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Elastic and Raman scattering of 9.0 and 11.4 MeV photons from Au, Dy, and In

Sylvian Kahane*
Physics Department, Nuclear Research Center–Negev, P.O. Box 9001, Beer-Sheva 84190, Israel

R. Moreh
Physics Department, Ben-Gurion University, Beer-Sheva, Israel

T. Bar-Noy
Physics Department, Nuclear Research Center–Negev, P.O. Box 9001, Beer-Sheva 84190, Israel

~Received 25 June 2002; published 29 October 2002!

Monoenergetic photons between 8.8 and 11.4 MeV were scattered elastically and inelastically~Raman! from
natural targets of Au, Dy, and In. 15 new cross sections were measured. Evidence is presented for a slight
deformation in the197Au nucleus, generally believed to be spherical. It is predicted, on the basis of these
measurements, that the giant dipole resonance of Dy is very similar to that of160Gd. A narrow isolated
resonance at 9.0 MeV is observed in In.
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I. INTRODUCTION

Elastic scattering of photons is interesting first of all d
to the presence of Delbru¨ck scattering, named after Max De
bück, the 1969 Nobel prize recipient in biology. In a previo
part of his career, as a physicist, Delbru¨ck proposed an ex
planation for the forward peaked behavior of the elastic p
ton scattering, as was observed by Meitner and Ko¨sters@1#.
This is a nonlinear effect, predicted by quantum electro
namics, with no analogue via the classical Maxwell eq
tions. It is similar to the photon-photon scattering where o
of the real photons is replaced by the electrostatic poten
field of a nucleus, providing a virtual photon and enhanc
the cross section. Out of the three nonlinear effects: pho
photon scattering, photon splitting and Delbru¨ck scattering,
only the last one was observed and thoroughly studied. H
ever, some preliminary evidence for photon splitting was
ported in Ref.@4#.

In its lowest order, the Born approximation, Delbru¨ck
scattering consist of a diagram with four vertices~i.e. fourth
order QCD! with a cross section proportional to (aZ)4. This
diagram contains a closed electron-positron loop, i.e.,
vacuum polarization, making Delbru¨ck scattering a direc
evidence of this purely quantum prediction. In higher orde
beyond the Born approximation, radiative corrections can
added to the first order diagram. These radiative correct
are known as Coulomb corrections. Cheng and Wu@2# suc-
ceded in summing up a whole class of radiative correctio
namely additional multiple photon exchange with t
nucleus, in the limit of very high energiesEg@mc2, predict-
ing a big influence of the Coulomb corrections on the cr
section. This prediction was confirmed at 1 GeV energies
Jarlskoget al. @3# and very recently at 140–150 MeV, in a
experiment involving a Compton backscattered laser be
by Akhmadalievet al. @4#. This last experiment used a ne
theoretical derivation by Lee and Milstein@5#, in which Del-
brück scattering was expressed in terms of Green functi
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and the results of Cheng and Wu were recovered in a m
shorter way. It should be remarked that at these high ener
the Delbrück scattering is described only by an imagina
amplitude which, via the optical theorem, is related to t
absorption process of pair production. The vacuum polar
tion is described by the real amplitude which disappointin
vanishes at these energies.

Our experiment is performed at energiesEg'20mc2,
where additional elastic scattering processes occur. Of
ticular interest is the nuclear resonance in which internal
grees of freedom of the nucleus are excited via the g
dipole resonance~GDR!. The additional processes are cohe
ent with Delbrück scattering. The actual magnitude of th
Coulomb corrections, at these energies, is not known bec
no successful calculation was performed. Evidence on
Coulomb corrections, based on experimental data, is q
ambiguous, due to uncertainities introduced by the other
herent processes. Kahane and Moreh@6# proposed to see
discrepancies between measurements and calculations
as evidence for Coulomb corrections. Their argument w
based on anaZ dependence~Ta vs U! and on a momentum
transfer dependence~no discrepancies at small momentu
transfer!. Nolte et al. @7# proposed an empirical Coulom
corrections function. They fitted such a function to all t
experiment-theory discrepancies and offered it as an uni
sal Coulomb correction at least for the energy interva
MeV ,Eg, 12 MeV and angular interval 60°,u,150°.
Of course the implication is that discrepancies are cau
only by neglecting Coulomb corrections. This approach
not work out very well in the case of Bi@8–10# where it
become evident that the experiment-theory discrepancies
mostly related to uncertainities in the GDR paramete
These parameters are obtained by Lorentzian line fits
(g,tot! measurements. In these measurements there are p
lems of normalization, energy range measured~sometimes
lower energies are not adequately sampled!, neutron multi-
plicities, and so forth, resulting in quite different parame
sets from different laboratories, and usually even from d
ferent groups in the same laboratory. These uncertainities
by far more important in generating discrepancies with
theoretical calculations of photon scattering than any hy
thetical Delbru¨ck Coulomb corrections contribution.
©2002 The American Physical Society16-1
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In the present work we assume that Delbru¨ck scattering is
very well described by its Born approximation. This assum
tion is consistent with the angular distribution results in A
Therefore, all the photon scattering data can be used to re
the GDR parameters describing the Nuclear Resonance
tribution. This approach was used before, succesfully, in
Bi case by Daleet al. @11# and by Kahane and Moreh@8#.

II. EXPERIMENTAL AND DATA ANALYSIS DETAILS

The experimental setup is described in Fig. 1. The sou
photon beam is produced by Ni(n,g) reaction in five sepa-
rated natural Nickel metal disks, 1 Kg each, placed in a t
gential beam tube, near the core vessel of the IRR-2 nuc
reactor. The photon beam is collimated and neutron filte
along the beam tube and allowed to hit a target placed
lead shielded experimental chamber of' 2.032.031.5 m.
Subsequently the beam is dumped into a beam catcher~not
shown! designed to minimize the backscattering toward
detector. The Ni(n,g) reaction produces a series of e
tremely sharp, well defined lines, mainly from the mo
stable abundant isotope58Ni, the most intense one is at 9.
MeV. In distinction, the highest enegy line at 11.4 MeV
generated@12# by 59Ni, an unstable isotope with a half life o
75 000 y. Our Ni source has been under neutron bomb
ment for 25 years and therefore contains a sizable amou
59Ni, produced by neutron capture, providing a relative
strong 11.4 MeVg line. Figure 2 shows the intensities of th
photon beam in the energy range of interest for the pre
investigation. Theg lines appear as triplets due to the r
sponse of the 150 cm3 HPGe detector showing the phot
first escape and double escape signals. Apart from 9.0
11.39 MeV there are weaker lines at 8.53 and 10.05 MeV
studying the Au sample, anotherg source based on Cr(n,g)
reaction was used. This source emits two intense lines at
and 9.72 MeV which were utilized in the present measu
ments. The scattering angle used was 140°6 2° for the cross
section measurements and a range of 90° –140° for ang
distributions.

FIG. 1. Schematic view of the experimental setup, not to sca
04431
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The yield of a scattering measurment at an angleu is
defined as

Yu5
Nu

tuB~u,f,ma!
, ~1!

whereNu are the net counts measured,tu is the measuremen
time, andB is a correction for the photon absorption in th
target~see, for example, Ref.@9#! which depends onu, f is
the angle of the target plane with the incoming beam dir
tion, m is the linear absorption coefficient of a photon
energyEg in the target material, anda is the target thickness

In the present investigation the cross sections were m
sured relative to a U standard

ds~u!

dV
5

Yu

YU
S ds~u!

dV D
U

VU

Vu

nU

nu
N, ~2!

where YU is the yield measured from the U in the sam
geometry asYu , nu and nU are the number of scattering
nuclei in the target and in the standard,VU /Vu is practically
equal to 1.0 under our experimental conditions (333 cm
targets at a distanceReff520 cm), andN which normalizes
the two measurements with respect to the reactor power fl
tuations, is obtained by monitoring the neutron flux at t
Ni(n,g) source position.ds(u)/dV)U is taken from Ref.@6#
where absolute cross section measurements were perfor
These cross sections were confirmed in an independent m
surement~only at 90°) by Rullhusenet al. @10#. The targets
were in metallic or powder form and the quantities used w
16.11 g for Au, 26.9 g for Dy~Dy 2O3), 61.04 g for In, and
13.65 g for the U~U 3O8) standard.

.

FIG. 2. The spectrum of the photon beam generated by
Ni(n,g) source in the 7.5–11.4 MeV energy range, measured a
attenuating its intensity by a factor of'105 using a lead absorber
6-2
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III. THEORETICAL SUMMARY

A. Elastic scattering

At the energies of interest for the present experiment'10
MeV, the elastic photon scattering consists of four coher
contributions:~a! scattering from a point charge~theg wave-
length is much larger than the dimensions of the nucleus!—
this is the nuclear Thomson scattering (T), ~b! dipole exci-
tation of the internal degrees of freedom of the nucleus
subsequent return to the ground state—this is the nuc
resonance scattering~NR! and the nuclear excitation i
known as the giant dipole resonance~GDR!, ~c! pair produc-
tion and subsequent pair annihilation in the electrostatic fi
of the nucleus~real or virtual, i.e., vacuum polarization!—
known as Delbru¨ck scattering (D), ~d! scattering from the
electron cloud of the atom—known as Rayleigh scatter
(R). The initial and final states in these processes are id
tical and therefore they are coherent. In a linear polariza
formalism the cross section is given as

S ds

dV D coh

5
1

2
r 0

2~Ai
21A'

2 !,

A5AT1ANR1AD1AR ~3!

with r 0 the classical radius of the electron and the amplitu
A in units of r 0 . Ai , A' are amplitudes parallel and perpe
dicular to the scattering plane, obtained fromAeW1* eW2, where

eW1* eW2 is the scalar product of the polarization vectors bef
and after the scattering. Perpendicular to the scattering p
these vectors are parallel, in the scattering plane there i
angleu between them:

Ai~u!5A cosu,

A'~u!5A. ~4!

Fano@13# had shown that in photon scattering the nucle
can receive some units of angular momentumL50,1,2, a
capability closely related to the nuclear deformation. T
caseL50, the scalar case, is the coherent scattering
cussed above. The vector caseL51, vanishes according to
Fano, but the tensor caseL52 contribute to the elastic sca
tering in cases where the nuclear ground state spinI 0>1 and
the nucleus is deformed. This contribution to the cross s
tion is non coherent because the final state differs by
units of angular momentum compared with the initial st
@14#; its form in the modified simple rotor model@15# is

S ds

dV D incoh

5r 0
2~ I 0K020uI 0K0!2uP3A1

NR2A2
NRu2

131cos2u

40
.

~5!

K0 is the nuclear spin projection on the nuclear symme
axis andP is given below. TheANR amplitude~at u50) is
obtained from the Lorentzian parameters of the GDR~the
central energyE, the widthG and the maximum cross sectio
s at E) and the photon energyEg @16# ~in units of r 0):
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ANR~Eg!5S a

4p D S Eg

mc2D S s

r 0
2D GEg

E22Eg
21 iGEg

~E22Eg
2!21G2Eg

2
.

~6!

For a deformed nucleus the GDR is split in two peaks w
two sets of Lorentzian parametersEi , G i , s i ( i 51,2! and
hence two amplitudesAi

NR; where the coherent amplitude
ANR5A1

NR1A2
NR and the factorP in Eq. ~5! is the ratio

s2G2 /s1G1. For a nondeformed nucleus, or aI 0,1 nucleus,
the incoherent contribution to the elastic scattering vanish

The Thomson amplitude is given@17#, for Eg50 andu
50, asAT52Z2m/M wherem is the electron mass andM
the nuclear mass. In principle forEg.0 there are additiona
terms @10# based on the form factor of the nuclear char
distribution and exchange terms. For our energies these
rections are negligible.

Delbrück scattering amplitudes were calculated nume
cally by Kahane@18# and by Bar-Noy and Kahane@25#, in
the Born approximation, using the formalisms of Papatza
and Mork @19# and De Tolliset al. @20#.

Rayleigh scattering was calculated in its first order by
second orderS matrix formalism by Kisselet al. @21#. Un-
fortunately numerical results exist only for lower energies,
2.754 MeV. In addition to the exactSmatrix calculations, the
most popular approximation to Rayleigh scattering is
modified relativistic form factor~MRFF! @23# which depends
only on the momentum transfer. This approximation is not
good beyond momentum transfersq'10 Å21. In our ex-
periment at 9.0 MeV and 140°q'682 Å21.

Table I summarizes the amplitudes for the elastic scat
ing for Au at 9.0 MeV and 140°. TheR amplitudes were
taken from the internet site of Ref.@21# in the MRFF ap-
proximation ~file: 079-cs0sl-mf!, D amplitudes from Ref.
@18#, and NR amplitudes from Eq.~6! with the GDR param-
eters of Fultzet al. @22#. It seems that theR amplitudes are
very small compared to the other contributions. The interf
ence terms contributed by theR amplitudes have only a
small influence,'0.1%, on the scattering cross sectio
Thus, theR scattering amplitudes were neglected. The sa
conclusion was reached by us before, on the basis of thR
calculations of Florescu and Gavrila@24#. These calculations
are exact in the sense that they employ second orderSmatrix
but not realistic in the sense that only theK-shell electrons
are calculated in a pure Coulomb field~enabling an analytic
evaluation!. On the contrary, the MRFF is not exact~momen-
tum transfer far beyond the range of applicability!, but is
realistic with all the electrons included and employing a se
consistent atomic potential. The conclusion is equally va

TABLE I. Amplitudes ~in units of r 0) for 9.0 MeV photons
elastically scattered from Au atu5140°.

Amplitude i '

T 11.33131022 21.73831022

NR 2(1.5801 i0.496)31022 1(2.0631 i0.648)31022

D 1(0.2521 i0.274)31022 2(0.1861 i0.222)31022

R 20.0009531022 10.001231022
6-3
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for the other energy and targets used. At 11.4 MeV theR
amplitude decreases because with increasing energy tR
scattering becomes more forwardly peaked. For Dy and
of lower Z, the R amplitude decreases because of its stro
Z2 dependence.

A destructive interference effect, predicted by Ref.@17#,
occurs betweenT and NR. This is illustrated in Fig. 3 wher
the scattering cross section is calculated versus energy.
destructive interference is evident as it lowers the cross
tion in the 8–9 MeV range, and is expected to show up in
experimental measurements as well, even if someh
masked by the additionalD contribution.

The present elastic photon scattering results are used
deducing a best set of GDR parameters because of the

FIG. 3. Destructive interference betweenT and NR contribu-
tions in Au. The arrows point to the exact locations of the 9.0 a
11.4 MeV.
04431
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sensitivity of the data. A summary of all the GDR paramet
tested is shown in Table II. There are no measured G
parameters for Dy, most probably because in natural form
contains seven different stable isotopes out of which five
even-even nuclei. We tried to analyze the results in term
165Ho and 160Gd parameters, both being close to the m
abundant164Dy isotope.

B. Raman scattering

Deformed nuclei are characterized by rotational spec
with a rotational band including the ground state and the l
lying excited states. The photon tensor scattering gives
to nonelastic contributions involving decay of the GDR
these low lying rotational states of the nucleus. These c
tributions are known as nuclear Raman scattering in anal
to the molecular Raman scattering. The cross section is g
in total analogy with Eq.~5!:

S ds

dV D Raman

5r 0
2~ I 0K020uI fK0!2uP3A1

NR2A2
NRu2

131cos2u

40
~7!

the final state spinI f refers to the level spin including th
ground state spin; the strength of the tensorial part is s
between the ground state and the excited states accordin
the CG coefficient.

IV. RESULTS AND DISCUSSION

Figure 4 presents the photon scattering spectra meas
from the three targets. The accumulation times were 19
for Au, 97 h for Dy, and 66 h for In. For Au and Dy a
stronger signal is observed at 11.4 MeV compared with
MeV as expected from Fig. 3. In gives a much stronger s
nal at 9.0 MeV and at other lower energies, compared w
11.4 MeV. This is due to scattering from an isolated re
nance level in In and is reminiscent of our former investig
tion @9# of Pb isotopes where strong departure from t
smooth behavior of a Lorentzian GDR was observed. In

d

refer-
TABLE II. Sets of GDR parameters used in the present experiment. The original experiments are
enced; the actual parmeters were taken from the Lorentzian fits of Dietrich and Berman@29#.

Ref. Symbol E1 @MeV# s1 @mb# G1 @MeV# E2 @MeV# s2 @mb# G2 @MeV# Nucleus

@22# Fu62 13.82 560 3.84 197Au
@26# Ve70 13.72 541 4.61 197Au
@27# Be86 13.73 502 4.76 197Au
@28# So73a 13.60 590 4.50 197Au
Presentb 13.70 260 3.0 13.90 290 5.3 197Au
@32# Ax66 12.02 238 2.35 15.59 308 4.85 165Ho
@34# Be69 12.28 214 2.57 15.78 246 5.00 165Ho
@33# Be68 12.01 239 2.52 15.59 291 5.12 165Ho
@34# Be69 12.23 215 2.77 15.96 233 5.28 160Gd
@30# Fu69 15.63 266 5.24 115In
@31# Le74 15.72 247 5.60 115In

aLorentzian parameters from Varlamov data in the RIPL library.
bTwo Lorentzian fit to the combined data of Ve70 and Be86 performed in this work.
6-4
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ELASTIC AND RAMAN SCATTERING OF 9.0 AND . . . PHYSICAL REVIEW C66, 044316 ~2002!
which is a deformed nucleus, also the inelastic Raman s
tering is clearly observed. The measured cross sections
presented in Table III.

A. Au

We begin the description of Au results with the angu
distributions because of the implications of these results
the accuracy of theD amplitudes.

1. Angular distributions

The measured angular distributions at 9.0 and 11.4 M
are presented in Fig. 5. Calculations based onT, D, in the

FIG. 4. Measured spectra from the three targets of Au, Dy,
In at u5140°.

TABLE III. Differential cross sectionsds(u5140°)/dV in
mb/sr, measured in the present experiment.

Target 11.4 MeV MeV

Aua Elastic 116617 360.9
Dy Elastic 87613 2.260.7

Raman 49613 2.361.3
In Elastic 7.161.1 7.961.0

aAdditionally, we are using in Fig. 6 two cross sections measu
separately with a Cr(n,g) photon source: 2.260.3 at 8.88 MeV and
7.060.8 at 9.72 MeV.
04431
t-
re

r
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V

first Born approximation, and NR based on two sets of GD
parameters from Table II are shown. ShouldD be negligible,
the T and NR would reveal an angular dependence of
form 11cos2u ~shown in Fig. 5!. At 11.4 MeV the measured
angular distributionresemblesquite closely a 11cos2u be-
havior. The explanation rests on the fact that the NR con
bution becomes dominant at energies approaching the G
peak at'14 MeV, the contribution ofD decreases, and
therefore the angular distributionapproaches11cos2u. Con-
versely, at 9.0 MeV the contribution ofT1NR is low be-
cause of their destructive interference,D is strong, causing a
large departure from 11cos2u. One remark concerning th
importance of the Coulomb corrections to theD contribution
is in order. At 11.4 MeV their contribution is not importan
because of the dominance of the NR component. At
MeV, whereD is dominant, the good existing agreement b
tween the measurement and the calculations implies tha
Coulomb corrections are not important, at these energ
momentum transfers, andaZ,0.58, appropriate for Au or
lighter nuclei.

2. Cross sections

Present results are shown in Fig. 6. They include t
measurements at 8.88 and 9.72 MeV obtained with
Cr(n,g) photon source. Three calculations based on differ
Au GDR parameters from Table II are also shown. The m
sured value at 9.72 MeV seems to be too low. The ol
parameters Fu62 clearly do not reproduce the data corre
neither the cross sections nor the angular distributions at
MeV. This set has a too low value ofG, probably due to an
incomplete range of energies measured, coming too low
the scattering cross sections at the energies near 9.0 M
Our measurements clearly prefer the GDR parameters f
Be86 @27#. This set is close to the one of Ve70@26#, having
almost equal values ofsG being 2389 vs 2494~in units of
mb MeV!, which is a measure of the GDR strength. TheG of
Be86 @27# is largest accounting well for the wings of th

d

d

FIG. 5. Measured angular distributions in Au. Calculatio
based on two sets of GDR parameters. The 11cos2u dependence of
T1NR is also shown.
6-5
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GDR. The parameters of So73@28# ~not shown! have a nar-
row G and higher strengthsG52655 mb MeV.

3. Possible deformation in197Au

The 197Au is usually assumed to be spherical with a GD
having a single peak. This will imply an absence of Ram
scattering signals. The experimental result at 11.4 MeV~Fig.
4!, performed using a small target of only 16 g, seem
agree with the above expectation. At 9 MeV, however,
spectrum~Fig. 7! reveals several inelastic transitions leadi
to the levels at 77, 269, 279, 502, and 548 keV in197Au. In
this later measurement, a bigger target, a more intense b
much longer running time but a smaller detector were us

FIG. 6. Measured cross sections in Au. Calculations based
three sets of GDR parameters.
04431
n

o
e

m,
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It should be reminded that the 9 MeV line is the most inten
line of the g source and is 25 times stronger that the 11
MeV line. A transition to the11

2
2409 keV level is forbidden

by its spin and parity.
These results came as a surprise because neither th

namic collective model~DCM! @35# nor the simple rotator
model ~SRM! @36# predict a nonzero Raman scattering in
nondeformed nucleus. A tentative explanation will be th
197Au posseses a very slight deformation not easily o
served. In Fig. 8 composite (g,tot! data of Ve70 and Be86 is
fitted ~manual adjustment! with a two Lorentzian line con-
strained to a very small peak energy difference of 200 k
The Ve70 (g,tot! data were obtained directly from

n FIG. 8. Two Lorentzian fit to the197Au(g,tot) cross sections of
Ve70 and Be86.
o-
y
ir
tic

e

FIG. 7. Inelastic transitions observed in ph
ton scattering from Au. Abscissa is the energ
difference in respect to 9.0 MeV. Peaks with the
energy noted without parantheses are inelas
transitions to the low lying states of197Au. Elas-
tic transitions are noted with the energy of th
incoming photon in parantheses~P: photopeak, F:
first escape, S: second escape!. The inset shows a
level scheme of197Au with levels taken from
Table of Isotopes.
6-6
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ELASTIC AND RAMAN SCATTERING OF 9.0 AND . . . PHYSICAL REVIEW C66, 044316 ~2002!
Ref. @29#; the Be86 data were reconstructed from the (g,n)
1(g,n1p)1(g,2n) components taken from the EXFO
system@40#. The resulting fitting parameters are included
Table II.

The extracted experimental Raman cross sections are
sented in Table IV and Fig. 9. There are large errors beca
the cross sections are small and the statistical quality of
spectrum is not good. The low-lying levels in Au can
arranged in two rotational-like bands:~i! a ground state band
0( 3

2 )→279(5
2 )→548(7

2 ) and ~ii ! a side band 77(12 )
→269(3

2 )→502(5
2 )→737(7

2 ); each one fitted nicely by an
expression of the formE(K,I )5EK1AI(I 11)1BI2(I

FIG. 9. Raman inelastic scattering cross sections~squares! and
theoretical calculations,K05

1
2 circles and K05

3
2 triangles, in

197Au at 9.0 MeV, as a function of the excitation energies of t
final states.

TABLE IV. Measured and calculated inelastic differential cro
sections inmb/sr leading to low lying levels in197Au.

K0 Level spin Level energy@keV# Experimental Raman
cross section

1
2

1
2

1 77.351 1.761.2 1.8
1
2

3
2

1 268.786 1.160.9 1.8
1
2

5
2

1 502.5 0.260.8 0.8
1
2

7
2

1 736.7a ? 4.6

3
2

3
2

1 0 3.060.9b 1.8c

3
2

5
2

1 278.99 0.360.7 4.6
3
2

7
2

1 547.5 1.360.9 3.5

aNot observed in the present experiment.
bElastic cross section from Table III. Most of it is the coherent p
not related to the Raman scattering.
cCalculated incoherent contribution to the elastic scattering.
04431
re-
se
e

11)2 @41# with similar values for the coefficientsA andB. K
is given by the spinI of the band head@41#. In a given band
the tensor cross section is shared between different tra
tions according to the CG coefficients in Eq.~7! ~sum of
their squares is 1!. Only in theDCM one can calculate how
the cross section is shared between different bands. Also
sented in Table IV and Fig. 9 are Raman cross sections
culations based on Eq.~7! ~SRM! and the above two Lorent
zian fit parameters. Because there is no division of
inelastic cross section strength between theK05 1

2 and K0
5 3

2 bands in SRM, these calculations provides only an up
limit ~they assume that the full Raman strength is feeding
band!. While the calculated cross sections are consiste
somewhat higher than the experiment, there is quantita
agreement within one standard deviation for theK05 1

2 cal-
culations. TheK05 3

2 calculation overestimates the expe
mental results notably at 279 keV. Also, the calculated in
herent contribution to the elastic transition is too large.
seems, therefore, that theK05 1

2 band receives a greate
share of the Raman strength compared with theK05 3

2 band.
The calculated Raman cross section for the 77 keV tr

sition atEg511.4 MeV is 8.5mb/sr, a factor 15 lower than
the elastic cross section. The signal to noise ratio for
elastic peak at 11.4 MeV~first escape! is 0.25~Au spectrum
from Fig. 4!. This implies an expected signal to noise ra
for the Raman peak of only 0.015, i.e., only 1.5% over t
background while the background itself has a statistical
certainity of'2 –3%. This explains why the Raman sign
was not detected atEg511.4 MeV.

B. Dy

The analysis of the Dy cross sections is impeded by t
factors.~i! the natural Dy target includes at least five isotop
with non-negligible abundances~Table V! and ~ii ! there are
no measurements of the GDR parameters for this elem
Thus, we tried parameters from the neighbor nuclei of165Ho
~Ax66, Be68,Be69! and 160Gd ~Be69!. The results of these
calculations are shown in Fig. 10~a! where only the coheren
contribution is considered. The sets of GDR split into tw
groups, one giving good agreement at 9.0 MeV and ove
timating the 11.4 MeV result, and one underestimating b
results. Two of the isotopes appearing in Table V ha
ground state spinsI 05 5

2 so an incoherent contribution pro
portional to their relative abundances was added. The
agreement is obtained with the160Gd GDR set as shown in

t

TABLE V. Natural abundance, ground and first excited st
energies, and spin of stable Dy isotopes.

A Abundance@%# I 0 E @keV# I f

ground state first level first level

160 2.3 01 86.8 21

161 18.9 5
2

1 25.6 5
2

2

162 25.5 01 80.7 21

163 24.9 5
2

2 73.3 7
2

2

164 28.2 01 73.4 21
6-7
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Fig. 10~b!. The inclusion of the incoherent contributio
brings the calculation at 11.4 MeV in perfect agreement w
the experiment, while at 9.0 MeV the discrepancy is ma
edly reduced. Therefore we conclude that the unknown G
parameters for natural Dy has to be very close to those
160Gd. This conclusion is supported by the calculations
Raman scattering shown in Fig. 10~c!. Contributions to the
Raman scattering cross section were considered to c
only from the 162,163,164Dy isotopes~with a final excited state
at about 77 keV!. The contribution of161Dy is not included
because its first level energy is at 25.6 keV, being mu
smaller than the observed Raman energy;160Dy has a too
low abundance and was neglected. The good agreemen
tween the data and calculations favors the Dy GDR desc

FIG. 10. Elastic and inelastic cross sections in Dy, versus
culations with different sets of GDR parameters, taken from nei
boring nuclei.~a! the calculated curves include only the elasticco-
herentcontributions of the Dy isotopes.~b! The curves are based o
160Gd parameters. The solid line includes both thecoherentand
incoherentcontributions.~c! Inelastic Raman cross sections. Th
curve is the result of the Raman contributions of162,163,164Dy whose
first excited states are at'77 keV.
04431
h
-
R
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tion by the 160Gd parameters. On the basis of these para
eters we can predict the intrinsic quadrupole momentQ0.
Following Danos,@37# the ratiod5a/b of the long to short
axis of a deformed nucleus is related to the peak energie
the GDR by

0.911d10.0895E2 /E1 . ~8!

The intrinsic quadrupole moment is then@34,42#:

Q05
2

5
Zr0

2A2/3
d221

d2/3
~9!

with r 051.2 fm andE1 , E2 from 160Gd GDR parameters
one obtains for DyQ057.30 b. Table VI summarizes th
experimental information onB(E2)↑ and static quadrupole
momentsQ for various Dy isotopes. The extracted intrins
Q0 were averaged according to the abundances. The
value for natural Dy isQ057.31 b in excellent agreemen
with the above prediction.

C. In

Natural In have two isotopes 4.3%113In and 95.7%115In.
The In results shown in Fig. 11, represent a challenge with
unexpected high cross section at 9.0 MeV. An excell
agreement between the measured and the calculated
section is obtained at 11.4 MeV using the GDR parame
of Fu69 @30#. At 9.0 MeV however, the measured valu
~Table III! is '12 times higher than the calculated one. Th
huge departure can be explained by the resonance excit
of an isolated single compound nuclear level, most likely
115In. The occurrence of such isolated resonance at'9 MeV
was also observed in many other nuclei@9#.

In this case there is a direct excitation of one or mo
nuclear levels in the continuum by the incomingg ray. Such
an excitation will be possible when there is a partial over
between the incidentg energy and its line width with a
nuclear level energy and its width. The deexcitation of t
nuclear level back to the ground state will be the measu
elasticg scattering. In general, resonance cross sections~or

l-
-

TABLE VI. Derivation of the intrinsic quadrupole momentQ0

from the mesuredB(E2)↑ values~even masses! and static quadru-
pole momentsQ ~odd masses! for Dy isotopes.

A B(E2)↑a @e2b2# Q0
b @b# Qc @b# Q0

d @b#

160 5.06 7.13
161 2.494e 6.98
162 5.28 7.28
163 2.648 7.41
164 5.6 7.5

aData taken from Ref.@38#.
bQ05@16p/53B(E2)↑/e2#1/2, from Ref. @41# Eq. ~4-68!.
cData taken from@39#.
dQ05(I 011)(2I 013)/@ I 0(2I 021)#3Q, from Ref. @41# Eq.
~4-70!.
eAverage of three values.
6-8
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widths! are subject to strong Porter-Thomas type fluct
tions. We shall discuss here only the averageg→g cross
section from a nuclear level with spinI @43#:

s̄gg
I ~Eg!5p2S l

2p D 2

gh~z!S G0
2̄

ḠD
D , ~10!

where Ḡ0 is the average ground state width~transitions to
ground state!, Ḡ is the average total decay width,D is the
nuclear level spacing obtained fromr I(E) the nuclear level
density,h(z) is an enhancement function depending on
ratio z5Ḡex /Ḡ05(Ḡ2Ḡ0)/Ḡ0, whereḠex is the average to-
tal g width for transitions to the excited states,g is the sta-
tistical factor (2I 11)/(2I 011) for transitions from an ex-
cited stateI to the ground stateI 0, andl is the wavelength of
the scattered radiation of energyEg . The function h(z)
changes from 1 forz50 ~transitions to the ground stat
only! to 3 for z5` ~no transitions to the ground state at al!.

Ḡ0 is obtained from the photoabsorption cross secti
described by the GDR parameters in Table II:

FIG. 11. Elastic scattering cross section from In at 140°, at
and 11.4 MeV.
P

04431
-

e

,

sph~Eg!5sGDR

GGDR
2 Eg

2

~EGDR
2 2Eg

2!21GGDR
2 Eg

2
,

sph~Eg!53p2S l

2p D 2Ḡ0~Eg!

D~Eg!
.

For Ḡ we took the experimetal value@44# 81 meV, mea-
sured at neutron separation energy in thermal capture.

The average differential cross section will be given by

ds̄gg~u!

dV
5(

I

s̄gg
I

4p
@11A22

I P2~cosu!#, ~11!

where theA22
I coefficients forE1 transitions in the cascade

I 0→I→I 0 with I 05 9
2 ~the ground state for115In! and I

5 7
2 , 9

2 , 11
2 are 0.02333, 0.19394, and 0.08273, respective

The level densityr I(E) was evaluated with a back shifte
formula. The parametersa514.086 MeV21 and d520.63
MeV were taken from the RPIL library@28#. The two sets of
115In GDR parameters in Table II give atEg59.0 MeV @tak-
ing h(z)51] ds̄gg(u5140°)/dV58.4 and 8.7mb/sr, re-
spectively, in fair agreement with the measured value
61.1 mb/sr.

V. CONCLUSIONS

The elastic scattering cross sections in Au are nicely
produced using Be86 GDR parameter set available in
literature. The observation of weak Raman transitions
viewed as an evidence for the occurence of a slight defor
tion in 197Au. Qualitative and some quantitative agreeme
with these Raman transitions is obtained when a two pe
GDR with small energy difference is enforced.

In Dy both the elastic and Raman intensities were fou
to agree when the GDR parameters of the neighboring160Gd
nucleus were employed. Therefore the natural Dy GDR
rameters are expected to be very close to those of160Gd.

At 9.0 MeV in In an isolated resonance was excited ingg
scattering. The measured cross section agrees with calc
tions based on the statistical model of the nucleus. At 1
MeV the character of the nuclear excitation changes and
comes a collective GDR type. At this energy agreemen
obtained with the Fu69 parameters.

0

,

.

@1# L. Meitner and H. Ko¨sters, Z. Phys.84, 137 ~1933!.
@2# M. Cheng and T. T. Wu, Phys. Rev.182, 1873 ~1969!; Phys.

Rev. D2, 2444~1970!; 5, 3077~1972!.
@3# G. Jarlskoget al., Phys. Rev. D8, 3813~1973!.
@4# Sh. Zh. Akhmadalievet al., Phys. Rev. C58, 2844 ~1998!;

hep-ex/9806037.
@5# R. N. Lee and A. I. Milstein, Budker Report No. BUDKERIN

94-97, 1994; hep-th/9502004.
@6# S. Kahane and R. Moreh, Nucl. Phys.A308, 88 ~1978!.
@7# R. Nolte, F. Schro¨der, A. Bauman, K. W. Rose, K. Fuhrberg

M. Schumacher, P. Fettweis, and R. Carchon, Phys. Rev. C40,
1175 ~1989!.

@8# S. Kahane, Phys. Rev. C33, 1793~1986!.
@9# S. Kahane and R. Moreh, Phys. Rev. C50, 2000~1994!.

@10# P. Rullhusen, U. Zurmu¨hl, F. Smend, M. Schumacher, H. G
Börner, and S. A. Kerr, Phys. Rev. C27, 559 ~1983!.
6-9



J

es

s.

A

://

r,

oc
,

a
nc
be
po

i-
p

tre

.

,

es

d

nd

ys.

.

nd

nal

ucl.

G.

SYLVIAN KAHANE, R. MOREH, AND T. BAR-NOY PHYSICAL REVIEW C 66, 044316 ~2002!
@11# D. S. Dale, A. M. Nathan, F. J. Federspiel, S. D. Hoblit,
Hughes, and D. Wells, Phys. Lett. B214, 329 ~1988!.

@12# R. Moreh and T. Bar-Noy, Nucl. Instrum. Methods Phys. R
105, 557 ~1972!.

@13# U. Fano, NBS Technical Note No. 83, 1960.
@14# E. Hayward, NBS Technical Note No. 118, 1970.
@15# T. Bar-Noy and R. Moreh, Nucl. Phys.A275, 151 ~1977!.
@16# S. Kahane and R. Moreh, Phys. Rev. C9, 2384~1974!.
@17# M. Gell-Mann, M. L. Goldberger, and W. E. Thirring, Phy

Rev.95, 1612~1954!.
@18# S. Kahane, Nucl. Phys.A542, 341 ~1992!.
@19# P. Papatzacos and K. Mork, Phys. Rev. D12, 206 ~1975!; P.

Papatzacos, Ph.D. thesis, Trondheim, 1974.
@20# B. De Tollis, V. Constantini, and G. Pistoni, Nuovo Cimento

2, 733~1971!; B. De Tollis, M. Lusignoli, and G. Pistoni,ibid.
32, 227 ~1976!.

@21# L. Kissel, R. H. Pratt, and S. C. Roy, Phys. Rev. A22, 1970
~1980!; see also Dr. Kissel’s internet site at http
www.phys.llnl.gov/pub/rayleigh.mftab

@22# S. C. Fultz, B. L. Bramblett, J. T. Caldwell, and N. A. Ker
Phys. Rev.127, 1273~1962!.

@23# G. E. Brown, R. E. Peierls, and J. B. Woodward, Proc. R. S
London, Ser. A227, 51 ~1955!; G. E. Brown and D. F. Mayers
ibid. 234, 384 ~1956!; 242, 89 ~1957!.

@24# V. Florescu and M. Gavrila, Phys. Rev. A14, 211 ~1976!.
@25# T. Bar-Noy and S. Kahane, Nucl. Phys.A288, 132 ~1977!.

These calculations are based on different theoretical form
isms for the real and immaginary parts with an inconsiste
in their phase convention. The following formulas should
employed for transformations between linear and circular
larization: ReA'5ReA112ReA12 , ReAi5ReA11

1ReA12 , Im A'5Im A111Im A12 , Im Ai5Im A11

2Im A12 . Only the last two relations were given in the orig
nal paper causing some confusion regarding the real am
tudes.

@26# A. Veyssiere, H. Beil, R. Bergere, P. Carlos, and A. Lepre
Nucl. Phys.A159, 561 ~1970!.
04431
.

.

.

l-
y

-

li-

,

@27# B. L. Berman, R. E. Pywell, M. N. Thomson, K. G. McNeill, J
W. Jury, and J. G. Woodworth, Bull. Am. Phys. Soc.31, 855
~1986!; Phys. Rev. C36, 1286~1987!.

@28# Yu. I. Sorokinet al., Izv. Akad. Nauk: SSSR37, 1891~1973!;
V. V. Varlamov, V. V. Sapunenko, and M. E. Stepanov,Photo-
nuclear Data 1976–1995~Moscow State University, Moscow
1996!; Reference Input Parameter Library~Nuclear Data Ser-
vice, International Atomic Energy Agency, Vienna, 1998!.

@29# S. S. Dietrich and B. L. Berman, At. Data Nucl. Data Tabl
38, 199 ~1988!.

@30# S. C. Fultz, B. L. Berman, J. T. Caldwell, R. L. Bramblett, an
M. A. Kelly, Phys. Rev.186, 1255~1969!.

@31# A. Lepretre, H. Beil, R. Bergere, P. Carlos, A. de Miniac, a
A. Veyssiere, Nucl. Phys.A219, 39 ~1974!.

@32# P. Axel, J. Miller, C. Schuhl, G. Tamas, and C. Tzara, J. Ph
~France! 27, 262 ~1966!.

@33# R. Bergere, H. Beil, and A. Veyssiere, Nucl. Phys.A121, 463
~1968!.

@34# B. L. Berman, M. A. Kelly, R. L. Bramblett, J. T. Caldwell, H
S. Davis, and S. C. Fultz, Phys. Rev.185, 1576~1969!.

@35# H. Arenhovel and W. Greiner, Prog. Nucl. Phys.10, 167
~1969!.

@36# E. G. Fuller and E. Hayward, Nucl. Phys.30, 613 ~1962!.
@37# M. Danos, Nucl. Phys.5, 23 ~1958!.
@38# S. Raman, C. H. Malarkey, W. T. Milner, C. W. Nestor, Jr., a

P. H. Stelson, At. Data Nucl. Data Tables36, 1 ~1987!.
@39# P. Ragavan, At. Data Nucl. Data Tables42, 189 ~1989!.
@40# EXFOR/Access Ver. 1.20, Nuclear Data Service, Internatio

Atomic Energy Agency, Vienna, 2001.
@41# A. Bohr and B. Mottelson,Nuclear Structure~Benjamin,

Reading, MA 1975!.
@42# G. Mondry, F. Wissman, G. Mu¨ller, F. Schro¨der, P. Rullhusen,

F. Smend, M. Schumacher, P. Fettweis, and R. Carchon, N
Phys.A531, 237 ~1991!.
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