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The forward scattering cross section at 6=1° and 1.7° of E=4—10 MeV monoenergetic photons
from Pb and Bi targets has been measured. The photon beam was obtained from the Fe(n,y) reac-
tion. The elastic cross section at such angles, being dominated by Rayleigh and Delbruck scattering
processes, was measured relative to the Compton cross section. The fact that one of the y lines of
the Fe(n,y) reaction happens to overlap the 7.28 MeV level in 2®Pb, yielding a strong nuclear reso-
nance fluorescence signal, enabled us to observe, for the first time, an interference effect with the
Rayleigh and Delbruck scattering processes. A theoretical expression of the nuclear resonance
scattering amplitude for the specific case of the random photoexcitation process is derived. The in-
terference effect of this latter process with Rayleigh and Delbruck scattering is calculated and an
excellent agreement with measured values is obtained.

NUCLEAR REACTIONS Pb, 2%Pb, 2”Bi(y,y), E =4.2—9.3 MeV, measured
o(0), Delbruck and Rayleigh scattering, nuclear resonance fluorescence, interfer-
ence effects.

I. INTRODUCTION

A series of studies of the elastic scattering of photons
has been carried out in our laboratory over the past few
years.! =% In these studies monoenergetic photon beams
E=4—-10 MeV generated from the (n,y) reaction were
usually employed, and involved two main categories of ex-
periments. In the first,">7 isolated nuclear levels were
photoexcited by a chance overlap between one of the in-
cident (n,y) lines of the photon beam (AE; ~10 eV) and a
Doppler-broadened nuclear level (AE, ~ 10 eV). The elas-
tic scattering, namely the nuclear resonance fluorescence
(F) from these isolated levels (together with some inelastic
transitions), were thus studied in detail. The differential
scattering cross sections (at 8>90°) occurring in such
measurements are in the 10 mb/sr to 1 b/sr range and are
usually much higher than the cross sections occurring in
the second category of measurements’™® where four

coherent fundamental scattering processes are involved,
‘namely nuclear Thomson (7)), nuclear resonance (N),
Rayleigh (R), and Delbruck (D) scattering. Thus in F
measurements the contribution of the fundamental
scattering processes can normally be ignored at 6> 90°.
However, with the advent of forward-angle elastic scatter-
ing measurements,’ where the cross sections are dominat-
ed by the R and D contributions, it became feasible to ob-
serve possible interference effects between F with R and D
scattering. This is because the differential cross section of
R and D scattering at 6~1° and Z > 50 is about > 100
mb/sr and hence comparable to the F cross sections. It
should be emphasized that the contribution of the other
nuclear resonance (N) process, arising from the effect of
the .giant dipole resonance (GDR), together with that of
the T scattering process, is very small at E~8 MeV. In
fact, the combined cross section of these two processes at
6~1.5° is smaller by ~ 10* compared to that of F, D, and
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R scattering processes, and is thus ignored in what fol-
lows.

In the present work we employed a Fe(n,y) source to-
gether with a Pb target because 2®Pb is known to scatter
by chance the 7.28 MeV line of the Fe(n,y) reaction,
yielding one of the most intense F signals reported in the
literature.® This scattering event is thus suited for such
interference studies, first because the high Z of the 2°Pb
target (Z=82) yields high R and D scattering cross sec-
tions at small angles, and second, it is possible to compare
the elastic scattering of the 7.28 MeV line with other y
lines, close in energy, where no F process contributes.
Third, the Pb scattering results can be compared with
those from a Bi target (Z=283), thus yielding more reli-
able information concerning the interference process.

In the past, an extensive study was carried out concern-
ing the contribution to elastic scattering of each of the
four coherent processes. This was done by selecting the
photon energies, the scattering angles, and the Z of the
target in such a way as to enhance one process at a time
while minimizing the others. In addition, interference ef-
fects between pairs of scattering processes, T and N, R
and D, and N and D, were all clearly observed.*—6%10
However, the interference between the F and other pro-
cesses was ignored.9 In all these measurements, the
overall agreement between experiment and calculations
obtained using the existing scattering amplitudes, were
usually much better than the 10% level. In the present
work, a new interference effect between the F and R and
D scattering amplitudes is presented together with the
complete theoretical treatment; a good agreement between
calculated and measured values was obtained.

II. EXPERIMENTAL DETAILS

The photon beam (Fig. 1) was produced by the (n,y) re-
action on five iron disks (each 3 cm thick by 8 cm in di-
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ameter and separated by 3 cm) placed along a tangential
beam tube and near the core of the IRR-2 reactor. The ¥
beam was collimated and neutron filtered before hitting
the scatterer. Typical intensities of the strong ¥ lines are
10° photons per cm? on the target.

To achieve small forward scattering angles, we em-
ployed a shadow beam geometry shown in Fig. 1 and
described in more detail elsewhere.5 The scattering angle
could be varied by changing the diameter of the absorber
C, the scatterer-detector distance, and the total thickness
of the collimator. In this manner scattering angles of
6~1° and 1.7° were obtained. One of the most important
experimental points in such measurements is to reduce the
spurious scattering signal arising from the outer edges of
the absorber, from the inner walls of the collimator, and
mainly from a misalignment of the whole system. The
scattering angles were determined from the energy separa-
tion between the elastic and the Compton scattered pho-
tons and were found to be 6=0.95°+0.07° and
1.69°+0.02°. The angular spread of the scattered radia-
tion as determined from the width of the Compton scat-
tered peaks was A6=0.84°+0.03°. Ring targets of natural
Pb (6 cm outer diameter and 4.65 g/cm? thick) and Bi (6
cm outer diameter and 4.51 g/cm? thick) were employed.
The background contributed by the edges of the collima-
tor and the absorber was measured by removing the ring
target. In addition, the shape of the Compton scattered
peaks were obtained by replacing the Pb target by a low-Z
target such as Al or C which contained an equivalent
number of scattering electrons.

III. THEORETICAL REMARKS

A. Differential elastic scattering cross section

The coherent differential elastic scattering cross section
may be written in terms of linearly polarized waves as

do _
o~

where 4| and 4, are the scattering amplitudes polarized
parallel to and perpendicular to the scattering plane. Each
is a coherent superposition of D, R, F, N, and T scattering
amplitudes. As pointed out above, the contribution of N
and T scattering processes is negligible at small 6 and
high Z, and hence we may write

TroClA) 12+ 14,1, 1

B
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FIG. 1. Schematic diagram (not to scale) of the experimental
system. The dimensions of the iron absorber C were 100 cm
long, 4 cm in diameter (for 6~1.7°), and 3 cm in diameter (for
6~1.0°). The dimensions of the lead collimator B were 2 cm
diameter by 30 to 40 cm long (depending on the value of 6).
The scatterer-detector distance was ~ 135 cm.
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Ay=Al+all+all=all+a)l,

(2)
A =Ap+Ax +Af=A$+ A},

where the subscript S corresponds to the combined
coherent amplitude of (D + R) scattering.
In general each amplitude is complex; for example,

AIIVI =A1'~‘|1 +iA}'?'2 ’

. 3)
Ap=AfF +idf, .

We hereby discuss each scattering amplitude separately.
Since the effect of the F scattering amplitude was never
treated in the literature, it will be discussed here in some
detail.

B. Rayleigh amplitudes

R scattering deals with the contribution of bound atom-
ic electrons to the elastic scattering of photons. This pro-
cess is very complicated to calculate. In recent years,
satisfactory tables and codes have emerged from the work
of the Pittsburgh group.!! These results were limited to
photon energies below 1 MeV and to K- and L-shell elec-
trons. In the range of momentum transfers appearing in
the present work, namely x < 10 A, the R amplitudes are
approximated by the modified form factors!? calculated
using the Hartree-Fock-Slater relativistic wave functions
of Liberman ez al.'*:

: 2
8(q,Z)=4r [ nirnSmar) e ridr, @

qr  mc?>—Eg—VI(r)
where
q=(E /c)sin(6/2)

is the momentum transfer, Ep is the electron binding ener-
gy, 1(r) is the density of the electron cloud, and V(r) is
the Hartree-Fock-Slater mean potential of the electron.
Table I lists the R amplitudes calculated using Eq. (14) for
energies in the range £ =4—10.0 MeV for both Pb and Bi
at 6=1°and 1.7°.

It may be noted that the R amplitudes listed in Table I
differ by not more than 5% at 6.0 MeV from the nonrela-
tivistic form-factor tabulations of Hubbel et al.!* and that
the latter are a better approximation than the form factors
obtained using relativistic wave functions.

C. Delbruck amplitudes

D scattering deals with the elastic scattering of photons
from the Coulomb field of nuclei via real and virtual
electron-positron production. Values of the D amplitudes
were tabulated by Bar-Noy and Kahane'> using the
theoretical formula given by Papatzacos and Mork!¢ and
by Constantini.!” The D amplitudes for photon energies
in the range E=4.0M—10.0 MeV at 6=1.0° and 1.7° are
listed in Table I and were calculated along the same lines
mentioned above. The relative signs of the real and imag-
inary amplitudes appearing in the tables of Bar-Noy and
Kahane have caused some confusion in the literature.’
This is due to the fact that the sign of the spin-flip ampli-
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TABLE I. R amplitudes (in units of 7o) and D amplitudes (in units of @*Z%r;) used in calculating the theoretical cross sections at

6=1.0°and 1.7°. For complex R amplitudes, Af> =A,’J2 =0.

E (7] (Clzzzro) (ro )
(MeV) (deg) Ap} Al: ApS ALY Ari =AY,

Z=82 Z=383
4.0 1.0 1.578 1.612 0.8682 0.8728 —10.48 —10.67
1.7 1.450 1.506 0.8465 0.8587 —4.90 —4.99
4.5 1.0 1.825 1.873 1.141 1.150 —8.94 —9.20
1.7 1.647 1.723 1.103 1.125 —4.30 —4.35
5.0 1.0 2.059 2.121 1.435 1.450 —7.72 —17.90
1.7 1.823 1.921 1.372 1.408 —3.88 —3.92
5.5 1.0 2.276 2.357 1.745 1.768 —6.64 —6.80
1.7 1.975 2.096 1.646 1.702 —3.52 —3.56
6.0 1.0 2.476 2.486 2.067 2.101 —5.81 —5.94
1.7 2.105 2.250 1.920 2.000 —3.17 —3.22
6.5 1.0 2.657 2.780 2.396 2.445 —5.19 —5.29
1.7 2.215 2.383 2.191 2.300 —2.83 —2.89
7.0 1.0 2.849 2.995 2.753 2.822 —4.73 —4.80
1.7 2.305 2.495 2.455 2.598 —2.51 —2.57
7.5 1.0 2.966 3.134 3.062 3.153 —4.39 —4.45
1.7 2.378 2.588 2.710 2.890 —2.22 —2.84
8.0 1.0 3.129 3.321 3.429 3.547 —4.11 —4.16
1.7 2.436 2.663 2.955 3.176 —1.97 —2.02
85 1.0 3.206 3.421 3.721 3.869 —3.88 —3.93
1.7 2.481 2.723 3.188 3.452 —1.75 —1.80
9.0 1.0 3.304 3.540 4.043 4.244 —3.66 —-3.71
1.7 2.513 2.768 3.409 3.718 —1.57 —1.62
9.5 1.0 3.388 3.645 4.357 4.575 —3.45 —3.50
1.7 2.536 2.801 3.618 3.974 —1.42 —1.46
10.0 1.0 3.460 3.736 4.663 4.920 —3.25 —3.30
1.7 2.549 2.822 3.814 4.218 —1.30 —1.33
*These amplitudes are related to the polarized ones appearing in Ref. 15 by Ap;=ReM,,—ReM,_ and

Al =ReM,_, +ReM, _.

®Those amplitudes are related to the ones appearing in Ref. 15 by Ap,=ImM ., + ImM_ _ and A),=ImM_ , — ImM, _. The in-

consistency in the two cases is discussed in the text (see Sec. II1 C).

tudes used by Papatzacos and Mork was different from
that used by Constantini (see the footnote to Table I of the
present work).

D. Nuclear resonance fluorescence scattering amplitude

The expression for Ar may be obtained by considering
Fig. 2, which shows the overlap between the line shapes
occurring in a photoexcitation process. In the figure, both
the incident y line, emitted by the Fe(n,y) reaction, and
the resonance level in 2%®Pb are Doppler broadened by
thermal motion.

The Breit-Wigner scattering amplitude of a single pho-
ton of energy E incident on a nucleus of spin J, with an
excited level of peak energy E,, total width I', and spin J
may be written (in units of 7(, the classical electron ra-
dius) as follows (see Sec. III E):

rs/2

A,L'(E,B):A}L‘l+iA,|,|2=Co(E'—_E—)—_T/2f”(0), 5)
where

Co=V'0y /ro
and

00=2mA 2T +1)/(2Jp+1) .

Since we are dealing with M 1 dipole radiation'® (the
7.28 MeV level in 2°Pb is known to be 1) we therefore
have

f1(6)=V378m, f(0)=V3/8mcosh, All=Ajcosd . (6)
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[7p) Er E
= 1ot Sl ]
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FIG. 2. Doppler-broadened line shapes of the incident ¥ line
from the Fe(n,y) reaction of peak energy E; and the resonance
nuclear level (corrected for recoil energy) of peak energy E,.
The sign and magnitude of §=E; — E, were determined by other
experiments (Refs. 23 and 24).
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In the following we ignore the angular dependence because
at 0<?2°,

fUOY=F|(0)=F(0), AF=A]

and deal only with f),(6) and AIU.

In order to derive an expression for the elastic scatter-
ing cross section, one should first calculate the coherent
superposition of the F process with other scattering pro-
cesses. This coherent sum should be evaluated for each
incident photon and then integrated incoherently over all
photons, as explained in some detail below.

E. Elastic cross section

As mentioned above, the elastic cross section is obtained
by using the amplitude Ar given by Eq. (5); we add it
coherently to the other scattering amplitudes and obtain
the value of |4 | 2 for this particular photon:

|4 |2= |AME,6,0)+4M(E,6,0)|2, %)

with a similar expression for |4, |2

Ag and Ap depend on the relative velocity v of the
Fe(n,y) emitting nucleus with respect to the 2%Pb scatter-
er; the dependence of Ag=Ap+Ag on v is very weak and
may be taken as constant over the resonance region of
width AE ~20 eV. The incoherent sum may be calculated
by integrating over all possible velocities v. If the velocity
distribution is formally represented by a density function
p(v) [where | p(v)dv=1] the cross section may be written

as
2
do o
E=‘2—f( |41 |+ |4) | D plv)dv

2
=% lf( |45 12+ | Al |2 p)dv +{ | 442+ |4}l
2
-i—2j§1 [Aéj fA}-‘l‘jP(U)dv—{"A;.'if A}'j.p(v)dv] ]

(8)

The last expression contains three terms: The first is
identifiable with the differential scattering cross section
dop /dQ of the pure F process, as it contains an integra-
tion over all possible relative velocities v (see Sec. III F).
This term was also discussed in several earlier publica-
tions.”® The second term is the combined coherent dif-
ferential scattering cross section dog /dQ of the D and R
process, while the third is the interference term between
the F and the other two processes. We may thus write
do S

do daF 2r T
40 ~an *ag trlAnUs A

+ApA5,+41)1, ©

where A éj and 4 _y were defined in Eq. (3) while
Apy=A }.-j =4 }!.j (j=1,2) are the F scattering amplitudes
averaged over all possible velocities v of the ¥ emitting nu-
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cleus relative to the scattering nucleus and are evaluated in
Sec. IITF.

Since among all the y lines of the Fe(n,y) reaction, only
the 7.28 MeV line is resonantly scattered by 2%Pb, 4550
only at 7.28 MeV, while for all other ¥ lines Az =0. Fi-
nally, we may account for the fact that in the present
work a natural target was employed. Denoting the rela-
tive abundance of the 2%Pb isotope by P, the scattering
cross section may be written as

ﬂ)—__ dO’s +Pd0'F

dQ  dQ daQ

+r(2)P[ Zpl(A,é[ +Agll )

+Apy(A5, +A;|2)] . (10

The quantity Ay, the R and D scattering amplitudes
(with the proper phase, see the next subsection) of the 7.28
MeV 7 line reasonantly scattered from 2°®Pb, are listed in
Table II. The values of the various quantities necessary
for calculating A (related to the 7.28 MeV resonant
event) are listed in Table IIL

F. Average F scattering amplitude

In order to calculate the effect of all relative velocities
of the ¥ emitter with respect to the scatterer appearing in
f A |F| p(v)dv, we may proceed as follows: We use the lab-
oratory system, and consider the scattering amplitude of
Eq. (5). We then account for the effect of the thermal ve-
locities of both the y-emitting nuclei and the scattering
nuclei on Ar. The effect of the Gaussian distribution of
velocities of the scattering nuclei is given by

w e—(E_E')Z/Az
A;(E)=C0C,f(0) fo de' , (11)
r
where
Ci=1/AVT,
and

A, =E,(2kT, /M,c?)'/?

is the Doppler width of the resonance level, M, is the nu-
clear mass, and T, is the effective temperature!® of the nu-
clear target. Az(E) may be evaluated to yield

AF(E)=C, f(O) —X(x,t)+ip(x,1)], (12)

where the functions X and ¢ are given by

1 w g—(x—y)/at
Xx,t) == [y Y (13)
o p—(x—y)2/4t
Yix, )= 2‘/1% N e (14)
with
=(A, /T)?
and

x=2E—E,)/T.
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TABLE II. 4p, Ag, As, and A (in units of ry) at 7278 keV from 2®Pb. A denotes the coherent sum
of D and R amplitudes. The subscripts 1 and 2 denote the real and imaginary parts of the amplitudes.

The imaginary R amplitudes are negligibly small.

0 process 4, (A4, 4, (4'),
1.0° Delbruck 1.1001 1.0434 1.0763 1.0472
Rayleigh —4.5303 —4.5310
As —3.4302 —3.4876 1.0763 1.0472
Ar —0.4884 —0.4884 +0.5711 +0.5711
1.7 Delbruck 0.9126 0.8406 0.9888 0.9303
Rayleigh —2.3420 —2.3430
Ag —1.4294 —1.5024 0.9888 0.9303
Ar —0.4884 —0.4884 +0.5711 +0.5711

If we account for the fact that the incident y line does
not have a sharp energy E, but rather a Gaussian energy
distribution determined by the thermal Doppler broaden-
ing of the (n,y) source, we obtain for the average scatter-
ing amplitude

—[E—(E,—8))2/A?

Ap=CoC2/60) [” AF(Ede dE, (15)

which may be evaluated in a similar manner to that
described in Ref. 20 to yield

Ap=Ap +iAp;

=Col —X(xq,t0) +ih(x0,20)] f(6) (16)
with
to=(A24+A2)/T?,
_ 2(E;—E,) 28
Yo="p TT°
Cy=—1
T AT

It is very important to note that Ay represents an in-
coherent normalized averaged sum over independent
scattering amplitudes describing processes which occur
when separate photons with a Gaussian energy distribu-
tion scatters from a Doppler-broadened nuclear level.

It should further be emphasized that 4 is not a scatter-
ing amplitude in the normal sense because 7§ | A | % is not
equal to the differential scattering cross section doy /dQ.
This last quantity is given by

dO’F
dQ

The last integral is in effect a convolution of the Breit-
Wigner cross section with the thermal Doppler broadening

2
=:22 f { |4(E,0)|%+ | A4F(E,0) |*} plv)dv . (17)

TABLE III. The parameters of the 7.278 MeV resonance in
208Pb‘

[=I(=0.78 eV 5=47.3 eV
A,=3.76 eV xo=18.72
A,=10.44 eV to=123.7
0o=138.6 mb P(x0,t0)=0.03954
oF=5.56 b X(xo,t0)=0.03381
P=0.523

of both the ¥ emitting and the scattering nuclei. It can be
calculated by following exactly the same steps as that
given in Egs. (11)—(16), thus yielding

do 3 | 14 cos?0
Pl e
3 |14 cos?6
=3 |1hcos’d 18
8 D) Of » ( )

where o0, xq, and ¢, were given in Egs. (5) and (16).
G. Phase relations
The problem of the relative phases of the imaginary and
the real parts of the amplitudes for the D, R, N, and T

scattering processes was discussed in detail in earlier publi-
cations'®!® and could be summarized as follows:

Pb TARGET 6=1.0°

2.4 5923 5913
1.6} s p T
__ 08§ . . A
™ 45 5.0 5.5 6.0
=
= 3ot 7831+ 7645
n
— s
=z 20' 7
5 7279
o 10k p P -
(&)
6.5 7.0 7.5
T T
2.4 9298

8.0 85
ENERGY (MeVv)

FIG. 3. Typical scattered spectrum from a Pb target at
6=0.95°+0.07° showing a broad Compton peak near each nar-
row elastic peak. The y source was obtained from the Fe(n,y)
reaction. P and S denote photopeaks and first escape peaks; oth-
er lines denote second escape peaks.
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Pb TARGET 6=17°
I " 5820 6018 ' "]
22 ]
18} < 1
141 P 4
"’9 45 5.0 55 6.0
> + T T
~ 30k 7631+7645 )
2
5 20827 R S 1
S 1oF p
6.5 7.0 7.5
241 9298 T
1.61 E
S
0.8} 1
8.0 85
ENERGY (Mev)
FIG. 4. Scattered spectrum from a Pb target at

60=1.69°+£0.02°. See the caption to Fig. 3.

(1) All the imaginary amplitudes at 6=0° are positive,
as is immediately obvious from the optical theorem

E_,
4rtic ¢

where o,(E) is the absorption cross section of the corre-
sponding absorption process, which is always positive.

(2) The sign of the real part of the amplitude is positive
or negative according to whether o,(E) is an increasing or
decreasing function of energy. For the F amplitude we
use the same sign convention as that obtained for 4y, that
being the nuclear resonance scattering amplitude?! from
the GDR. This choice may be easily shown to be con-
sistent with causality arguments discussed by Gell-Mann
et al.??2 From the above, it follows that in a random pho-

ImA(E,0=0°)= (E), (19)

23

COUNTS (x103)

650 680 700 720 760 760
CHANNELS

FIG. 5. Typical results of curve fitting of skew Gaussians to
the elastic and Compton peaks. The procedure is shown for the
double escape peaks of the 5920 and 6018 keV ¥ lines scattered
at 6=1.7° from a Bi target.
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TABLE IV. Values of the incoherent scattering function S
(taken from Ref. 14) at various photon energies.

S
E 6~1° 6=1.7

(keV) Z=82 Z=83 Z=82 Z =83
4406 73.65 75.23
4810 74.64 76.30
5920 70.72 72.84 77.56 78.43
6018 70.96 73.06 77.69 78.56
7278 73.49 75.51 78.99 79.91
7631

1 7646 74.10 76.07 79.26 80.18
9298 76.30 78.15 80.10 81.05

toexcitation process (as that depicted in Fig. 2), the sign of
the imaginary part of Ay is positive and that of the real
part of A is negative. This is because the peak energy E,
of the incident photons is known to be larger?>?* than the
peak energy E, of the resonance level. This fact, namely,
E; —E,=06>0 (for the specific case of the 7.28 MeV y
line scattered by 2°’Pb) was determined by two indepen-
dent methods, by using a rotor?® and by measuring the nu-
clear self-absorption®* at small scattering angles 6 < 15°.
In this connection, it should be remarked that the magni-
tude of |8| is usually determined by a temperature-
variation measurement.'
The result of the above experiments was

6=+47.310.3 eV .

It is important to note that in a resonance scattering event
where =0 (i.e., when the incident ¥ line overlaps exactly
the resonance level), one finds Ar=0, and hence the net
interference effect is zero. In this case, the superposition
of the F process and the D and R scattering yields the in-
coherent sum as in Eq. (10). The above discussion also in-
dicates, for the first time, that the sign of & is of physical
significance, namely, a positive 8 yields a constructive in-
terference with D and R scattering, while a negative &
yields destructive interference at 6=1.0° and 1.7°.

IV. RESULTS

Figures 3 and 4 show the spectra of the high energy
part of the scattered radiation from a Pb target at 6=1.0°
and 1.7°, respectively. Both spectra reveal the interesting
feature that besides each narrow elastic peak there is a
neighboring large broad inelastic Compton peak. As not-
ed in Ref. 6, the appearance of the two peaks served three
purposes: (1) to determine the absolute elastic differential
cross section from the measured ratios of areas of the elas-
tic to Compton peaks by employing the theoretically cal-
culated Compton cross sections; (2) to find the scattering
angle 6 from the energy separation between the elastic and
the Compton peak; and (3) to determine the angular
spread A6 from the width and shape of the Compton
peak.

The extraction of the ratios of the elastic to Compton
peaks was carried out using a computer code which fitted
skew Gaussians?® of variable width to both the elastic
peak and the Compton peaks. Figure 5 shows a typical
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TABLE V. Measured elastic differential cross sections of photons in units of b/sr scattered from Pb

and Bi at 6=1°and 1.7°.

0=1.0r 0=1.7°
E Pb Pb Bi
(keV) (b/sr) (b/sr) (b/sr) (b/sr)
4218 4.361+0.61 497+1.25 1.43+0.11 1.86+0.24
4406 1.14+0.15 1.05+0.20
4810 0.72+0.12 0.86+0.30
5920 1.88+0.10 1.98+0.33 0.60+0.03 0.58+0.02
6018 1.89+0.13 1.85+0.10 0.51+0.01 0.47+0.01
7278 1.49+0.08 0.64+0.08 0.66+0.03 0.26+0.01
7—16-371645 1.03+0.04 0.93+0.04 0.23+0.02 0.21+0.03
9298 0.46+0.07 0.36+0.20 0.17+0.01 0.17+0.01

result of such a separation for the second escape peaks of
the 5920 and 6018 keV lines scattered from a Bi target at
6=1.7"

The shape of the Compton peak may also be determined
by using carbon or aluminum targets (containing the same
numbers of electrons as that of the high-Z scatterer) and
measuring the resulting scattered spectrum. Obviously
the C target produces no elastic peak and the scattered ra-
diation is the result of the Compton scattering of carbon
plus the edge effects of the collimators and absorber.

The Compton scattering cross section doc¢ /d{) was
calculated by multiplying the Klein-Nishina value
dogn /dQ by the incoherent scattering function'* S:

do C do KN
dQ = dQ
It may be noted that the Klein-Nishina cross section is

6.0 .
4.0f L .
2 2.0t 1 ~
0
q +F
3 i
~
b Bl o
T g5tk 6=17 J
1.0f J
0.5} ]
i 1 1 1 1 1 1 1
4 6 8 4 6 8 10

10
ENERGY (MeV)

FIG. 6. Differential cross sections for elastic scattering of
photons from Pb and Bi at 6=1° and 1.7°. The curves are ob-
tained by reducing the R amplitudes by 5%, resulting in a better
fit at the higher energies. The contribution of NRF scattering is
not included.

correct only for free electrons at rest, and the factor S
takes into account the effect of bound electrons in cases
where the recoil energy of the Compton scattered elec-
trons is smaller than the binding energy. The values of S,
taken from Hubbel e? al.,!* are listed in Table IV.

The measured elastic cross sections extracted from the
experimental area ratios are given in Table V for both Pb
and Bi targets at 6=1.0° and 1.7° for several ¥ lines in the
energy range 4.0—10 MeV. These results together with
predicted values are presented graphically in Fig. 6.

V. DISCUSSION

A. Rayleigh and Delbruck scattering

In the following, we deal only with nonresonant scatter-
ing events in order to find out to what extent the predicted
elastic scattering cross sections (obtained using the D and
R amplitudes of Table I) agree with the experimental re-
sults. In carrying out this comparison we considered only
the results of ¥ lines at 4.406, 4.810, 5.920, 6.018, and
9.298 MeV. Thus, we excluded the results of the y lines
at 7.28 MeV and 7.632 + 7.646 MeV. This is because
the first line is known to yield a strong resonance scatter-
ing signal® in 2%®Pb and a weak resonant signal®® in 2%Bi.
The other two lines are known to hit upon strong
neutron-emitting levels in 2°’Pb and 2%8Pb, respectively?%?’
while in Bi, the 7.646 MeV ¥ line is known to produce res-
onance neutrons through the (y,n) reaction. It was found
that the predicted cross section obtained using Table I
overestimated the measured results and that it is necessary
to reduce the R amplitudes at 6=1° by ~5% to achieve a
better agreement with experiment for photon energies

TABLE VI. Measured and theoretical cross sections of the
7278 keV line scattered from natural Pb (in mb/sr). Values of
the three terms appearing in Eq. (10) are also given.

0=1.0° 0=1.7°
do/dQ) (meas) 1490+ 80 663+30
dos /dQ 920 244
Pdor/dQ 347 347
Interference 182 105
do/dQ (calc) 1449 696
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where nonresonant scattering occurs.

The 5% reduction in the R amplitudes may be justified
by noting that the contribution of the L- and M-shell elec-
trons is overestimated in the modified form factor approx-
imation,!! and that this deviation increases towards small
momentum transfers. Thus, this 5% correction was ap-
plied only at the smaller angle, 6=1°. It may be noted
that the effect of this correction on the scattering cross
section is large only at small E because the relative contri-
bution of R scattering decreases with increasing E.

B. Constructive interference between
(R +D) and F processes

In order to find whether there is evidence for an in-
terference effect between (R +D) and the F process, we
first consider the magnitude of the three terms [Eq. (10)]
constituting the elastic scattering cross section from the
7.28 MeV level in 28Pb. It may be seen from the numeri-
cal values of these terms (Table VI) that the relative mag-
nitude of the interference term is only about 15% of the
incoherent combined contribution of F and (R+D)
scattering. Thus a precise knowledge of each of the first
two terms of Eq. (10) is necessary before any conclusion
could be drawn concerning the contribution of the in-
terference term. The magnitude of the F scattering is
determined to within 5% accuracy from an independent
measurement at backward angles.! The second term,
namely (D +R) scattering, was discussed in the preceding
section, where it was found that it is necessary to reduce
the R amplitudes by 5% to achieve an overall good agree-
ment between experiment and predicted values.
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From Table VI, it is clear that the incoherent sum of the
F and (D +R) cross section is smaller than the measured
value at 6=1°and 1.7°. In addition, only by including the
interference term is a good agreement between the mea-
sured and predicted values obtained. Hence those results
constitute for the first time definite evidence for the ex-
istence of a constructive interference between (D +R) and
F processes.

It may be seen from a consideration of the signs of the
various scattering amplitudes that the real D amplitude
has an opposite sign to that of the real part of both the R
and the F processes. Therefore, one would expect that at
larger scattering angles, namely at 6 > 5°, where the contri-
bution of D scattering is dominant, destructive interference
should result between (R +D) scattering and F. Such a
measurement, at 0>5° is very difficult because the
scattering cross section decreases with increasing 6, and a
new design of absorber and collimators is required before
performing such a measurement. It should be added that
destructive interference may also occur when a target hav-
ing a scattering event with negative value of & is used at
small scattering angles where the R contribution is dom-
inant.
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