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Elastic and Raman scattering of 8.5 to 11.4 MeV y-ray photons are investigated between
charge numbers of 73 and 92. The experimental elastic scattering cross sections show large
deviations from calculations based on available giant dipole resonance photoabsorption cross
sections and on lowest order Delbriick amplitudes. The elastic differential cross sections
measured at Z=83 and 90 confirm the indications of a Coulomb correction effect in
Delbruck scattering previously obtained for Z =92 only. By a systematic analysis, quantita-
tive information on the Coulomb correction effect in Delbruck scattering and on scaling fac-
tors for the giant dipole resonance photoabsorption cross sections is obtained.

NUCLEAR REACTIONS U, Th, Bi (y, y), (y, y'), E=8.5—11.4
MeV, measured cr(8), elastic scattering, nuclear Raman scattering,

Coulomb correction effect in Delbruck scattering.

I. INTRODUCTION

Our present quantitative information on photoab-
sorption cross sections in the giant dipole resonance
(GDR) region of heavy nuclei stems mainly from
photoneutron experiments. ' The data published
by different laboratories for the same nucleus are in
agreement with each other as far as the general
shape of the GDR is concerned but differ by as
much as 30% in the absolute photoabsorption cross
sections. This uncertainty is of great importance,
since it affects any information derived from the
photoabsorption cross sections, e.g., (i) the extent to
which the GDR exhausts the Thomas-Reiche-Kuhn
(TRK) sum rule and (ii) the polarizability of the nu-

cleus.
In addition to photoabsorption measurements,

photon scattering experiments have been carried out.
In the GDR region elastic photon scattering is a
coherent superposition of Delbruck scattering and
nuclear scattering, where the latter process may be
split up into nuclear Thomson and nuclear Rayleigh
scattering. Though in principle elastic photon
scattering may be used as an independent method to
improve our quantitative knowledge of the GDR,
the complex nature of the scattering process requires
a good understanding of all the different contribu-
tions. One main difficulty is caused by Delbriick
scattering, which has been calculated in lowest order

only. From investigations of Delbruck scattering
at 2.754 MeV (Refs. 7—9) and l to 7 GeV (Ref. 10),
it is well known that Coulomb corrections largely
modify the Delbruck amplitudes. It would be
surprising if Coulomb corrections were negligible in
the GDR region of energies. The same conclusion
may be drawn from the pair production cross sec-
tion, "showing that Coulomb corrections are impor-
tant at all energies.

Experimental indications of Coulomb corrections
to Delbriick scattering at 9.0 MeV have been report-
ed by the Negev Group. ' However, a later reinves-
tigation' showed that the predicted elastic scatter-
ing cross sections used in the former work' were in
error due to an incorrect sign in the tabulations of
lowest-order Delbruck amplitudes. In a recent rein-
vestigation of elastic scattering at Z =92 and
E =9.0 MeV we have shown that with the correct
Delbruck amplitudes the indications for Coulomb
corrections are retained.

The purpose of the present work was to confirm
the Coulomb correction effect at 9.0 MeV and to ob-
tain quantitative information on the Coulomb
correction terms. For this purpose we have mea-
sured differential cross sections for elastic photon
scattering in the 8.5 to 11.4 MeV energy region as a
function of scattering angle and of charge number.
One guide to the identification of the Coulomb
correction effect is the strong evidence for the as-
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sumption that Coulomb correction terms basically
follow a Z dependence. This Z dependence has
been unambiguously confirmed at 2.754 MeV.
Furthermore, the analysis of Fig. 7 in Ref. 10 shows
that the Coulomb correction effect has essentially a
Z4 charge number dependence at a photon energy of
1.92 GeV, although additional contributions from
higher powers in Z have been reported. ' Finally,
Coulomb correction effects in pair production have
proven to be basically proportional to Z ." All
these findings support the assumption that, in the
8.5 to 11.4 MeV range of energies, the Coulomb
correction terms should also be proportional to Z .

II. EXPERIMENT

For the experiment, a sample consisting of 5.5 g
of Cr and 4.5 g of Ni was inserted into the center of
the tangential through channel of the Grenoble high
fiux reactor. The experimental setup is depicted in
Fig. 1. Three Ge(Li) detectors with efficiencies be-
tween 10% and 20% relative to a 7.6 cm&(7.6 cm
NaI(T1) crystal at 1.332 MeV were positioned at
scattering angles of 0=60', 90', and 120. The
Ge(Li) detectors were surrounded by lead housings
and, in addition, by tightly closed neutron shields.
Since the y energies were above the neutron thresh-
olds of the scatterers, 22 cm of borated paraffin
were placed in front of the Ge(Li) detectors in order
to reduce the flux of fast neutrons at the detector
position to a tolerable amount. Figures 2 and 3
show the spectra of photons scattered by Bi and Th,
respectively, through a scattering angle of 90'. The
duration of the runs was about 7 d.

The beam profiles were shaped by the internal
collimators of the beam tube and by external colli-
mators. By use of a small (3 mm &(3 mm) aperture
collimator in front of a 5.1 cm&&5. 1 cm NaI(T1)
detector, a precise scan of the beam was carried out.

With the same 3 mm)&3 mm aperture and a Co
source the profile of the detection efficiency of each
Ge(Li) detector was measured. This information
served to properly evaluate the geometrical factor
and the intensity of the direct beam. At the 8 =90'
position the beam profile was circular with a diame-
ter of about 6 cm, whereas at the 8=60' and 120'
positions the beam profile was rectangular with di-
mensions of 5 cm and 12 cm in the horizontal and
vertical directions, respectively. In each of the
geometries the dimensions of the scatterers were
larger than the beam dimensions. The thicknesses
of the scatterers were the following: U: 15.0
g/cm; ThOq. 4.37 g/cm; Bi: 8.96 g/cm; and
""Pb: 13.5 g/cm .

The experimental differential cross sections for
elastic scattering are listed in Table I, and the exper-
imental differential cross sections for Raman
scattering are listed in Table II. All these data are
new, except for the U elastic differential cross
sections, which have been published in a previous
paper. The intensity of the 11.4 MeV y line is dif-
ferent in the different primary y spectra. This is
due to the fact that this line stems from Ni formed
by double neutron capture in Ni so that its intensi-

ty increases during the course of the experiments.

III. THEORY

At energies well above the particle threshold the
width of nuclear levels is in general much larger
than the level spacing. Then the differential cross
section is a smooth function of energy given by the
coherent elastic differential cross section in the form

(d /dn) = (iA~)i +id
i

),
where the scattering amplitudes are the sums of
three terms

A=A +A +A (2)
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i.e., for Delbriick (D), nuclear Thomson (P, and nu-
clear Rayleigh (1V) scattering. In Eq. (2) the classical
Thomson formula is replaced by the modified ver-
sion

FIG. 1. Experimental arrangement. Hatched areas:
lead shield. Dotted areas: borated paraffin or po-
lyethylene with 0.4 cm 84C sheets. Cross hatched areas:
concrete walls. Distances between source and scatterers:
r =13.0 m (0=60', 120') and r =7.8 m (0=90'). Be-
tween the ends of the beam tube the drawing is not to
scale. =gsiR '(E)+gxgR (E) (4)

which takes into account the form factors due to
proton charges and exchange charges and has been
previously discussed in more detail. For the ampli-
tudes A, the general expression
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FIG. 2. Upper part: direct spectrum of photons emitted by the Ni-Cr neutron capture source. Lower part: spectrum of
photons scattered by the ~ Bi scatterer through 8=90'. I": full energy peak, S: single escape peak, D: double escape
peak. The direct spectrum is not on scale.

is used, where the quantities R(E) represent the
zero-angle amplitudes for scattering by the electric
dipole and electric quadrupole giant resonances.
The quantities gE~ Eq are the angular distribution
coefficients. 9 Further details of the calculation of

have been described in a previous paper.
In the discussion given above only the scalar part

of the nuclear scattering which is coherent with the
other scattering processes has been taken into ac-
count. For deformed nuclei, the tensorial excitation
of the nucleus giving rise to incoherent elastic
scattering for ground-state spins Ip) 1, and to nu-

clear Raman scattering, must also be taken into ac-
count. In the modified simple rotator model
(MSRM) (Ref. 14) the corresponding differential
cross section is given by

(do /dQ ), =(IpKp20 t Imp )

t

2 13+cos 8

In Eq. (5) the Clebsch-Gordan coefficient expresses
the weight of the elastic incoherent part and of nu-

clear Raman scattering to the members of the
ground-state rotational band of the scattering nu-
cleus. The quantities A~ are the components of the
elastic zero-angle scattering amplitude

OI E —E+iI ER= A= E
$

47/~ (E 2 E2)2+1 .2@2

(6)

where EJ, O.J, and I J are the GDR parameters. The
expression given in Eq. (5) implies that tr21'2 is
larger than 0 &I'& by a factor of the order of 2.

By comparing Eqs. (5) and (6) it can be seen that
the two Lorentzian curves representing the GDR
enter differently into elastic and Raman scattering.
The elastic scattering measures the sum of the two
constituents A~ and A2, whereas Raman scattering
depends on the difference. Therefore, provided the
MSRM is the correct description of Raman scatter-
ing for rotational nuclei, two independent checks of
the GDR parameters are obtained by observing elas-
tic and Raman scattering.
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FIG. 3. Same as in Fig. 2 for the ' Th scatterer.

IV. DISCUSSION

Except for 20sPb, which has a fine structure, '

the GDR of heavy nuclei seems to be well represent-
ed by one, or the superposition of two, Lorentzian
curves fitted to the photoneutron cross sections. De-
viations from these Lorentzian curves on the high
energy side are due to the quasideuteron effect.
There are also deviations on the low energy side for
which no simple analytical representations can be
given. A detailed discussion of the influence of the
different- effects on the amplitudes for nuclear

scattering i'n the 8.5 to 10 MeV energy range has
been carried out in Table II and Fig. 7 of Ref. 9.
The results may be summarized as follows. If one
compares (i) a simple calculation based on the classi-
cal Thomson amplitude and E1 resonance scattering
as obtained from Lorentzian fits to the photoneut-
ron cross sections with (ii) a more refined calcula-
tion taking into account the form factors due to pro-
ton charges and exchange charges, the E2 reso-
nances, the quasideuteron effect, and E1 resonance
scattering as obtained from the exact experimental
photoabsorption data, differences of the order of

TABLE I. Differential cross sections for elastic scattering in 1Mb/sr. Experimental errors
are given in parentheses.

Ey Z =92
(MeV) 8 =90' 8 =60'

Z =90
8 =90' 8 = 120'

Z =83
8 =90' 8 =120'

8.533 17(9)
8.884 25(6)
8.998 30(3)
9.720 73(11)

11.388

36(8)
61(23)

25.5(8.4)
21.4(4.6)
22.1(4.0)
47.6(9.1)

219(86)

7.7(S.9)
8.8(3.4)

17.4(2.6)
42.9(8.6)

6.4(s.2)
8.4(2.5)

29.0(4.3) 13.0(1.9)
39(13) 23.7(4.8)

375(147)

3.7(2.6)
4.2(1.7)
9.6(1.3)

14.0(4.2)
189(47)
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Ey Z =92
(MeV) 8=90' 8=60'

Z =90
8=90' 8= 120'

TABLE II. Differential cross sections for Raman
scattering in pb/sr. Th

E= 8.998 MeV

8.884 21(6)
8.998 19(3) 19.2(6. 1)
9.720 48(14) 28(22)

11.388

11.0(4.5)
18.8(3.2)
39.9(9.0)

173(85)

9.1(3.8)
8.8(2.4)

28.5(8.4)

10—3

10% to 20% are obtained for the calculated dif-
ferential cross sections at large angles. These differ-
ences are due, only to a minor extent, to the use of
Lorentzian fits instead of the exact experimental
photoabsorption data. Therefore, in view of the
large differences in the predicted elastic differential
cross sections obtained by applying GDR parame-
ters from different experiments, the use of Lorentzi-
an fits appears to be justified in the following dis-
cussion. Furthermore, the uncertainties caused by
the form factors, the E2 giant resonances, and the
quasideuteron effect may be considered small.

Figures 4—6 show elastic differential cross sec-
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FIG. 5. Same as in Fig. 4 but for Th. Closed circles
are from the present work, open circles are from Ref. 27.
(a) calculated from GDR parameters of Ref. 2, (b) same
as (a) but GDR parameters 0 ~ and o2 multiplied by 1.25,
(c) calculated from GDR parameters of Ref. 3.
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FIG. 4. Differential cross sections for elastic scattering
of 8.998 MeV photons by U. Closed circles are from
the present work, open circles are from Ref. 12. The pre-
dictions include N, T, and lowest order D scattering with
corrections for the form factors and GQR scattering. (a)
calculated from the GDR parameters of Ref. 3; (b) same
as (a) but GDR parameters cr& and 02 multiplied by 0.95;
(c) calculated from GDR parameters of Ref. 2.

tions for E=8.998 MeV and the U, Th, and
Bi scattering targets. The experimental data are

compared with calculations including the lowest-
order D, T, and N amplitudes with corrections for
the proton and exchange-charge form factors and
the giant quadrupole resonance (GQR). Curves (a)
and (c) are obtained by using photoabsorption cross
sections from different experiments. As mentioned
before, there are sizable discrepancies between these
predictions —up to a factor of 8 observed in the case
of 2osBi. The large size of these discrepancies is
caused by the destructive interference between T and
N scattering, which makes the differential cross sec-
tions quite sensitive to the GDR parameters.
Curves (b) have been obtained by applying a scaling
factor to the photoabsorption cross sections used in
the calculations of curves (a) in order to adjust
theory to experiment at large scattering angles.
These curves (b) show a systematic deviation from
the experimental data at angles below 90' for all
scattering targets, thus confirming the finding previ-
ously made for U only. In order to make quite
sure that these discrepancies are due to Coulomb
corrections in the D amplitudes, a procedure has
been developed by which quantitative information
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FIG. 6. Same as in Fig. 4 but for Bi. Experimental
data from present work. (a) calculated from GDR
parameters of Ref. 19, (b) same as (a) but GDR parame-
ters 0~ and 02 multiplied by 1.43, (c) calculated from
GDR parameters of Ref. 20.

on the Coulomb correction terms was obtained and
by which it was shown that the Coulomb correction
terms are indeed in line with the Z charge number
dependence discussed in the Introduction. This pro-
cedure is facilitated by the following facts:

(i) The number of four Coulomb correction ampli-
tudes B, i.e., ReB~~, R&&, ImB~~, and ImB j may
be reduced to one at large angles. From general ar-
guments, the sum B

~~
+Bj must be equal to zero at

8=180'. Furthermore, it is observed that for both
lowest-order amplitudes, i.e., A

~~
and Az, real and

imaginary parts are almost equal. Therefore, it is
tentatively assumed the same holds for 8

~ ~

and Bi.
(ii) The N amplitudes rise dramatically when the

photon energy is increased from 9.0 to 11.4 MeV,
whereas the amplitudes for D scattering remain al-
most constant. Therefore, the elastic cross sections
at 9.0 MeV are very sensitive to the D amplitudes,
whereas the 11.4 MeV data are not. This allows the
determination of improved GDR parameters mainly
from the data at 11.4 MeV, and Coulomb correction

Z=92

0
Pll~

0
CQ

E
tl

CQ

IX
I I I I I

0 2 4 6 8 12
E(~.V)

FIG. 7. Energy dependence of Coulomb correction
terms for Z =92 and 8 =90'.

10

terms mainly from the data at 9.0 MeV. For the
GDR, the possible number of free parameters was
reduced to one by keeping the resonance energies E~
and widths I J constant and by multiplying the cross
sections OJ by the same factor.

(iii) The remaining sensitivity of elastic differen-
tial cross sections to Coulomb corrections at 11.4
MeV is taken care of by observing that the well-

known Coulomb correction terms at 2.754 MeV and
the Coulomb correction terms introduced at 9.0 and
11.4 MeV are on a smooth curve.

Starting from these general considerations, func-
tions of energy and scattering angle have been intro-
duced in order to represent the Coulomb correction
terms. By varying the scaling factor for crj and by
trying to get good fits to all the available experimen-
tal cross sections between 2.754 and 11.4 MeV, it
was possible to confine the scope of possible func-
tions to a small group with very similar properties.
During this procedure the following observations
were made. At energies below 4 MeV the Coulomb
correction terms BD have to be of the same sign as
the lowest-order amplitudes A in order to obtain
agreement with experiment, whereas at energies
above 7 MeV the signs must be opposite. In the in-
termediate energy region of 4—7 MeV Coulomb
corrections apparently are of minor importance. '3 2'

This observation is in line with the calculated"
Coulomb correction terms of the pair production
cross section which, for heavy elements, changes
sign in the 5—6 MeV region. However, the energy
dependence of the Coulomb correction terms in
Delbruck scattering at large angles on one hand and
pair production on the other hand are very different.
As an example, Fig. 7 shows the energy dependence
of Coulomb correction terms in Delbriick scattering
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for Z =92 and 8 =90'.
In fitting empirical Coulomb correction terms B

to the experimental data at Z =73, 83, 90, and 92 it
was found that the amplitudes B are nearly in-
dependent of 8 for scattering angles 8 &90' but in-
crease dramatically in magnitude for small scatter-
ing angles 8 &45'. The amplitudes Bt are of oppo-
site signs in the forward and backward directions.
This means that the Coulomb correction terms 8
very closely resemble the lowest-order amplitudes
A+. As examples, Figs. 8 and 9 show the lowest-
order Delbruck amplitudes ' and the Coulomb
correction terms as a function of scattering angle.
For most of the scattering angles use was made of
the assumption that ReB

~ ~

——ImB
~ ~

and

ReBt =1mB~. Slight differences were introduced,
only for very small angles, in order to obtain better
fits to the small-angle elastic differential cross sec-
tions. It can be seen from Fig. 8 that Coulomb
correction and lowest-order terms are almost of the
same size at these large charge numbers.

Figure 10 shows the comparison between theory
and experiment at 11.4 MeV. Curves (a) and (b) are
the final predictions including and not including the
Coulomb correction terms, respectively. Curves (c)
and (d) are obtained from curves (a) by varying the
scaling factor of the photoabsorption cross sections

by +5%. Within the experimental errors all four
curves are consistent with the experimental data,
with curves (a) giving the minimum X . This shows
that the scaling factors of the photoabsorption cross
sections are correct within about +5%, provided no
major changes are necessary for the GDR parame-
ters EJ and I &. For a further improvement it would
be very desirable to measure accurate elastic dif-
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FIG. 8. Amplitudes for Delbriick scattering by U.
Lowest-order amplitudes: (a) ReA ~~, (b) ImA ~, (c) ReAP,
(d) ImA~. Coulomb correction terms: (e) ReB ~~, (f) 1mB ~~,
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FIG. 11. Elastic differential cross sections for 9.0 MeV
photons. For origin of experimental data for Z =92, 90,
and 83 see Figs. 4—6; the experimental data for Z =73
are from Ref. 23. Curves (a) and (b) have the same mean-

ing as curves (a) and (b) in Fig. 10.

ferential cross sections over larger energy intervals.
Figure 11 shows the comparison between theory and
experiment at 9.0 MeV. Again curves (a) and (b) are
the final predictions including and not including the
Coulomb correction terms, respectively. Curves (a)
are in satisfactory agreement with the experimental
data for all scattering targets, whereas in Figs. 4—6
none of the curves had the appropriate shape. This
gives clear evidence for the fact that elastic scatter-
ing at 9.0 MeV cannot be understood without in-
cluding the Coulomb correction effect.

Figures 12 and 13 show a comparison between ex-
perimental and theoretical differential cross sections
for Raman scattering. In Fig. 12 curves (a) and (b)
have been calculated from the Saclay GDR param-
eters with scaling factors of 1.00 and 1.06, respec-
tively. Curves (c) and (d) were obtained from the
Livermore GDR parameters with scaling factors of
1.00 and 0.90, respectively. The two sets of parame-
ters underlying curves (b) and (d) have led to the
same good fit to the elastic scattering data, whereas
for the Raman data, the fits of curves (c) and (d) are

E(vev)
FIG. 12. Differential cross sections for Raman scatter-

ing by U through 8 =140'. Closed circles are from the
present work, transferred to 8=140', open circles from
Refs. 24, 26, and 27, squares from Ref. 18 and 25
transferred to 8 =140'. (a) calculated from GDR parame-
ters of Ref. 2, (b) same as (a) but GDR parameters o ~ and
0.

2 multiplied by 1.06, (c) calculated from GDR parame-
ters of Ref. 3, (d) same as (c) but 0 ~ and 02 multiplied by
0.90.
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FIG. 13. Differential cross sections for Raman scatter-
ing by Th through 8 =140'. Closed cirlces are from the
present work, transferred to 8=140', open circles from
Refs. 26 and 27, squares from Refs. 18 and 25 transferred
to 8=140'. (a) calculated from GDR parameters of Ref.
2, (b) same as (a) but GDR parameters o~ and o2 multi-
plied by 0.95, (c) calculated from GDR parameters of
Ref. 3, (d) same as (c) but GDR parameters cr~ and cr2

multiplied by 0.85.
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TABLE III. GDR parameters fro~ previous photoneutron works and from present photon
scattering work.

23$U

Ei
(MeV)

10.77
10.96
10.96

CT]

(mb)

311
301
319

r,
(MeV)

2.37
2.90
2.90

E2
(MeV)

13.80
14.04
14.04

(mb)

459
369
391

I2
(MeV)

5.13
4.53
4.53

Ref.

3
2

present
work

11.03
11.08
11.08

302
268
255

2.71
3.37
3.37

13.87
14.07
14.07

449
349
332

4.77
4.62
4.62

3
2

present
work

209Bt 13.56
13.45
13.45

648
521
703

3.72
3.97
3.97

20
19

present
work

both inferior to the fits of curves (a} and (b}. This
means that as far as Raman scattering is concerned,
the Saclay parameters lead to a better agreement.
Thus, the Saclay parameters with a scaling factor of
1.06 are the best choice for U, In Fig. 13 curves
(a) and (b} have been calculated from the Saclay
GDR parameters with scaling factors of 1.00 and
0.95, respectively. Similarly, curves (c} and (d) are
obtained from the Livermore GDR parameters
with scaling factors of 1.00 and 0.85, respectively.
Again, the two sets of parameters underlying curves
(b} and (d) have led to the same good fit to the elas-
tic scattering data, whereas for Raman scattering
the majority of the experimental data are slightly in
favor of curve (b), i.e., the Saclay parameters with a
scaling factor of 0.95. Table III contains the best-
choice GDR parameters determined in the present
work together with the original data. For Bi we
have no arguments in favor of the one' or the oth-
er' set of GDR parameters. But, fortunately, in
this case the two values given for Ei and I i are very
close to one another. For ' 'Ta, the GDR parame-
ters already found by Bar-Noy and Moreh~2 have
been confirmed.

V. CONCLUSIONS

It has been shown that by a systematic study of
the energy and charge-number dependence of elastic
and Raman scattering quantitative information on
the photoabsorption cross section and the Coulomb

correction effect in Delbruck scattering is obtained.
The method of obtaining improved photoabsorption
cross sections makes use of the observation that the
main differences in the available GDR parameters
are in the cross sections 0;, whereas there is better
agreement in the peak energies E; and widths I;.
Furthermore, it was assumed (i) that 0 i and cr2 have
to be modified by the same scaling factor and (ii)
that Raman scattering is well described by the modi-
fied simple rotator model (MSRM). Irrespective of
the fact that these assumptions are open to question,
the best-choice GDR parameters obtained are a firm
basis for the interpretation of Delbriick scattering in
the 8.5 to 11.4 MeV energy range.

The information on the Coulomb correction effect
relies on two assumptions: (i) Coulomb correction
terms are basically proportional to Z and (ii) real
and imaginary parts of the parallel and of the per-
pendicular amplitudes are almost equal in size in the
2.75 to 11.4 MeV energy range. Good arguments
are presented in favor of both assumptions. Ir-
respective of the validity of these arguments it has
become apparent that Coulomb correction terms of
the same size as the lowest-order terms have to be
introduced in order to reproduce the angular depen-
dence of elastic differential cross sections observed
at the charge numbers 83, 90, and 92.
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