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Abstract The differences between the Saclay and Livermore photoneutron
cross sections are discussed. It is shown that the differences between
their (v,n) and (y,2n) cross sections arise from the neutron multi-
plicity sorting. Measurements of the (e,n) and (e,2n) cross sections in

Ta show that Livermore has the correct multiplicity sorting. The im-
plications of these results are discussed.

1. INTRODUCTION

The giant dipole resonance has always been of central interest
in photonuclear reaction studies, both theoretical and experimental. it
corresponds to the fundamental frequency for absorption of electric di-
pole radiation by the nucleus as a whsle.

Over the past three decades many studies of photonuclear re-
actions have been made, for many nuclei through the periodic table, in
the attempt to delineate the systematics of photon absorption by nuclei
in general and of the giant electric dipole resonance, which dominates
the absorption process at energies between 10 and 30 MeV, in particular.
The large effort that has been put into these studies is justified by
the fact that the theory of the interaction of eletromagnetic radiation
with nuclei is perhaps the best understood in nuclear physics: if the
interaction in the entrance channel is understood, then the effects of
the purely nuclear forces can be studied directly by rneasuring either
the photon absorption cross sections or the products of nuclear photo-
disintegration.

Most of the work in this area was carried out at two labora-
tories, Saclay and Livermore, measuring photoneutron cross sections
using monoenergetic photon beams. The combined studies of these two lab-
oratories span the whole periodic table, in a quite complete systematics
of the El giant resonance. The use of monoenergetic photon beams has
given rise to cross section measurements with high resolution, and es-
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pecially to an improved knowledge of the cross sections above the peak
of the giant resonance. Higher-multiplicity cross sections have beer
measured directly and their systematics studied, and more accurate in-
formation on structure throughout the giant resonance obtained. The qual.
ity of the data produced has justified well the effort necessary to de-
velop and utilize monoenergetic photon beams.

From those detailed studies many important properties of the
El giant resonance have been obtained. There is, however, aserious con-
flict between the data from those Laboratories. There are systematic
differences in the shapes and magnitudes of their {y,n) and (Y,2n) cross
sections. Because of these differences, from the Saclay data it turns
out that for heavy nuclei there is 15-20% of direct contribution in the
reaction rnechanism, while the Livermore data support a dominant stat-
itiscal decay of the El giant resonance.

The majority of the results available are compiled in the
Atlas of Photoneutron Cross Sections obtained with Monoenergetie Pho-
tons'. There are also a few review articles on the subject"2 but none
of these publications has addressed the problem of the differences be-
tween the measurements performed at Saclay and Livermore. In this paper
we compare the Saclay and Livermore measurements for the nuclei listed
in table 1. V¢ show, as already mentioned in a comment!®, that both
laboratories measure the same number of neutrons versus the photon in-
cident energy but arrive at different partial cross sections as a con-
sequence of the analysis that separates the observed neutronsinto (y,n)
and (Y,2n) events. Experimental results of the (e,n) and (e, 2n) cross
sections of %'Ta obtained at our laboratory indicate that Livermore is
the laboratory that performs correctly the neutron multiplicity sorting.

The typical differences between Saclay and Livermore data are
illustrated in fig. 1, where the (Y,n) measurements from Saclay and
Livermore are shown. The results from Livermore are multiplied by 1.06
in order to show both cross sections in the same absolute scale. The
cross sections are in good agreement up to the (y,2n) threshold, Above
this energy there is an important difference: the Livermore cross sec~
tion vanishes a few MeV above the (Y,2n) threshold, in good agreement

with the predictions of the statistical model, while the Saclay cross

57



Revista Brasileira de Fisica, Vol. 17, n? 1, 1987

Tabie 1 - Nuclei measured at Saclay (S) and Livermore (L).

Nucieus foy’n(sy)dsy ? f DY,Zn(Ev)dEi) Ref. R
(MeV.mb) (MeV.mb)
b, lggg E ;g E 2 1.255 + 0,005
s, ;;gﬁ s %g ; 2 0.942 * 0.004
g, };gg E z;g E 2 1.012 + 0.007
O N R
120g gg; E 23? f g 0.987 + 0.004
124g :ggg E g% E g 0.929 * 0.006
Sl L T
1590, :2?? E gg? 5 g 1.062 % 0.0011
165y, 2090 S 786§ 5 1.136 % 0.007
o1y f;gg E gg‘; f ]? 1.218 + 0.018
1975, 2588 5 ;;3 ; 3 1.004 % 0.013
208 2731 S 328 S 12 1.296 * 0.011

1776 L 860 L 14
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section exhibits a tail. In'ref. 8, the observed tail of the Saclay
cross section is interpreted as arising from fast neutrons that would
have escaped detection in the Livermore measurement, leading to the con-~
clusion that for *°%Tb the contribution of the direct effeect in'the pho-
toneutron cross section is ng = 23 + 4 percent. In table 2the percentages
of direct neutrons inferred at Saclay are given for several nuclei.
Figure 2 shows the {y,2n) cross sections from Saclay and
Livermore. The (y,2n) cross sections differ in shape and magnitude, the
Livermore one being much bigger. Even though up to the (v,2n) threshold
the (y,n) cross sections from Livermore, O;,n’ and Saclay, ai,n, differ
by only 6 percent in the absolute scale, their integrated cross sections
up to 28 MeV are 1413 and 1936 MeV.mb, respectively. While the inte-
grated (y,n) cross section from Saclay is 37%bigger than the Livermore

result, their integrated (y,2n) cross section is 47% smaller.

2. ANALYSIS OF THE PHOTONEUTRON DATA

In order to understand these differences we reconstructed the

total neutron measurements from Saclay and Livermore

%, = %y Py,an * 3%, 3 m
using their published g sy O and ¢ cross sections, which are
Y,n Y.2n Y,3n
available in digital form . 1t is interesting to compare GY T fromboth
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Table 2 - Percentage Of direct neutrons obtained at Saclay.

Nucleus ny (%) References
34 Mo 25 £ 7 16
95Mo 15 £7 16
%Mo 10 £ 7 16
100Mo 11 + 7 ]6
139 4 28 £ 5 8
148pg 12 3 17
lkZCe 10 £ 3 ]7

NatSm 10 £ 3 17
ISSTb 23 + 4 g
18540 23 = k 8

Natp 11 £ 3 17
175y 153 17
18174 22 + 2 8
1978y 20 £ 4 12

208py 15+ 4 12

238y 4 £ 2 18
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laboratories, because these are directly measured and the partial cross
sections are derived from the neutron multiplicity sorting.
Figure 3 shows G

Y,Th
Tb. The ratio is reasonably constant and the least squares fit of

from Saclay divided by © n from Livermore
for 2 Y
a constant yields the value R = 1.062 % 0.011. In order to compute R we

interpolated cs and o; T’ sincetheirdatawerenotobtainedatthe
b

same photoh enz,r;?es. One important conclusion can be derived from fig-
ure 3. both laboratories are detecting the same number of neutrons for
allﬂ‘photon energies. If there were fast neutrons escaping detection in
the Livermore measurements above 20 MeV, R should increase above this
energy. The value of the constant R is, actually, the difference in the
absolute scale of both measurements. Figure &4 shows oL multiplied by
1.06 and O$,Tn’ just to itlustrate the good agreementh')ngeen them, when
they are plotted on the same absolute scale.

Since both laboratories agree as to.the total number of neutrons
detected, the differences in their (y,n) and (y,2n) cross sections arise
from the separation of the total counts into (y,n) and (y,2n) events
(neutron multiplicity sorting procedure).

1f we assume that the excess (y,n) cross section in the Saclay
measurement is due to {y,2n) events interpreted as two {(y,n} events,that
is, if we compute

%20 = %,2n t7 (6] o = 1.06 of ) (2)

we obtain for GS 2 the solid line shown in figure 5. The modified o
Y,<n Y,2n
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cross section from Saclay agrees well with the {y,2n} cross section from
Livermore multiplied by 1.06 (data points).
The same analysis carried out for *3°Tb was repeated for the

nuclei listed in table 1. The results obtained for OY Tn are shown in
’

part a) of figures6 to 17, where the solid line represents the Saclay

data and the experimental 'points are from Livermore.
L

cy,Tn
The solid line in each figure results from the least squares fit of a

The ratio 03 Tn/ is shown in part b) of figures 6 to 17.
’

constant to the ratio. For '!3sn, 120gn, 18544 gnd 18175, figures 9,10,

14 and 15, the fitting of a constant is not statistically acceptable,

but a comparison between o from Livermore and Saclay indicates a

displacement in the energyyézra‘le, because the peaks do not coincide in
energy (see as an example figure 14-a) for 16545). The ratio(:ii’.n_\/al'%.l.n
was also calculated with a variable energy displacement d. The dis-
placement that yields a minimum of the xz for fitting a constant to the
ratio was chosen. Figures18 to 23 show the data from Saclay and
Livermore, with the Livermore data displaced by d. The value of d |is
given in part a) of the figures for each nucleus. The displacement was
negative in all cases, that is, the Livermore data were shiftedtolower
energies. The displacement of the energy scale of the Livermore data is
arbitrary and, of course, the same results can be obtained if the Saclay
energy scale is moved up in energy by the same amount. For the nuclei
shown in figures 18 to 23, the displacement of the energy scale improves

the agreement between the shapes of ¢ that is, the peaks coincide

s
in energy (compare, as an example, figYu,;rgs 14-a) and 21-a) for 16505).

IT we accept the dispiacement of the energy scale, we can con-
clude that for all nuclei analyzed here, the measurements from Saclay
and Livermore are in good agreement as to the total number of emitted
neutrons versus the incident photon energy, apart from an overall nor-
malization constant. The differences between their (y,n) and (v,2n)
cross sections arise from differences in their neutron multiplicity
sorting procedures.

In order to compare the (y,n) and (v,2n) cross sections from
both laboratories on the same energy scale, the Livermore data shown in
all figuresc), d), e) and f) are multiplied by R.
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tn figures 6-c) to 23~c) we show again the O cross sec-

tions, just to illustrate the good agreement between :(h’grrr:, when they are
plotted on the same absolute scale.

in figures 6-d) to 23~d) and 6-e) to 23-e) the (y,n) and {y,Zn)
cross sections from Livermore and Saclay are shown. Like for 1597, above
the (Yv,2n) threshold the (y,n) cross sections from Saclay are always
bigger than the corresponding Livermore cross sections and the (v,2r)
cross sections from Saclay are always smaller than those from Livermore.

If the Saclay (v,2n) cross sections are modified using equation
(2), the resulting Oi,Zn agree well with the Livermore {y,2n) cross sec-
tions, as shown in figures6-f) to 23-f).

In conclusion, the differences between the shapes. and magni-
tudes of the Saclay and Livermore (y,n) and (Y,2n) cross sections are
caused by the difference in the analysis that separates the total
counts into (y,n} and {(v,2n) events.

In order to distinguish a (y,2n) event from two (y,n)} events,
highly efficient & neutron detectors are needed (since the efficiency
for detecting two neutrons is the square of that for one). Both Saclay
and Livermore use a slowing down type of detector, in which the neutirons
produced during the short beam burst of a pulsed accelerator are moder-
ated before being detected between beam bursts. Livermore uses a large
array of 1°BF3 tubes, disposed in concentric rings, embedded ina paraf-
fin ar polyethylene matrix, and Saclay uses a large liquid scintillador.
in order to be able to measure absolute cross sections and to differen-
tiate between a (y,2n) event and two (y,n) events, the detector ef-
fieiency must be known rather precisely.

The Livermore group has developed the ring-ratio teehnique for
measuring the average neutron energylg, baced on the fact that the ratio
of the countfng rate in the outer ring of 10BF3 detectors to that in the
inner ring is a strong, monotonically increasing function of the energy
of the photoneutrons. With the aid of calibrated neutron sources the ef-
ficiency is determined as a function of neutron energy. Thus for every
data run the average neutron energies for the (y,xn) events are deter-
mined ceparately using the ring ratio measurements’®. This enables the

partial cross sections to be obtained using detector efficiencies
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appropriate to each photoneutron multiplicity, improving the
accuracy of the branching ratios.

The large Gd-loaded liquid scintillator used by Saclay was
calibrated only by means of a 232Cf source. A calculated efficiency is
used to justify a constant value for the efficiency used in the photo-
neutron multiplicity sorting, on the basis that serious discrepancies
arise only above neutron energies En = 5 MeV, whereas the energy of most
photoneutrons. does not exceed - 3 Mev20 . Furthermore, even though the
efficiency € measured with the 252Cf source is very close to one, the
system is usually operated under timing conditions that reduceE to 0.6 s

The overall detector efficiencies over the range of neutron
energies relevant for giant resonance measurements are rather well known
(to < 3%)2%, so that the differences in the absolute scales ofboth Lab-
oratorles are primarily caused by uncertainty in the photon flux measu-
rements. However, the branching between the various partial cross sec-
tions depends critically upon the efficiencies used, since for the
(v,xn) cross section the efficiency enters as e*. Thus, the fact that
both laboratories agree, for all measured nuclei, as to the total number
of emitted neutrons, apart from a constant factor due to differences in
their absolute scales, but obtain different partial cross sections, could
be explained by an error in the efficiency used by one of them.

It is important to know which set of data has the correct neu-
tron multiplicity sorting. If Saclay has the correct partial cross sec-
tions this implies that there are large percentages of neutrons fromdi-
rect reactions. Table 2 shows the percentage of direct neutrons ob-
tained at Saclay from their data. However; if the Livermore data are
correct the decay of the Giant Dipole Resonance in medium and heavy nu-
clei is statistical.

3. MEASUREMENT OF {e,n) AND (e,Tn} CROSS SECTIONS

The analysis of the available photoneutron data is insufficient
to assess which laboratory is performing the multiplicity sorting cor-
rectly. In order to address this question we have measured the electro-
disintegration of 3Ta by neutron emission.

H — 181
The (e,Tn) cross section (oe =0 + 2Ge,2n) of Ta was

,Tn e,n
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measured by counting the emitted neutrons. The detector system consists
of four °BF; counters embedded in paraffin. The (e,n) cross section
was measured by residual activity, following the 93.3 keV y-ray line
that results from the decay of *°°Ta to '®%Hf, using a Ge(Li) detector.
The results obtained for the (e,n} cross section are shown in fig. 24 by
the triangles. The agreement between the (e,n) cross section measured by
radicactivity and by counting the neutrons (up to the (v,2n) threshold)
is very good, the ratio of the two cross sections being a constant as a
function of electron energy. The weighted average of the neutron detec-
tion/residual activity ratio is 1.057 + 0.023 and the results sbtained
for {e,Tn) (shown in fig. 24 by the open circles) have been divided by
this factor in order to make them compatible with Ge,n-

The !®'Ta(e,2n) cross section can be easily derived from the
data of fig. 24

% 2n(E°) = lo

e,Tn(E") - Oe,n(E")l/z
and is shown in this same figure by the full circles. Further details of
this experiment are given in ref. 21.

Electro aiid photodisintegration cross sections are related by

the virtual photon spectra®?»23

, making it possible to predict the
12113(e,2n) cross section from the existing data of {y,2n) from bsth
Saclay and Livermore laboratories. The predicted cross section are shown
respectively by the solid lines S and L in fig. 24. Our results are in
good agreement with the {e,2n) cross section calculated using the
Livermore {v,2n) data and excludes the result obtained using the Saclay
cross section. The inclusion in the {Y,2n) cross section ©of an E2
strength ammounting to one isovector E2 sum makes little difference in
the predicted cross sections, as can be seen by the dashed lines infig.
24. This indicates that Livermore is correctly performing the neutron

multiplicity sorting.

4. CONCLUSIONS

The differences between the Saclay and Livermore photoneutron

cross sections arise from the analysis that separates the total counts
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in partial cross sections (neutron multiplicity sorting).

Our determination of the (e,2n) cross section in 1811a  shows
that the neutron multiplicity sorting from Livermore is correct. There
are two important consequences from that:

a) There are no large percentages of direct neutrons emitted
from the E} Giant Resonance. The decay of the El Giant Resonance is
dominantly statistical.

b) The error in the Saclay neutron multiplicity sorting couid
seriously affecttheir more recent results for total photoabsorption.

Further measurements are needed to establish the corre'ct shapes
and magnitudes of photoneutron cross sections as well measurements of
total photoabsorption in heavy nuclei where largeneutron multiplicities

are involved.
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Resumo

Este trabal ho di scute as diferencas existentes entre as segoes

de choque de fotonéutrons nedi das nos Laborat6rios de Saclay e Livernore
Mostramos que as discrepancias entre as segdes de choque (y,n) e (v,2n)
obtidas por esses Laborat6rios se origi namno processo de separagao de

no

multfég\ici dades dos néutrons. Medidas das secdes de choque (e,n) e (y,2n)

Ta nostramque 0 Laboratorio de Livernore faz a separagao de mul-

ti g icidades correta. As inpl icagSes desses resul tados sdo discutidas.
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