for Cu are the
same as that of Ramanathan et a/. , but for the cases of Ta
and especially Pb the present results lie above those of
Ramanathan et a/.

For those investigations which use the same targets
and scattering angles but different energy y rays to those
of the present investigation, a direct comparison based
upon the energy dependence of the present data is possi-
ble. Where only the target element is common with the
present investigation, the results were interpolated to our
scattering angles using the angular dependence of the
theoretical cross sections of Kane et a/. By restricting
this interpolation to those experimental results of other
workers where the change in cross section produced by
the interpolation was less than 20%, the additional error
in these results resulting from this interpolation should be
less than 5%. From the experimental results so ob-
tained, '3' the following conclusions can be drawn.

For the Cu target the present results are in good agree-
ment at the 10% level with those of Kane et a/. 3 and Sen
Gupta et a/. , except the result of Kane et a/. for 1333-
keV y rays at 5', which is about 20% larger than the
present result and is even larger than their own result for
1173-keV y rays at 5'. Ho~ever, it is only one case and
the difference is still within the combined experimental
error of both results. Our Cu results are also in reason-
able agreement of the order of 5-20% with those of de
Barros et a/. and Goncalves et a/.

For Mo the present results a ree to within 5 —20%
with those of de Barros et a/. i ~ and to within 15% of
those of Basavaraju et a/. For the case of the Sn target,
the present results are in good agreement at the 10% or
better level with those of Sen Gupta et a/. , Kane et a/. ,
and Goncalves et al. but only in reasonable agreement
of the order of 10-30%%uo with those of de Barros et
a/. For the case of Ta, the other experimental results
are limited; the result of Satyaendra Prasad et aI., for
the one overlapping case of 279-keV y rays scattered
through Ta at 45', agrees to better than 5% with the
present experimental result and the results of Smend et
aI., for 279- and 662-keV y rays scattered by a Ta target
at 45', are in excellent agreement to better than 5% with
the present experimental results. For the results of Basa-
varaju et a/. for Ta at 30', their result for 1.17-MeV y
rays agrees within 10% with the general trend of the
present results but their result for 1.33 MeV is 40% lower
than the present result. This sizable difFerence may be
due to the fact that the present result for 1.408-MeV y
rays lies above the general trend of the present results
and their result for 1.33-MeV y rays lies much lower
than this trend (although their result for 1.17-MeV y rays
lies on this trend).
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For the Pb target, the present results are in excellent
agreement (see Fig. 3) at the 10% or better level with
those of Schumacher, Schumacher et uI., ' Smend et
al., Sen Gupta et al. , Basavaraju et al. , Kane et ttl.
and Goncalves et al., but are only in reasonable agree-
ment with those of Dixon and Storey, Hardie et al., '
Satyaendra Prasad et al. and de Barros and co-
workers; ' the differences being 10-35%„5-30%,
15%, and 5-20%, respectively. There are significant
difFerences between thegresent results and the early in-
vestigations of Wilson, Mann, Standing and Jovano-
vich, and Narasimha Murty et ttl. Finally for the case
of the U target, the present results are, in most cases, in
good agreement at the 10% level with those of Hardie et
al., Muckenheim and Schumacher, and Goncalves et
Ql. , thc cxccptloiis being p-ray cilcrglcs above 889 kcV
at 15', where the present results he 30% above those of
Muckenheim and Schumacher. However, the differences
are approximately the sizes of the combined experimental
errors of both sets of results.

Recently Bradley and Ghose have measured the
scattering of 661.6-keV y rays by Sn and Pb over scatter-
ing angles from 10.5'-60' and argued that there is a
significant discrepancy between experiment and theory at
10.5', with their results lying 50% below the calculations
of Kane et al. Our results are in close agreement with
their results for 20' and 30' scattering by Sn and Pb, and
for 45' scattering by Pb, but disagree with their low 10.5'
results. Goncalves et aLi6 have also recently measured
the cross sections for 10.5' scattering of 661.6-keU y rays
by Sn and Pb and find no evidence for any discrepancy
with the calculations of Kane et ttl.

The present investigation has reported on measure-
ments of elastic scattering cross sections for scattering
angles up to 45'. Even in this region many elastic cross
sections could not be obtained because of very small elas-
tic intensities. Although extension of the investigation to
larger angles, where Delbruck scattering is even more
significant, is clearly desirable, there are serious
diSculties in using a multiline y source such as Eu for
such an investigation. At these larger angles the Comp-
ton peaks dominate the elastic peaks, and the Compton
energy shifts increase, with the result that most of the
elastic peaks will be small and overlaid by large Compton
peaks. An investigation is currently underway to exam-
ine whether the increased intensities resulting from
switching from transmission to re6ection scattering will
be suf6cient to obtain some 60' and even 75' results, at
least for the strong Eu y lines and heavier targets. Exten-
sion of the measurements using the Eu source to very
large angles does not seem possible.
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and Dr. L. Kissel for providing tabulations of theoretical
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scattering amplitudes. One of the authors (P.T.) would
like to acknowledge 6nancia1 assistance from the Aus-
trahan Government under the Colombo Plan Scheme.
This work was supported by a grant from the Australian
Research Grants Scheme.

FIG. 3. Comparison of experimental differential elastic cross
sections for Pb with theoretical Kissel-Pratt cross sections (solid
line) for scattering through 15', 20', 30', and 45', denoted by A,
8, C, and D, respectively. The experimental results shown are
o, present work; +, Bradley and Ghose (Ref. 49); Q, Gon-
calves et a1. (Ref. 36); 8, Schumacher (Ref. 40); A, Hardie et al.
(Ref. 43); S, Nath and Ghose (Ref. 50); f, Narasimha Murty et
ul. (Ref. 47); X, Mann (Ref. 45); +, %'ilson (Ref. 44); and k,
Dixon and Storey (Ref. 42). The symbol + denotes the follow-
ing composite sets of data: 30' scattering of 1330-keV y rays
{Refs. 43, 46, and 47); 45' scattering of 279-keV y rays (Refs.
38, 39, and 40), 45' scattering of 662-keU y rays {Refs. 36, 39,
40, and 45) and 45' scattering of 1330-keV y rays (Refs. 42, 43,
and 46).
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