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INTRODUCTION

The need for more accurate and more complete data on photon
production in neutron and proton interactions with nuclei was explicitly
expressed at several IAEA meetings. In particular the Advisory Group
Meeting on Nuclear Theory for Fast Neutron Nuclear Data Evaluation
organized by the Nuclear Data Section in Beijing, 12-16 October 1987 has
recommended to convene a Specialists' Meeting on Measurement, Calculation
and Evaluation of Photon Production Cross-Sections. This topic was
considered to be of growing importance for a number of applications such
as fusion technology, nuclear borehole logging, shielding, mineral
analysis, etc.

It was proposed to discuss the following items:

1. Nuclear data needs, required accuracies and gaps in existing data.

2. Experimental techniques of measuring gamma-production in neutron
interactions (coincidences, timing, correlations, special devices
etc.).

3. Theoretical models and code comparison for the calculation of
photon production cross-sections and spectra. Some related
quantities like gamma-ray strength functions, semi-direct and
precompound gamma-ray emission were also included.

The ideas of the participants on these topics were formulated in
detail in their conclusions and recommendations which are contained in
this report.





CONTENTS

SESSION I: EXPERIMENTAL MEASUREMENT AND TECHNIQUES
Chairman: P. Oblozinsky

!• S. Mender. R.O. Nelson and C M . Laymon:
Gamma-ray production cross-section measurements using
a white neutron source from 1 to 400 MeV 9

2• ?_. Hlayac and P. Oblozinsky:
Measurements of y-ray production from 52Cr(n,xy)
reactions at 14.6 MeV 21

3. A.A. Filatenkov and S.V. Chuvaey:
Measurements of gamma-rays from 2 3 2Th. 2 3 5U, and 2 3 8u
fission fragments 31

SESSION II: CALCULATION OF PHOTON CROSS-SECTIONS
Chairman: J. Kopecky

1. E. Betak and P. Oblozinsky:
Preequilibrium y emission in nuclear reactions
(Review) 39

2. H. Kalka:
y-emission within a statistical multistep
reaction model 49

3• P. Oblozinsky and M.B._Chadwick:
Gamma ray emission from multistep compound reactions . . . . 63

4. P. Oblozinsky:
Preequilibrium emission of hard photons in proton-nucleus
reactions 75

5. E. Betak and F. Cvelbar:
Neutron-gamma competition in nucleon-induced reactions . . . 83

6. G. Maino, A. Mengqni and P. Oblozinsky:
Calculation of photon production cross sections and
spectra from 52Cr(n,xy) reactions at 14.6 MeV 91

7. J. Kopecky and M. Uhl:
Present status of gamma-ray strength functions and
their impact on statistical model calculations 103

8. M. Uhl and J. _Kop_eckjr:
Calculations of capture cross-sections and gamma-ray
spectra as a tool for testing strength function models . . . 113

9. F. Becvar, R.E. Chrien and J. Kopecky:
Two-step cascade transitions following neutron capture:
a new source of information on photon strength functions . . . 127



SESSION III: EVALUATION
Chairman: S. Wender

1 • A. A. Nosov, A. A. JE^T^kjcrKorsakov^ R.-JL..Jtekovlev̂ . JL.IL._Zubkpy:
High energy gammas in nuclear collisions: Necessary data . . . 145

2. S. Hlavac and P. Oblozinsky:
Evaluation of discrete y-ray production cross sections
in (n,xy) reactions on Al for nuclear geophysics 149

CONCLUSIONS AND RECOMMENDATIONS 187

LIST OF PARTICIPANTS 193



SESSION I: EXPERIMENTAL MEASUREMENT AND TECHNIQUES

Chairman: P. Oblozinsky





Gamma-Ray Production Cross Section Measurements
Using A White Neutron Source From 1 to 400 MeV

S. A. Wender, R. 0. Nelson and C. M. Laymon

Los Alamos National Laboratory
Los Alamos, NM 87545

Abstract

The continuous energy (white) neutron source at the Los
Alamos Meson Physics Facility (LAMPF) is used to measure
photon-production cross sections over a wide range of
neutron energies. Detector systems have been or are being
developed to measure gamma rays in the energy range from
hundreds of keV up to several hundreds of MeV. In
particular a high resolution Ge detector system is used to
detect gamma rays from several hundred keV to over 6 MeV. A
5 crystal BGO detector system is used for measuring gamma-
rays from 1 MeV to approximately 20 MeV. A large volume BGO
detector with an active shield is used to measure gamma rays
in the range from 5 to 40 MeV. We are presently developing
a multi-element gamma-ray telescope to measure gamma rays
with energies from 50 MeV up to several hundred MeV.

Introduction

The high energy and high intensity of the continuous
energy (white) neutron source at the Los Alamos Meson
Physics Facility (LAMPF) makes possible the measurement of
gamma-ray production cross sections for incident neutrons in
the energy range from below 1 MeV to over 4 00 MeV. Several
recent publications1'2 have described the operating
parameters of the neutron source in detail so we will
include only a short description of it here. We will then
describe the program of gamma-ray measurements that are
associated with this source including past, present and
planned experiments.

There are several advantages in using a white neutron
source for gamma-ray measurements. First, a wide range of
neutron energies is available. In the case of this source,
neutrons with energies from below 1 MeV to over 400 MeV are
produced. Second, the energy coverage is continuous. In
most cases, the neutron energy resolution is not limited by
the source but rather by the length of the flight path and
the time resolution of the detector system. Third, data is
acquired simultaneously at all neutron energies. This
greatly reduces the systematic errors associated with taking
sequential runs at different energies over a long period of
time when studying the energy dependence of the cross
sections. Fourth, at any one time, the neutron beam is
shared amongst several experiments. This greatly reduces
the competition for beam time compared to facilities that



require the dedicated use of the entire accelerator for
experiments. In the past, typical experiments have run for
several months.

There are some disadvantages to using a white neutron
source. First, experiments tend to be more complicated
because the energy of the incident neutron must be
determined experimentally. Clearly, this complication can
be an advantage if one is interested in measuring the energy
dependence of a reaction. Second, backgrounds are more
difficult to understand because neutrons are present at all
times. Third, it is necessary to know the velocity of the
scattered particle. Because this is not a problem for
photons, white sources are ideal for gamma-ray measurements.

Neutron Source

Neutrons are produced following spallation reactions
induced by the 800 MeV pulsed proton beam from the LAMPF
accelerator incident on the neutron production target. The
present production target consists of a cylinder of tungsten
7.5 cm long and 3 cm in diam. The target is situated in a
vacuum chamber 2 m in diam and 1.2 m high which is
surrounded by approximately 7 m of steel and magnetite
concrete. There are penetrations in this shield at 15° to
the left and to the right, 30° left and right, 90° left and
right and 60° right with respect to the incident proton beam
in the horizontal plane. The beam to each flight path is
separately controlled by individual shutters. As the
neutrons drift along the collimated flight path, they become
dispersed in time and energy. It is then possible to tag
the energy of the incident neutron by measuring its time-of-
flight (TOF) relative to the time-of-arrival of the proton
pulse. The non-relativistic expression for the TOF of the
neutron is:

TOF = 72.3*l*En~*
b

where the TOF is in nsec, the flight path, 1, is in meters
and the neutron energy, En, is in MeV. The neutron energy
resolution is given by : AE/E = - 2*AT/TOF. From this
relationship it is clear that the resolution improves with
increasing flight path; however, the intensity decreases
with longer flight paths.

The proton beam has a time structure consisting of
macropulses which are typically 625 psec long with a
repetition rate of 40 Hz. Within each macropulse are sharp
(<300 psec wide) micropulses. The number of micropulses/sec
depends on the macropulse rate and the pulse-to-pulse
separation of the micropulses which is an adjustable
parameter. In the past, typical separations have been
1.8 /isec; however, separations as small as 360 nsec are
possible.

The energy dependence of the neutron flux depends on
the angle of the flight path relative to the incident proton
beam and the material of the neutron production target. A
plot of the measured neutron intensity as a function of
neutron energy for our tungsten target at 15° is shown in

10



Flux from 238U(n.f)

100 1000

Neutron Energy

1. Measured neutron flux as a function of neutron energy
from the white neutron source at 15° with respect to the
incident proton beam. The units are neutrons/MeV/str/
micropulse.

fig. 1. The vertical scale in fig. l is the number of
neutrons/str/MeV/micropulse. The number of neutrons/sec
over the area of the sample is the product of the intensity
given in fig. 1, the solid angle subtended by the sample,
the micropulse rate and the neutron energy bin width. A
similar plot for the 90° flight path would show orders of
magnitude less intensity above 200 MeV but approximately a
factor of 2 greater intensity below 20 MeV. Lighter mass
target materials (eg., copper) would show generally less
neutron intensity over the entire range with a greater
reduction occurring at lower energies. Thus the flux would
be more nearly constant as a function of energy for these
materials. The neutron flux is monitored during an
experiment using a fission ionization chamber operated in
the TOF mode with deposits of 235U and 2 3 8U.

Gamma-ray measurements

We will separate the experimental program into three
gamma-ray energy ranges. The gamma rays in the energy range
from several hundred keV to approximately 15 MeV are from
decays of bound state levels. The gamma rays in the energy
range from 5 to 40 MeV are from the decay of capture states
with the giant dipole resonance being dominant. Very hard
photons in the energy range above 50 MeV are from
bremsstrahlung processes, and *° decay.

11



5 CRYSTAL BGD GAMMA-RAY SPECTRDMETER

BGD detector
LeadCoUlnated flight path

Fission chamber
ftux monitor

<—18 m to source 10 n to bean stop

2. Diagram of the 5 crystal BGO detector system at the white
neutron source. The detectors are located at 39 , 55°, 90°,
125°, and 145°.

Two detector systems are used for measuring low energy
gamma rays. The first consists of an array of five 7.6 cm
long x 7.6 cm diam BGO scintillators as shown in fig. 2.
These detectors are characterized by high efficiency, low
sensitivity to neutrons, timing on the order of 1-2 nsec and
gamma-ray energy resolutions of approximately 5-10 %.
These detectors have been used for measurements of gamma
rays both from light nuclei where the transition energies
are large and the level density is small, and from rare
earth elements where the density of gamma-ray transitions is
so large that only continuum measurements are possible.
Because we have 5 detectors, angular distribution
coefficients can be obtained up to order a$ in the usual
Legendre polynomial expansiont

As an example of the data obtained with this system,
fig. 3 shows typical data from the 12C(n,n'7) reaction. In
fig. 3a, we have gated on neutrons between 4 and 15 MeV, in
fig. 3b, we have gated on neutrons from 15 MeV to 200 MeV.
As can be seen from the figure, the decay of the first
excited state at 4.44 MeV dominates the low-energy-neutron
spectrum while in the higher-energy-neutron spectrum gamma
rays from the decay of the 15 MeV state are also seen. Fig.
4 shows the preliminary results for the a2 angular
distribution coefficients for the 4.44 MeV state as data
points. Also shown in fig 4 are the evaluated a2
coefficients (solid line) which were obtained with only two
detectors. The reason for the large discrepancy between the
two data sets is that in fitting our data we did not assume
that the a4 coefficients were zero as in the evaluated data.
In fact our measurements show that the a4 coefficients are
often large.

Continuum measurements are much more difficult than
measurements involving discrete lines for two reasons.
First, it is essential that the detector response be
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3. Pulse height spectrum measured for the ^ C(n,n*7)
reaction for neutrons in the energy bin a) 4 to 15 MeV, and
b) 15 to 200 MeV.

unfolded from the pulse height spectrum and second, accurate
determination of backgrounds becomes a major problem.
Considerable effort has been put into measuring the response
functions3 of the BGO detectors and unfolding the response
from the data. There are many components to the background
which have to be removed from the data. Time uncorrelated
background may be determined from data preceeding the beam
pulse. Sample-independent, time-dependent backgrounds can
be measured by running without a sample. Backgrounds
associated with target containers may be determined from
"empty-can" runs. The background most difficult to

13
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4. Preliminary a2 angular distribution coefficients (data
points) for the 4.44 MeV state in 12C as a function of
neutron energy measured in the 1 C(n,n'7) reaction. The
solid curve is the evaluated a2 angular distribution
coefficients assuming a4 = 0 .

determine comes from neutrons scattered from the sample
depositing energy in the detectors. The data have been
corrected for this background by measuring the pulse-height
spectra for a Beryllium sample and determining the
normalizing factor with a Monte-Carlo computer code.4

The second detector system for low energy gamma-rays
consists of two Ge detectors at 90° and 125°. These
detectors have excellent gamma-ray energy resolution so that
it is possible to identify particular reactions by the
energy of the gamma rays detected. The time resolution is
on the order of 5 nsec, and their efficiency is typically
10% that of a 7.6 x 7.6 cm Nal detector. Fig. 5 shows the
pulse height spectrum for the natFe(n,X7) reaction for
neutron energies between a) 26.8 and 29.8 MeV, and b) for
neutron energies between 38.7 and 41.2 MeV. Identified on
the plots are the (n,n'), (n,2n'), (n,p) etc. reactions that
are observed. Fig. 6 shows preliminary results for the
excitation function of the second excited state in 55Fe (E^
= 931 keV) excited in the (n,2n) reaction. The curve in fig
6 is a preliminary GNASH calculation and the circles are
data from Oak Ridge". This type of measurement is very
useful for checking calculational models as well as
providing excitation function data for specific elements.

14
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5. Pulse height spectrum for the naT:Fe(n,X7) reaction
obtained using a Ge detector for a) 26.8-29.8 MeV and,
b)38.7-41.2 MeV incident neutrons. The gamma rays are
labeled by their energies (keV) and reactions.

For the energy range between 5 and 4 0 MeV we are using
an actively shielded 10.2 cm diara by 15.2 cm long BGO
detector. The detector and its 8.5 cm thick plastic anti-
coincidence shield are surrounded by 10 cm of lead,
approximately 5 cm of borated polyethylene and approximately
20 cm of polyethylene.

The goal of the experiments in the 5 to 40 MeV energy
range is to measure the strengths, widths and locations of
higher multipole resonances. In particular, we plan to
measure the isovector giant quadrupole resonance (IVGQR) in

465
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6. Preliminary values for the cross section as a function of
neutron energy for the second excited state (E7-93l keV) in
^ Fe following the Fe(n,2n) reaction. Also shown is data
from Oak Ridge, and a preliminary calculation using the code
GNASH.

40Ca which is reported' to be located at 34 MeV excitation
energy. Because the neutron is uncharged, the effective
charge, which multiplies the direct part of the capture
amplitude, is small for multipoles greater than 1 (see ref.
8). The collective, or resonant, part of the capture
amplitude is therefore not obscured by the direct part as is
the case for proton capture. Evidence for E-2 strength is
seen through its interference with the dominant electric-
dipole radiation amplitude. This interference manifests
itself as an asymmetry about 90° in the gamma-ray angular
distribution. Fig. 7 shows pulse height spectra measured at
90° for several incident neutron energies obtained during a
33 hour run last year. The vertical lines bracket the
expected location of the ground state gamma ray. As seen
from this series of plots, the yield is good in the region
of the giant dipole resonance (En=ll MeV). At higher
energies, where the flux and cross section are lower, longer
runs will be required to obtain better statistics. We are
planning to continue this experiment in the 1990 run cycle
to measure the fore-aft asymmetries and map out the IVGQR in
ca«

There has recently been considerable interest in
measuring the cross sections for neutron-proton
bremsstrahlung (NPB) processes. In particular, the gamma-
rays observed in heavy-ion reactions have been attributed to

16
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energies on a natural Ca target. The vertical lines show
the location of the expected ground state gamma ray.



NPB processes but the data are very sparse and it appears
that some of the data may be in error. NPB provides a
simple system for studying off-shell effects in the nucleon-
nucleon potential. Meson-exchange currents have been
calculated to be large and it has been suggested that
contributions from heavier mesons may also be observed. For
these reasons, we are considering performing a NPB
measurement at the white neutron source.

Presently, we are studying two approaches to these
measurements. The first involves measuring the scattered
neutron and the recoil proton in calorimetric detectors.
The second approach involves detecting the hard photons
directly using a multi-element gamma-ray telescope. Such a
detector is very insensitive to neutrons and therefore will
have low background rates. This detector should be useful
for detecting NPB events below the pion production
threshold. Above the pion threshold it will be necessary to
demand a coincidence with the recoil proton to unambiguously
identify NPB events. The best experiment will probably
involve measuring all three particles in coincidence. The
goal for the 1990 run cycle is to install a multi-element
gamma-ray detector at 90° and improve on a recent experiment
done by the Grenoble group at SATURNE.

Conclusion

The white neutron source at LAMPF is an excellent tool
for measuring photon-production cross sections for discrete
gamma-ray lines over a wide gamma-ray and neutron energy
range. Continuum measurements are somewhat more difficult
because of the uncertainties in the backgrounds. Medium
energy neutron physics experiments are made possible by the
high energy component of the beam.
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Measurements of ^-ray production from szCr(n,xy)

reactions at 14.6 MeV

S. Hlav££ and P.

Institute of Physics of the Slovak Academy of Sciences

842 28 Bratislava, Czechoslovakia

Abstract: Highly enriched sample of 52Cr was irradiated by
14.6 MeV neutrons. Measured were discrete y ray production
cross sections, total y r aY spectrum as well as coincident
data such as average y ray multiplicities.

1. Introduction

Chromium is among basic elements of constructional
materials and its interactions with neutrons are of interest
for both the fusion and fission reactor technology. Among
these interactions a specific role is played by (n,x^)
reactions. To study in more detail various y emission modes
in these reactions as well as to measure relevant y ray
production cross sections we have developed a multidetector
system associated with a compact 14 MeV neutron generator.

In this report we summarize a set of quite complete
measurements of y ray production in szCr(n,xy) reactions at
the incident neutron energy of 14.6 MeV. These include
discrete y ray production cross sections together with their
angular distributions, total y ray spectrum up to the maximum
spectral energy possible, and also average y ray
multiplicities for cascades defined by specific discrete y
ray or by energy of emitted neutron. For more detail reports
the reader is referred to Refs.2-4.

2.Experimental procedure

The multidetector system utilizes fully the advantage of
associated a. particles from D-T reaction for timing as well
as mechanical collimation of neutron beam. Both timing and
collimation resulted in low background in y and neutron
spectrometers. The whole system is described in detail
elsewhere1*, therefore only brief description of the whole
setup will be given here.

Schematic drawing of the experimental set-up is shown in
fig.l. Deuteron beam from a small compact accelerator
impinges on the TiT target. Part of the neutrons flow through

*)' Contribution presented by S.
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Fig.l. Simplified
arrangement.

drawing of the experimental

a massive collimator with length of 155 cm and solid angle of
4n x 2 . 2 x 10~4. Energy of the collimated neutrons is
14.6(0.2) MeV. Associated a particles are detected by a
carefully positioned fast plastic scintillation detector.
Solid angle of the a particle detector is slightly greater
than the solid angle of the neutron collimator.

Collimated neutrons reach the scattering sample, which
is located on the collimator axis at the typical distance of
200 cm from the TiT target. In this experiment we used
enriched 5ZCr sample (enrichment 99.8 %, weight 119.8 g) in
metallic powder form borrowed from the Techsnabexport,
Moscow. The sample was filled in a thin polyethylene bag
(weight 1.5 g) of cylindrical shape (§ 3.5 cm x 6.5 cm). Its
average thickness was 0.061 at/barn.

Gamma rays as well as scattered neutrons from the sample
were observed by spectrometers located around it. Discrete y
rays were detected by a 7 0 cm3 Ge(Li) spectrometer at 6
angles, ranging from 42° to 156° towards the collimated
neutron beam. Detector distance from the sample was 20 cm (15
cm at 90°). Absolute cross section measurement was performed
at 90°, at all other angles cross sections relative to this
value was measured. Absolute detector efficiency was measured
and in situ checked for all angles. Time resolution of the
Ge(Li) detector with respect to the oi particle detector was
9.8 ns FWHM.

The total y ray spectrum from the threshold of .18 MeV
up to 25 MeV was observed by 5 16cm x 10 cm Nal(Tl)

22



spectrometer. The spectrometer was placed at the first
minimum of the elastic scattering of 14 MeV neutrons on Cr,
at 70° towards the incident beam, in order to suppress the
fraction of neutrons detected by the Nal(Tl). The neutrons
were further discriminated by time of flight technique. The
distance between the front face of the spectrometer and the
center of the scattering sample was 30.4 cm. Time resolution
of the detector was 7.5 ns FWHM.

In n-y coincidence measurements in addition to y
spectrometersa NE213 liquid scintillation neutron
spectrometer was utilized. Dimensions of the scintillator
were § 12cmx4 cm. Detector was placed at the distance of 60
cm from the center of the sample at an angle of 100° towards
the neutron beam. The time of flight method was used for
neutron spectrometry with pulse shape discrimination against
unwanted detection of y rays. The time resolution of neutron
spectrometer was 2.4 ns.

Absolute neutron flux was determined by a particle
counting provided by the associated particle detector.
Another neutron monitor based on stilbene scintillator with
dimensions of § 4cm x 4 cm was placed on the collimator axis
at the distance of 180 cm behind the scattering sample. From
this detector singles as well as coincidences with the
associated particle detector were recorded. Ratio of
coincidence to single counts observed with stilbene monitor
provided a correction factor for geometrical efficiency of
the whole setup. In an ideal case this ratio is unity but
finite dimension of deuteron beam spot and geometrical
misallignement make it lower. Our typical value during the
measurement was close to 0.8.

2.1. Discrete y ray production cross sections

Cross sections and angular distributions of discrete y
rays produced in 52Cr(n,xy) reaction were determined from the
y ray spectra observed by the Ge(Li) detector.Only prompt y
rays were recorded in multichannel analyzer as determined by
coincidence tagg provided by the associated particle
detector.

The y ray spectra were analysed using nonlinear least
square code GWENN5>. Corrections for neutron and y ray
absorption as well as for voluminous sample, but not for
multiple scattering, were applied. Uncertainties were
obtained assuming independent contribution from the Ge(Li)
absolute efficiency (typical value 8 % ) , peak area (1 - 15 %)
and neutron fluence (3 % ) .

Angular distribution of y rays can be described by the
expression

= a/4n ( 1 + a P (cos &) + a P (cose) ) .
2 2 4 4

The angle integrated cross sections as well as the Legendre
coefficients a , a were extracted from the observed angular

2 4 ' • •

distributions using weighted linear least squares method.
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Tab-1. Angle-integrated production cross sections and
Legendre coefficients for angular distributions ofg
discrete y rays emitted from
MeV.

a
52

g
Cr(n,xy) reactions at 14.6

E^(keV) Reaction

647
704
744
749
848
935
1164
1246
1333
1434
1530
1727

()
(n,n V)
(n,n>)
(n,2nr)

(n,nV)

n
)

(n,n'y)

0
-0
0
0
0
0

-0
-0
0
0

33(14)
19(11)
39(13)
42(13)
60(16)
31(09)
52(19)
59(17)
31(09)
12(08)

0.04(15)
-0.90(30)

-0
-0
-0
0
0
0
0
0
0
0
0
0

.02(17)

.11(15)

.01(18)

.26(20)

.60(20)

.12(12)

.13(20)

.10(19)

.04(12)

.04(11)

.74(18)
,32(28)

70(4)
42(3)
71(4)
42(1)
38(3)

237(9)
36(4)
39(4)

205(8)
783(30)
40(3)
26(4)

Uncertainties were obtained by normal matrix inversion. The
angle integrated cross sections and Legendre coefficients are
given in tab. 1.

2.2 Total y ray spectrum

52,Total y ray spectrum from the " Cr(n,x^) reactions was
determined from pulse height spectrum observed by the Nal(Tl)
spectrometer. In order to subtract background from the
continuous pulse heigth spectrum a two-parametric spectrum
energy (256 channels) x time(32 channels) was recorded. The
whole matrix was processed so that neutron component and
random background were subtracted to get the net y ray energy
pulse height spectrum.

The net pulse height spectrum was unfolded by means of
the code UNFOLD*55. Response matrix for the monoenergetic y
rays incident on the Nal(Tl) was deduced from the
experimentally observed lineshapes for a number of discrete y
lines. They were measured using standard radionuclides for y
rays up to E < 3 MeV. For higher energies we used reactions
12C(n,n'r)/ B(p,y) and 3He(p,^). The absolute
was determined by the coincidence technique.

efficiency

The resulting y ray energy spectrum is still distorted
by interactions of primary y rays in the sample itself. Only
part of these interactions led to y ray absorption since
major interactions for y rays with energy of several MeV
proceed via the Compton scattering and pair production. To
account for the above effects we applied the second
unfolding. The response matrix refered now to the distortion
of primary y rays by interactions in the voluminous sample.
The response was calculated using realistic y ray absorption
coefficients and theoretical prescriptions for the Compton
scattering and pair production. Bremsstrahlung radiation was
assumed to follow the low frequency approximation that
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52,Fig.2. Observed total y ray spectrum from ""Cr(n,xy)
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Drake et al. >and at the high energy part the spectrum
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implies 1/E distribution function, where E is the energy of

created y ray. Efficiences were calculated as the number of y
rays emitted from the sample relative to the number of
primary y rays. This procedure changed the spectrum in
average by several percent (-7.5% at 2 MeV and +3% at 10
MeV) .

52
Differential cross sections of y ray production from

Cr(n,x^) reaction at 5- = 70° are summarized in ref. 4.Total
y ray production spectrum is obtained by multiplying the
observed 70° spectrum by a factor of An, neglecting thus a
possible angular anisotropy of emitted y rays. The final
spectrum is shown in fig. 2. Comparison is made with the
spectrum as measured by Drake et al7> for natCr at 14.2 MeV
under 90° in the spectral energy range E =0.4-8.5 MeV. Accord

of the spectra seems good in view of the differences in the
experimental conditions. Peaks in the low energy region of
our spectrum are less pronounced because of the modest energy
resolution of our spectrometer.

Further comparison is made with the high energy part of
the spectrum (E > 12.5 MeV) measured by Budnar et al8> for
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y
Cr at 14.6 MeV. The accord is reasonable except for the

energy range E = 1 4 - 1 8 MeV, where our spectrum exceeds the
data of ref.8 by about a factor of 3. A possible explanation
might be in contribution from the strong (n,nly) channel via
high energy tails in the response functions of about 10 - 12
MeV y rays.

Two integral quantities are of special interest, the
energy- angle integrated total y ray production cross section
and the average energy per y r aY emitted. Integration of our
spectrum over the entire spectral energy range of 0.2-22.3 MeV
yields a tot= 3540(230) mb, while the energies 0.2-0.5 MeV

contribute by 4 30(30) mb and the energies above 8.5 MeV by
101(11) mb. The centroid of the spectrum means the average y
ray energy. Our spectrum yields E (n,xy) = 2.49( 0.15) MeV.

2.3. Coincidence measurements

In this section we present complete set of our
experimental data for the 5ZCr sample obtained by y-y and n-y
coincident in-beam techniques. This data are of two types,
first average length of y ray cascades were determined. These
y ray multiplicities refer either to cascades selected by
presence of discrete y ray transition or to y cascades
selected by entry energy of the cascade, determined by the
energy of scattered neutron.

The coincidence measurements were performed with Ge(Li),
Nal(Tl) and NE213 spectrometers. Their distances from the
center of the 52Cr sample and angular positions with respect
to the incoming neutron beam were (15cm,-70°), (30cm,70°)
and (60cm,100°) for the Ge(Li), Nal(Tl) and NE213 detectors,
respectively. First, we measured two spectra of Ge(Li) and
NE213 spectrometers in coincidence with another y ray
detected by the Nal(Tl) spectrometer. Second, two parametric
spectrum comprising of neutron tof events as observed by the
NE213 in coincidence the with energy of y ray events observed
by the Nal(Tl). In addition, we recorded singles spectra from
all the spectrometers. Data were collected by means of
standard analyzers and low rate CAMAC based two-parametric
data acquisition system.

Average y ray multiplicities were obtained by comparing
coincident to singles Ge(Li) yields and by comparing
coincident to singles neutron tof spectra1'. Absolute scale
was retained by using measured total efficiency of the
Nal(Tl). Energy -angle differential cross sections for
exclusive neutron spectrum were obtained under the assumption
that the angular correlation between neutron and discrete y
ray transition (predominantly 1434.1 keV, 2+ -*0+(g.s.)) is
weak. We used relation

d2cy/dE d<o = An <fa / dE du dw = N / 4rr$Afi O p h o \n n n n y r\y n y

where N is the observed intensity per 1 MeV in the neutron

spectrum as measured in coincidence with discrete y
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transitions detected by the Nal(Tl), § stands for neutron
fluence, A is the number of target nuclei, Q is the absolute

NE213 efficiency including solid angle and O phot is the

absolute photopeak efficiency of the Nal(Tl).

Average y ray multiplicities of cascades passing through
specific low lying discrete transitions were observed in 8
instances in the (n,riV) channel. The results are summarized
in tab.2. Included in the uncertainties are statistical error
in determining the peak area of coincident as well as singles
Ge(Li) spectra, 5% uncertainty of the Nal(Tl) total
efficiency and estimated 3% uncertainty of applied
corrections.

Tab.2. Average y ray multiplicities of cascades passing
through specific discrete y transitions in Cr(n,xj') .

Transition (keV) Multiplicity

647.4,
704.6,
744.2,
848.2,
935.5,
1246.2,
1333.6,
1434.1,

4+

6+

5+

4+

5+

4+

2+

4+

4+

4+

4+

2+

4+

2+

0+

5.6(0.6)
6.8(0.7)
5.8(0.6)
4.8(1.5)
3.7(0.3)
4.4(1.4)
3.7(0.4)
3.7(0.2)

Average y ray multiplicities of cascades following
emission of a neutron with specific energy are summarized in
fig.5. Multiplicities were extracted from ratios of given
bins of coincident and singles neutron tof spectra.
Background was subtracted from the raw spectra by the
procedure devised by Klein et al^l The uncertainties quoted
are basically due to statistical error in coincident neutron
spectrum. Uncertainties in neutron energies run from about
20% at 1.5 MeV up to about 35% at 10 MeV. In the energy
region where the (n,2n) channel is open long (n,n'f) cascades
are mixed with much shorter ones from (n,2n^). Most of the
secondary neutrons observed from (n,2n) channel in the
present experiment, however, refer to process leading
directly to the ground state of 52Cr.

The two-parametric spectrum n versus y was used
tof energy

to extract neutron spectrum in coincidence with 1434 keV y
rays. These refer to the strong 2+ -+ 0+ g.s. transition in
Cr which cumulates almost all (n,nV) cross section.

Pertinent neutrons, therefore, represent practically complete
(n,n') component with no admixture from the (n,2n) channel.
In our case the 14 34.1 keV peak should contain small
contribution from nearby 1333.6 keV and perhaps also from
1246.2 keV y lines. This admixture was taken in .o account
using our singles Ge(Li) data and thus double counting of
coincident neutrons was eliminated. The resulting exclusive
neutron spectrum is shown in fig.4.
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52,Fig.4. Exclusive spectrum of neutrons from the Cr(n,n')
channel. Average neutron energy indicated by arrow is
4.19(.17) MeV.
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3. Discussion

Experimental data on y ray production measured in this
work, i.e., discrete y ray production, total y ray production
spectrum and the coincident y-y and y-n data provide rather
complete information related to y production. Since an
overlap between them exists one can check internal
consistency of the whole data set. The three pieces of data
were obtained in independent, slightly different experimental
conditions and in fact in different experimental runs. By
cross checking of the data one can identify a possible
systematical error in one piece of the data and to achieve
higher reliability of the whole set.

The y ray production cross section integrated over the
peak in the spectral energy range 1.2-1.6 MeV is 9.̂ 7(70) mb.
This can be compared with the y production cross s ction as
measured with Ge(Li) spectrometer. Four discrete y lines were
observed int his energy range. Major contribution comes from
the dominant 1434.1 keV y line that amounts to 783(30) mb. By
adding the cross sections of the 1246.2, 1333.6 and 1530.7
keV y lines one gets 1067(41) mb in good accord with the
above value.

The total y ray production cross section, 3540(230) mb,
can be compared with that deduced from the discrete y ray
production cross sections and the average y multiplicities.
It holds

a °=<7(n,n'x)M(n,n'j')+ c(n

+ c7(n,ch.p.r)M(ch.p. ,y ) ,

where &{n,n'y) is the cross section of neutron inelastic
scattering, M(n ;nV) is the average y ray multiplicity in the
same channel and similar notation is used for the (n,2ny)
channel and the sum of channels involving charged particles.
Using our data for (n,nV) channel, data of refs.10,11 for
n(n,2n) and (n,ch.p.) channels one gets

1
a tot = (783+30)(3.7+.2) + (78+6)1 + (134+8)(2.5+.5) =
Y .918

= 3570 + 250 mb.

This cross section agrees well with the value obtained from
the total y production spectrum.The factor 1/.918 accounts
for the y cascades that do not pass through the first 2

state.

Our final check concerns the average energy per one y
ray emitted. The total y ray spectrum yields E (n,x̂ -) = 2.4 9

(.15) MeV. In the (n,n'^) channel itself one should thus have
somewhat higher energy E (n,n>)=2.6(.2) MeV. This average

can be compared with that deduced from our coincident data.
Exclusive neutron spectrum gives for the average energy of
inelastic neutrons E = 4.19(.17) MeV. This implies that the

n'
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energy left for y cascades in the (n,n'y) channel is

E ( n , n ' y ) = [ ( 1 4 . 6 + . 2 ) - ( 4 . 1 9 + . 1 7 ) 5 2 / 5 3 ^ 1 0 . 2 0 + . 2 5 M e V .
exc — —

U s i n g M ( n , n ' ^ ) = M = 3 . 7 ( . 2 ) o n e g e t s
1434

E (n,n'r) = 10.20(.25)/3.7(.2) = 2.76(.16) MeV.

in agreement with the value obtained from the total y ray
spectrum.

Integrated cross section of the total y ray spectrum for
spectral energies in excess of 14.6 MeV yields th«-.- value

a(n,y) = 1310 (160) /jb,

where the uncertainty does not include the contribution from
the unfolding procedure. This cross section seems to be
higher than that reported by Budnar et al. , who give
750(110) jUb. Their value, though refers to na Cr rather than
52Cr and to 14 MeV neutrons rather than 14.6 MeV ones.

In conclusion we stress that, to the best of our
knowledge, the above data represent the most comprehensive y
emission data set at 14 MeV neutron incident energy ever
measured for one isotope.
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PROMPT )f-RAYS FROM 232Th, 2 3 BD, AND 2 3 8U
FISSION FRAGMENTS

A.A.Filatenkov, S.V.Chuvaev

V.G.Khlopin Radium Institute, Leningrad, USSR

Abstract: An analysis of spectra of prompt J"-rays
emitted at the 232Th, 2 3 BU, and 2 3 8U fission induced by 3 MeV
and 15 MeV neutrons is presented. Energies and yields of about
30 If -transitions have been determined in the time interval of
25 ns. An availability of the method used is discussed for in-
vestigation of the induced fission and for obtaining of the
spectroscopic information on nuclei laying far from the beta-
stability valley.

Introduction

The spectra of ]f-radiation, which arise at interaction
of fast neutrons with fissile nuclei, contain usually a remark-
able contamination of ^-rays emitted by fission fragments. Its
share of the total J"-ray production cross section may exceed
50% . In the spectra the fission y-rays appear mainly in the
form of an intense component with a continuous, exponential-
ly failed energy distribution. At the same time, it is also pos-
sible to observe some individual J'-peaks from fission fragments
having high yields, because their cross sections are of order of
tens millibarns. The presence of these peaks essentially compli-
cate the spectra treatment and increase the uncertainty of re-
sults (for examples, at the (n, n'Jf}-reaction study). On the
other side, these peaks contain an important information on
Y* -transitions occuring in fission fragments in time inter-

val of 10~ 1 4 - 10-e s, i.e. just after neutron emission and
before beta-decays, and, therefore, they-may be used for a more
detailed investigation of fission dynamics and for obtaining a
new spectroscopic data on short-living neutron-enriched nuclei.

Recently, at the analysis of the 2 3 2Th, 2 3 OU, and 2 3 8U
if -spectra measured in-beam at neutron energy 3 MeV about 30
J-transitions have been interpreted as being the fission frag-
ment ones /I/. The identification have been done by a comparison
of the experimental energy values and excitation cross sections
of the JC-transitions with the corresponding values obtained from
the available data on fission cross sections /2, 3/, on fission
fragment yields /4/, and on level schemes of nuclei /5, 6/. The
present work is a development of the work /I/. In this the re-
sults obtained at 3 MeV are considered together with results ob-
tained at neutron energy about 15 MeV where the fission jf-rays
become predominant.

Experiment

The measurements have been performed at the neutron ge-
nerator NG-400 working in a pulse mode. Neutrons were produced
in the 2H(d, n)sHe and 3H(d, n)4He-reactions at the deuteron
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yields /4/. At neutron energy 3 MeV the evaluation was
used for "fast"' neutrons.
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energy 300 keV. The metallic cylindrical samples made of mono-'
isotopes were used. Its weights were 117, 100 and 187 g respec-
tively for 232Th, 2 3 CU and 2 3 8U. The background was measured
with a carbon sample and without the sample. The y-rays were re-
gistered in the time interval of 25 ns with a Ge(Li)-detector,
which was surrounded by a shield consisting of iron, borated po-
lyethylene and lead. The neutron flux was determined by three
scintillator counters, placed at 0, 30, and 90 degrees with re-
spect to the beam.

The corrections for neutron field distorsion and jf-rays-
self-absorption, occuring in thick samples were calculated by
Bthe Monte-Carlo method. To check its correctness the additional
measurements have been carried out with a thin plate made of
2 S 8U, and with an iron cylinder of the same dimensions as the
23Bu_CyUnder. The experimental set-up and the data treatment
were described in more detail elsewhere /I, 7, 8/.

Results

In the six mesured f-spectra several hundreds of Jf-peaks
have been revealed. The most of them had an individual character
for each spectrum and were related to the (n, n' ̂  )-, (n, 2n f )-,
and (n, 3n f )-reactions. The full spectra were carefully ana-
lysed at neutron energy 3 MeV /9/. Besides, in all the six spec-
tra the ^-transitions were observed, that had coinciding
energies and were absent in the background spectra. Naturally,
these jf1 -transitions were assigned to the fission fragments.

160 ns
1691.3

1576.1

1279.1

Fig. 2. The level scheme of 134Te.

Among them the ^-transitions 2? - Or of even-even fis-
sion fragments were exhibited most clearly. In Fig. 1 its mea-
sured yields are compared with the evaluated independent yields
of the corresponding fission fragments that were taken from /4/.
Generally, the agreement is quite satisfactory.

The only remarkable exception is the /-transition 1279.1
keV of 134Te whose yield is noticeably lower. It may be explai-
ned by a peculiarity of the level scheme of this nucleus (Fig.
2). The level 1691.3 keV 6* is isomeric, its lifetime is 160 ns.
Since in the experiment the f-rays were measured that were
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emitted in a time interval of 25 ns, then only 10% of Jf-casca-
des going through this level could be registered. Thus, the ob-
served low intensity of the f-transition 1279.1 keV presents
evidence for a large contribution of high spin states at for-
ming of fission fragments.

Another confirmation of high angular momenta of frag-
ments is observation of the ^-transitions 4 + - 2 + and 6* - 4+
for some nuclides (e.g. i38Xe, 1 4 0Xe, 142Ba, 1 4*Ba). The average
intensities of these transitions were, in units of independent
fragment yield, 0.8 and 0.6, respectively.

Assuming that the fragment spin distribution is
bed in this case by

descri-

the average fragment spin -£>
(5.5 - 1.5) h.

may be deduced. It proved to be

1000 •

••e"c

1210 1220 1230
E (keV)

Fig. 3. The t -peak 1222.8 keV region ( 23BU, En=15 MeV)
The full line - the energy resolution of the
spectrometer.

There was also a possibility found to deduce the level
lifetime. In Fig. 3 the region of the jf-line 1222.8 keV is
shown, that appears to correspond to the transition 2* - 0* of
88Zr. There was no other relevant candidate found for this
transition. In all spectra the peak intensities proved to agree
with the expected yields of the 88Zr. At the same time, the
line width exceded considerably the energy resolution of the
spectrometer in this region. Therefore, we have assumed, this is
due to the Doppler broadening of the f -line emitted from the
not entirely stopped fragment. Using the stopping power tables
for heavy ions /10/ we evaluate the lifetime of the state
1222.8 keV 2* of the S8Zr 2.0 ps. Then, the quadrupole mo-
mentum and the deformation parameter of the S8Zr may be dedu-
ced. For this we have used the following relations:
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0.091
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0.103
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0.090
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0.

Zr

081

®8Zr

0.12
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0.321

i°2Zr!

0.421!

In table 1 the evaluted deformation parameters of zirco-
nium isotopes are listed /ll/. The parameter obtained by us for
the esZr (that was not presented in /ll/) agrees well with a
given systematic showing the e8Zr-nucleus occupying the inter-
mediate place between the round eeZr and the deformed l o oZr.

Conclusion

In the present work the energie and yields of about 30
)f -transitions have been determined that were emitted by fission
fragments in the time interval less than 2*10~8 s. The 2 + - 0*
transition yields are shown to be close to the independent
yields of the corresponding fission fragments. The insufficient
intensity of the 1279.1 keV J1"-transition of ^3^Te is due to
the large lifetime of the 1691.3 keV 6* state, through that the
main part of ^"-cascades appear to go. The observation of some
^-transitions 6f - 47 and 4+ - 2^ indicate also that the
fission fragments have spins of order of 5.5 h. Using the ob-
served Doppler broadening of the 1222.8 keV line the lifetime
of the S8Zr corresponding state was obtained and then the de-
formation parameter was deduced that agree satisfactorily with
available systematic. All these facts point out that the high
resolution in-beam y-spectroscopy may be used for investigation
of fission fragments j*-rays even when the fission act is not
registered.
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PRE-EQUILIBRIUM GAMMA EMISSION IN NUCLEAR REACTIONS

E. B6t£k and P. ObloSinsky
Insti tute of Physics, Slovak Academy of Sciences,

DtibravskA cesta 9, CS-84228 Bratislava, Czechoslovakia

ABSTRACT

The present status of the single-particle mechanism for the
pre-equilibrium gamma emission mechanism is outlined shortly, and
its place among other models of the y emission is shown. The main
attention is devoted to the exciton model, but also other ones are
treated.

1. INTRODUCTION

The first decade of the existence of the pre-equilibrium
model of nuclear reactions (if we take Griffin [1] as its starting
point, as is usually accepted *) did not care about the
pre-equilibrium y emission. At present, however, a large variety
of the approaches to the pre-equilibrium y emission emerged. Very
roughly, they can be classified in accord with the basic mechanism
responsible for the y emission. In this way, this can be:
i) Single-particle transition, where a single nucleon changes

its position (energy), and the amount of energy released is
carried out by a y. This picture is rather popular in the
exciton and the hybrid models (see below).

ii) Two-particle transition, also called as a quasideuteron
mechanism, which assumes two correlated nucleons (a
quasideuteron) to be responsible for the y emission. It is a
resurrection of the quasideuteron idea used in Levinger's
model [4] for the photon absorption. For more details, see
the original paper [5] or elsewhere in these Proceedings [6].

iii) A wide range of the bremsstrahlunq models. The bremsstrahlung
concept (in the limit of low energies [7]) can be applied
either to the individual nucleons and/or their collisions, or
to the nuclei as wholes; the components may be added together
either in a coherent way or incoherently. The details of
calculations, especially the method describing the evolution
of a reaction, are quite different (Boltzmann master
equation, TDHF, nuclear molecular dynamics, etc.). Anyway,
the resulting y spectra manifest some similar features: they
decrease slowly with the increasing energy, and describe
reasonably the experimental data within the range of about 30
to several hundreds MeV of y energy. This group of models is
rather successful nowadays. Recently, a review on high-energy
gammas from heavy ions appeared [8]. Therein, the
bremsstrahlung mechanisms serve as a main interpretation
basis. Also, the reader is referred to the original papers
[9-14].

iv) Different thermal models are somewhat aside of the mai'n
stream of interest. In practice, they are used only in
heavy-ion physics, and even there seldom (see, e.g., the
review on y's from heavy-ion reactions [15]).

The pioneering works of Serber [2] and Goldberger [3] did not
initialize such a boom as that of Griffin [1].
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As the other models are sufficiently covered by available reviews
(see above), we'll restrict ourselves to the single-particle
radiative transitions below.

2. SINGLE-PARTICLE TRANSITIONS

Briefly, we'll illustrate this group of approaches on the
case of the exciton model first. At the end of this section,
necessary changes needed for the hybrid model will be given.

2.1 Exciton model in its spin-independent form

The first intentions to include the pre-equilibrium y
emission can be traced in the thesis of Wu [16], followed by an
unsuccessful attempt by Plyuyko and Prokopets [17]. Both the
papers identify the densities of the final states with the total
densities of the states with properly reduced excitation
energy and given exciton number. Wu considers the An=0 transitions
only (n. being the exciton number) , but does not calculate the y
emission itself (gamma emission stands only in the total emission
widths in his work); Plyuyko and Prokopets ignore all the details
of the y emission, and take into account three processes
responsible for the y emission, An = -2, 0, +2, and they conclude
that the last one is the dominant term. As a result, the authors
[17] are not able to describe the observed y spectra, and they
must therefore add (at least) the direct-semidirect contribution.
A breakdown in the calculations of y emission came with the work
of BSt&k and Dobe§ [18], who derived the emission rates and
pointed out that the term of An.=+2 is forbidden in a classical
exciton model picture, which was used also by the preceding
authors [17]. The agreement of ref. [18] to the data is rather
good (very good reproduction of shape and the absolute value up to
a factor of 2 with respect to the data), even with a global set of
parameters for the y emission. Finally, Akkermans and Gruppelaar
[19] improved both the philosophy and the equilibrium limit, using
another interpretation of the Brink-Axel hypothesis. However,
their total y spectra are very close to that of ref. [18] (but the
primary y spectrum is lower by about a factor of 2 at equilibrium,
which corresponds to low energies of gammas).

The approach initiated bu B#t£k and DobeS [18] and Akkermans
and Gruppelaar [19] is used mainly within the frame of the exciton
model, with a small portion of publications concerning the hybrid
model (see a subsection below). We assume the single-particle
mechanism, i.e. only one particle can
change its position. Consequently, two
processes responsible for the y
emission may occur: An=0 and Ar.=-2 Ef --Î /-
(Fig. 1).

The corresponding y . energy -*- •— -*-•.
spectrum can be expressed as

d<y _ v1 \C(E ) t-\ \ Fig. 1. Scheme of possi-
&£ R / n y >cy ble processes in single-

r " particle picture.

with CR denoting the reaction cross section (creation of a
composite system) and

00

T = f P(n,t) dfc (2)
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being the total time spent by a nucleus in the n-exciton state,
and P(n,t) is the probability of finding a nucleus in an n-exciton
state at time t. The y emission rates can be written as [20]

L
r

e a C£ J> L y y
X Cn,E,£ 3 - — -— : : , (3)

n ft c co C n, £J>

where b is the branching ratio for the two possible processes, and
cra.{cy) is the photo-absorption cross section. Here, the
experimental data are preferred, but the Lorentzian shape (or a
sum of Lorentzians) is rather frequently taken, which reads [21]

4rc e 2 -ft F £ 2

^ (1+0.8*) \-Z , (4)Z22 f

where £o and To are the energy and the width of the GDR (Eo m 80
A~1/a MeV, To ^ 5 MeV). The existing tables (e.g. [20]) provide
the individual widths, energies and peak cross sections for
various nuclei. The branching ratios b(m,£y), as given by [19],
are

,!,£>

gn + uCl ,1,£
(5)

Here, the difference with respect to the earlier work [18] is
rather tiny for high-energy ("typically pre-equilibrium") gammas,
and close to a factor of 2 for low-energy (practically
equilibrium) ones. Such is also the difference for the
first-chance y emitted in a reaction (see the figure in the
Akkermans paper [19]). However, the differences in the total y
spectra (and the first-chance y spectrum is never separated
experimentally) are again very little, as the main contribution to
the region of low-energy gammas comes from nuclei with low
excitation energy, where nothing else but y can be emitted - and
the spectral shapes of both [18] and [19] are very similar, the
only thing they differ in is their absolute value in low energies.

For the y emission from the nucleon-induced reactions, one
must start from a state of n©=l (lpOh). In the case of no gamma
emission, such a state transforms completely into the n=3 (2plh)
state, and we can assume the latter one being the initial state.
However, the y emission from n-1 is essential. Fig. 2 brings the
relative y intensities versus the exciton number, as obtained for
a "model nucleus" (A=90, g=7 MeV"1, Eexe=22 MeV). The presented
relative y intensities are insensitive to the model parameters and
to the details of the equilibration process. To convert them to
the y spectra, one has to multiply them by'the total lifetimes of
n-exciton states, m . As seen from the picture, we do not agree
with the conclusions of Reffo et al. [23], who declare the
emission from the n=3 state being the most important one in these
reactions.
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possible processes are depicted, and for the case of An=0 both the
contribution without (the upper line) and that with the Pauli
principle correction in the y emission rates (lowe line) is given.

Obviously, one has to have a possibility to include the
successive y's (interspersed by nucleons as needed) in the
equations to get the total y production. The enlarged set of
master equations reads t24]

dPCn,t,E,
= PCn~£, t.E,

+ PCn+2. t,E,

<n-2tE,i>

- PCn.t.E.i}

I I PCrk,t,E',j2 \ym,E' ,J.£2dc (6)

J . m.x

Here, the excitation energy E and time t are written explicitly,
as well as the index i, which is to denote different nuclei in a
sequence of emissions. Further on, \'s are the transition rates
(per unit time) to the neighbour states, and L is the total
emission rate (including particles and gammas, integrated over the
outgoing energy and summed over all possible emission channels) of
the specified exciton state,

LCn,E, O = PCn, t ,E, \cCn,E, ite2 dex (7)

The last term in eq. (6) ensures the coupling of different nuclei
and various excitation energies. Whereas the "pre-y-era" set of
master equations was of a size (typically) 20 or 30 equations, eq.
(6) represents usually thousands (or tens of thousands) coupled
equations. They are incorporated in the computer code PEQGM [24]
and its updated PC versions [25].

The form of branching ratios (5) was derived neglecting the
influence of the Pauli principle. If one takes it into account,
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there is no change for the An=-2 processes (if there is a
particle-hole pair, it can annihilate), but the An=0 radiation
transition is reduced (not every level is empty) effectively by a
factor [26]

1 -
E - £

(8)

where otph is the minimal energy needed to create a state of p
particles and h holes. Anyway, the influence of the Pauli
principle correction is reduced, if one considers full y cascades,
and not only the first emitted y.

An example of the force of the model to predict the y spectra
is in Fig. 3, where we present a priori calculations (i.e. without
any fit of the parameters for the y emission) [27] compared to the
data.

With the appearance of the so-called realistic exciton state
densities [28], i.e. the densities of states with specified
exciton number, based not on the equidistant-spacing scheme, but
on the realistic single-particle one (e.g. that of Nilsson) and
the codes capable to handle them, also the y spectra were
calculated within this approach. Though the results are
encouraging, and sometimes (by a chance) even excellent (as is
that in Fig. 4), the final understanding of the problem is still

Fig. 3. The y spectra from several 14 MeV neutron induced
reactions, as obtained without any fit of the parameters for the y
emission. From [27].
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beyond this picture. Some
further step may be
performed with the
so-called realistic
exciton state densities
with specified spin and
parity [30].

Apart of the y
spectra and corresponding
integrated cross

also other
(even the

ones!)
on the y
can be
(see ref.

> 10'
o

10°
•a

o 10"1

10-H

sections,
quantities
correlation
depending
emission
calculated
[31]).
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Fig. 4. Example of an attempt to get
the y spectra using the so-called
realistic exciton state densities.
The thin line is usual equidistant-
-spacing-model; the heavy line comes
from the "realistic" densities. Code
PEQGM [24,25], densities by [29].

2.2 Heavy-ion reactions

The main problem here is the initial stage of the reaction.
In the heavy-ion collisions, the initial stage for the
pre-equilibrium decay itself is time-dependent, and was described
by Blann [32] and later on in a more refined way by a Japanese
group [33]. Surprisingly, if we plot the initial exciton number
versus the projectile energy above the Coulomb barrier, we get a
pretty reasonable systematics [34], as is presented in Fig. 5.
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Fig. 5. Systematics of no in
heavy-ion reactions. Taken from
[34].

Today, some understanding of
such a behaviour is emerging
[35]. An example of y spectra
from heavy-ion reactions, namely
from the decay of ia2Nd, created

^ ^ Z n , and byonce by
zoNe+i±2Sn in j the second case
(at roughly the same excitation
energy), is presented in Fig. 6.
We see . that the :calculation
(with a priori parameters for
^'s) reproduces the main
features observed in the
experiment, especially the
structure near 12 MeV.
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Fig. 6. The y spectra from
the decay of a2Nd. The crea-
tion of a composite system
was verified by a coincidence
with X-rays. Data from F361,
calculation from [37].
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2.3 Exciton model; spin-dependent description

The angular momentum has been introduced into the
pre-equilibrium formulation of the y emission by ObloSinsk^ [38].
It was shown that no simple solution, like adding of the angular
momentum part of the level densities is sufficient. Rather, the
angular momentum coupling terms are complicated expressions, where
one has to take into account the angular momentum structure of the
electric dipole matrix elements, perform the summation over
available single-particle states and averaging over the initial
states. The structure of eqs. (5) is still preserved, but three
coupling terms appear in the branching ratios. For example, one
has

nJ
nJJ , 2S n x + g £ x
ne y ns

n+2,J
(9)

for the emission J->s (or absorption s->J) instead
Here, J and s are the spins (see Fig. 7), and

of b(r.,ey\

3 (2J+1)

nS
(2j*+i)

Va

i

2

(9)

where the notation is explained in Fig. 7 and
/?n(s) stands for the spin part of the level
density. Importantly, the consistency is
again achieved with the equilibrium
statistical result.

Without going into further details, we
show in Fig. 8 that the effect of the angular
momentum coupling on the StiFe(n,y) spectrum
at 14.6 MeV is rather small. We note,
however, that the matrix element \M-nj\
appearing in the spin-dependent exciton model
was, after averaging over J, adjusted to the
non-spin matrix element \Mn\z so that

(10)
Fig. 7. Scheme of
angular momenta
for the Y emission,

4-
where <Xnj > is the averaged coupling term for intranuclear
transitions and it was evaluated as 0.0208 in the reaction studied
[38].

2.4 Hybrid model

In the hybrid model, the energy of one specified particle
exciton is explicitly followed, and as a rule - the
never-come-back approximation is used. In this way, one has [39]

do

dc
= o

£

J
-£) g X (£ ,£ )

(12)
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Fig. 8- Influence of angular momentum on the y spectrum from
+ n at 14 MeV. Figure taken from ref. [38].

5<5
Fe

Here, Dn is the depletion factor, and the first term in the first
pair of brackets is to ensure the proper charge composition of the
particle ejectile. Note, that all the transition as well as the
emission rates refer to a state with exciton of a specified
energy e. In this picture, obviously, one has some restrictions on
the possible y energy, namely

r

for e >£

for e <£ ,r
(13)

as just the specified particle may be involved in the y
transition. This is a significant difference with respect to the
exciton model, where an arbitrary one could undergo the radiative
transition. The y emission rates themselves remind those used in
the exciton model, as given by eqs. (3) and (5). In full,

C£
\ (£,£ ) =

r Y 2 . a 2
n fi c gn

{£,£
£ a C£ J>

y a. y €

2_S 2
n fi c

(14)
gCn-21 + $£

(Note that we have put explicitly w(1,l,£y)=g £y.) The spectral
shape is rather close to that of the exciton model. On the other
hand, however, the hybrid model gives the intranuclear transition
rates without any ambiguities, what was not the case of the
exciton model. Therein, the value of the effective matrix element
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of the residual interaction is fixed for the 3-exciton state (the
dominant one for nucleon emission), and some model assumptions are
used to obtain its value for all other states. Especially in the
case of y emission, where n=l state is the dominant one, such a
process is not unique [40].

3. CONCLUSIONS

We dealt with the one-particle radiative mechanism within the
pre-equilibrium models. It is capable to describe many features of
the observed y spectra (and of other quantities dependent on the y
emission) as well, especially the manifestation of the giant
dipole resonance. A special branch of the one-particle mechanism,
namely the y emission within the multistep compound reactions, was
not touched here, as it is a subject of a separate paper within
this Meeting [41].

The one-particle mechanism serves well for the excitation and
y energies below 30 or 50 MeV (see also [31]). Higher energies,
however, call also for the presence of other mechanisms mentioned
in the Introduction (see especially refs. [6], [8], and [15] for
better impression).

The work has been supported in part by International Atomic Energy
Agency contract No. 5148/RB.
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r-EMISSION WITHIN A STATISTICAL MULTISTEP REACTION MODEL

H. Ralka

Technische Universitat Dresden, Sektion Physik, Dresden 8027, G.D.R.

1. INTRODUCTION

A unique description of (a,xb) emission spectra where a,b = n,p,cx,

and r (neutron, proton, alpha, and j'-ray) as well as excitation

functions (activation cross sections) is proposed within a pure

statistical multistep approach /1-3/. This approach is based on

random matrix physics /4,5/ and was derived from Green's function

formalism /&/. In this model the total emission spectrum of the

process (a,xb) is divided in three main parts,

do (E ) d a ^ ( E ) d c ( E ) da
o,xb a. a , b a a , b a a,

- + : +dE, dE, dE, dE^
b o b b

The first term denotes the statistical multistep direct (SMD) part

and contains one- and two-step contributions. The second term

symbolizes the statistical multistep compound (SMC) emission. Both

terms together represent the so-called first-chance emission

process. Otherwise, the multiple particle emission (MPE) reactions

which include the second-chance, third-chance emissions, etc. are

summarized in the last term, i.e.,

(E ) „ da d<7 JK

dEu dEK ^. dE^
b c b c , d b

The following (model-independent) relations between the

optical-model (OM) reaction cross section and the integral partial

cross sections should be satisfied (at incident energy E )

•= y o (3a)
la O. , b

b

= \

OM
a
a

., be
c d

with a - a * a as the total first-chance emission cross
o , t > a . , t > o . , o

section. In this context, activation cross sections are given by
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a - a
a., hy a

,b ~ 2 V b e ' <4a>

a - a - > a , (4b)
a.chr o , c b L a , c b d ' V^uy

where b,c,d ̂  r. More explicitly, the (n,p)-, (n,«)-, and (n,2n)-

excitation functions have the form

a - a - a - a - o , (5a)
n » Pf n ' P n , p n n , 2 p n . p O l

a - a - a - a - a , (5b)
n , CXy n , Ot n , Ox\ n , Otp n , 2 a ' \ " ^ /

- a - a - a - a . (5c)
n,2n n,9n n,2np n,2nO

2. MODEL PARAMETERS

The most important parameters in statistical multistep (and

preeguilibrium) models are the single-particle state density g and

the mean squared matrix elements, I . Both quantities we define

outside the model to perform all calculations without any

parameter-fit.

The state density of (free) particles c = n,p,a with mass v

inside the nucleus volume f - 4TR /3 is given by

r"" A E
— ^— in M e V

(2rr) h2 893.3

with R = rQA in fm and Ec is the kinetic energy in MeV. We set

ro= 1.40 fm which leads to the single-nucleon state density

g = 2 (2s+l) P(E F) = A/13 in MeV"1 (7)

at Fermi energy E F^ 40 MeV. The factor 2 in (7) represents the

isospin degeneracy.

Otherwise, the state density of (free) photons is given by

An T k
P(E ) = - £ = 2.76 10"8 r^ A Ej in MeV"1 . (6b)

r (2n)3ch ° r

To define the nuclear mean squared matrix element assumptions

about the shape and strength of the residual interaction are

50



necessary. We restrict ourselves to a (spin- and isospin-

independent) surface-delta interaction /I/,

*<?i'?«> = " Vo % K 6<?i"?
2> SCr.-R) • (8)

In contrast to a simple (volume) delta-interaction V(iri,r2) =

o ^ &(.r^-r^/3 used in Refs./8,9/ the surface-delta inter-

action can be interpreted as an idealized (density-dependent)

Migdal force and thus it is more realistic. Using (8) and

performing an average over angular momentum we obtain a closed

expression for the mean squared matrix element,

f ̂  I f ̂  1 = 5.29 V* I'1 A'10'9 (9a)
l R J l A J

^ f f
2s+l (kR) l R J l A J

(in MeV ) for bound-bound transitions, I., s I (E). They will enter

the damping widths r |. The corresponding quantities which enter
IY1V

the escape widths r | (bound-unbound transitions) and the OM
vn

reaction cross section (unbound-bound transitions) are given by

I*w= I
2(E) (2sfe+l) p(Eb) and I*B= p(Eo) I

2(E) . (9b)

Finally, the expression for unbound-unbound transitions (SMD
processes) will be written as

Iuo = p ( E o ) ( E / E a ) l 2 ( E ) C2sfe+1) p(Eb) . (9c)

The strength Vo was determined from the assumption that the
(neutron) OM reaction cross section is equal to the formation of

the 2plh-doorway state,

^ C ̂  *f ^ ¥ (10).
k . 4 Fiv 4

This assumption holds in the incident-energy range E = 3...7 MeV
where SMC processes dominate and leads to the value Vo— 20 MeV.

The ^-emission is assumed as pure dipole emission. Adopting the

Brink hypothesis /10/ the electro-magnetic mean squared matrix

element D (E) can be obtained directly from the formation cross

section of a lplh-doorway state,

—
D2(E) g % . (11)

For o the Lorentzian form of Ref./ll/ was used with ft-Q.
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3. SMD CROSS SECTION

For the incident-energy range below 30 MeV we restrict ourselves

to one- and two-step contributions since the SMD process

terminates after few collisions. According to the distinction

between non-collective particle-hole excitations [ex] and

collective vibrational states [vib] the SMD cross section becomes

a sum of 2 one-step and 4 two-step contributions (b = n,p),

4* k. .

C 1 W Wb ,i (kaR)
2 ka ° *

 b b

where [y] symbolizes the individual contributions denoted

according to the sequence of exciton and phonon excitations,

[ex] = (l+«ab) (VoA"*
/3g/2)2 U , (14a)

[vib] = 6afe J 0* V
2 6(U-cox) , (13b)

[2ex] = (1+6 ) 2 (V A g/2) q U /6 , (13c)
a. b O 1

[ex,vib] = (1+6 . ) (V A~*/3g/2)2 q
CLD O x

X

[vib,ex] = 6 . [ex,vib] , (13e)
CLO

<*\-fc\O • (13f)

The following abbreviations are used: U=E +B -B -E. is the
° a a. b b

2 2

residual excitation energy; Bc and Ec=fr kc/2m are the binding and

kinetic energies. The real Oh potential depth is taken as VR = 48

MeV. Otherwise, the quantities w^ and ^ = 4^(2^+1 )/5 denote the

energy and deformation parameters of a phonon with multipolarity

X. Here, we restrict ourselves to two low-lying vibrational states

of multipolarity *. = 2 and 3 taken from nuclear tables /12,13/.

For odd-mass nuclei the weak coupling model /14/ was adopted. All

delta functions are replaced by Gaussians of width 0.7 MeV

simulating both the limited (exit channel) energy resolution in

experiments and the spreading of spectroscopic strength. Further,t= (*/2)(p(Ec)/kcR)
2= 4.12: 10"s r*A*/3 MeV~2
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The phenomenological penetration factors in (13),

P (E ) = (aOM(E )/oOM(E )) (l-exp(-E / O ) , (14)
c c c c n c c

will also enter the SMC formulas (e=n,p,a). They consist of two

factors which both influence the low (incident" and/or emission)

energy region. The first factor simulates the penetrability

through the Coulomb barrier and is 1 for neutrons. The second

factor simulates the penetrability through the centrifugal barrier

(C a 1 MeV).

The label "SMD" will be used here also for a kind of j'-emission

processes which are not proceed via SMC-mechanism. Here we

consider two-step processes (first a nuclear interaction and

second an electromagnetic interaction) given by (preliminary)

d<M'(Ea> An3 dE 1 — 2 2 —
Y = — - J — ~ I*B 2P(E 1) g (E-E^ 2rr

2p(Ei) D
2(E^) P(E^) g.

r r

After the first collision the nucleon occupies states of density

p(E ) = P (E+E ) = g(l+E/E^.)1/2/4. Performing the integral
1 CL P 1 r

between 0 and E we obtain the simple expression

E > 2n*Y g3E2 r E -, n
— = I (E) 1 + - D2(E^) P ( E ) g . (15)

dEy hva A L 3EF
 J 8 r Y

Finally, we consider a factor of 2 for the degeneracy of two

photon-polarizations (right and left).

4. SMC CROSS SECTION

The SMC c r o s s s e c t i o n has t h e f a m i l i a r form (b = n,p,cn,;

, SMC,_ m-

ft
b Tr«=Tr<

O

where r (E) satisfies the: time-integrated master equation,

for each exciton number m=p+h. The sum runs from m up to m'=

(2gE)1 which includes the equilibrium stage m ^ (1.4gE)1/2. The
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initial exciton number is mo= 2, 3, or 6 for photon-, nucleon-, or

a-induced reactions. Here, E=E +B* is the -(effective) excitation
a o

energy of the composite system and Be is the effective binding

energy. For a system of A=N+Z nucleons the effective neutron

(proton) binding energy is defined as /2/

B , +A odd
n < p >

where B is the exact neutron (proton) binding energy, and A =

12 A" MeV. In this way, pairing effects are considered within

the SMC description. For a- and ̂ -emissions we use B* = B and

In (18) the damping widths are given by

= 2* I^E) p M ' h w , (19a)

= 2TT IZ(E) g ph(m-2)/2 , (19b)

2 2

where A = (p +h +p-3h)/4g is a correction for Pauli-principle.
ph

Otherwise, for the (differential) escape widths we have (b =

r^CE.E^)? = 2n I2(E) (2sfe+l) p(Eb> ^b(Efe) J P^ATO) (E-Bb
ff-Efe) (20)

Am

where the sum runs over three escape modes defined by the final

state densities of the r&sid-ual system,

= P(h+—)g [ V l ^ ] fc«-l>-C»-2> f ^EZiili IT, (21b)
l E J J2 *• E . J L E u

ph ph

P(p-l)h (m-l)I
(21c)

-l)I .

-4)! l4E . (m-4)! * E . J *• K E .
ph ph ph

Here, for the (Pauli-corrected) excitation energies of the

composite and residual systems the abbreviations E , = E-A . and
, f P " pr>

U . = E-A ,-B* -E. are used. If, for example, the Pauli-
ph ph b o '
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correction A , would be ignored, then the final state densities in
ph

(21) turn to those proposed in /8/. Note, however, the factor h/m

in (21a) which excludes pair-creation by pctr tide-scatter ing.

For a-particles (b=<a) Eq.(20) should be multiplied by the form

factor /15/

Fig(Ea) = 0.28144 - 0.01113 E a + 1.34 10~* E* , (22)

which plays the dominant role for emission energies below 20 MeV.

Additionally, a factor of 2 (spin-degeneracy of the active nucleon

in the formation mode [1,3] of the a-particle) is considered.

The escape width for r-emission (b=r) are defined by

rm/ E'V~ = 2n D2(E) P C V 2 (V m > ( E~V ' (23)

m

where the sum runs over two escape-modes defined by the final

state densities

P ^ d O = m g ( Uph/Eph r-
1 , (24a)

Plm;
}(U) = ph (m-l)(m-2) (E/Eph) ( Up_4 th_±/Eph T" 3 . (24b)

Finally, the total width in (17) is defined by

b

where the sum runs over all particle-types b = n,p,«, and r.

According to (3a) the normalization constant in (16) is chosen as

o (E ) = a (E ) - > cr (E ) . (26)

b=r,,p,J'

Shell-structure effects in SMC processes are considered by an

energy-dependent single-particle state density /18/,

g(S) = g ( 1 + £ | (l-exp(-0.05/S))) , (27)

with <5W as the mass excess taken from tables. The quantity JB = E

or U denotes here the excitation energy of the composite or

residual systems.
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5. MPE CROSS SECTION

The MPE is treated as a pure SMC approach. Thus, for second-chance

processes (a,cb) with c*r, i.e., the first term in (2), we write

da- (E ) do (E )
°;; a = JdBc *•; * ^ , c b < W , (28)

b c

with E4= E-B* -Ec as the intermediate energy. Here, the emission

- probability is given by

a,cb~ 1' b "

o

which is normalized according to

b

The escape widths in (29) are calculated by Eqs.(20) and (21)

using the residual excitation energy (including the Pauli-

correction)

V = V V - Eb - Bbff - kA <31>

with k = 1. (In general, e.g., if we consider magic-number nuclei,

we have k = -1, 0, or 1 depending on the reaction channel.)

The above MPE-formalism is more general than the MPE-expressions

reported earlier in /I,2/. As obvious from (28) and (29) the

master equation (17) should be solved for each intermediate energy

E . An extension of this formalism to higher-chance emission

processes like (a,cdb), etc. is straightforward.

6. RESULTS

Calculations of activation and double-differential cross-sections

for 58 nuclei (mainly structural materials) up to 26 MeV are

performed in /17/ with code EXIFON /18/.

The ^-production cross section (n,ny") can only be discussed

together with all other competitive reaction channels (neutron,

proton, alpha). This will be demonstrated for the neutron-induced

reaction on 56-Fe at about 14 MeV incident energy in Figs. 1-4.
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Here the total emission spectra (full line) according to Eq.(l)

are supposed of three main parts which are drawn separately: the

SMD- and SMC-processes (broken lines) as well as the MPE-

processes. There are big differences in the shape and magnitude of

the different emission spectra. Thus, in contrast to the particle-

emission processes the first-chance ^-emission (short-broken line

in Fig.4) is very small, a < 1 mb. The high-energy part of the
r>, Y

y-spectrum is described by the "SMD"-process (long-dashed line) in

Eq.(15) and shows a maximum at the GDR-energy of about 17 MeV. The

bulk of the ^-production comes, however, from the (n,nr)-

processes. In Fig.4 also the (n,2nr)-processes in the low-energy

region are depicted as a short-dashed line. For some nuclei the

different processes which are built up the total r-production

(n,x?O are summarized in Table 1.

Table 1. Partial j'-cross sections in mb for neutron-induced
reactions at incident energy E

Target

27-Al
51-V
56-Fe
65-Cu
181-Ta
208-Pb
93-Nb
93-Nb
93-Nb
93-Nb

E /MeV
n

14.0
14.0
14.0
14.0
14.0
14.0
4.5
13.0
15.5
18.5

SMD
O

^.Y

0.07
0.3
0.4
0.4
2.1
2.2
0.03
0.8
0.9
1.0

a

0.1
0.6
0.8
0.9
7.5
3.2
16.0
2.3
2.1
1.9

a
n , r>Y

710.2
745.9
789.8
559.2
530.5
394.3
2057.
579.7
323.2
245.2

a

56.2
32.4
113.2
26.9
5.3
0.3
0.9
29.8
29.8
30.9

a

251.6
21.4
56.0
12.6
0.7

2.2
25.8
13.1
7.1

a

0.2
555.8
447.6
909.3
1868.7
2174.8

1138.9
1307.0
1258.6

The (n,2n)-, (n,p)- and (n,a)-activation cross sections for 56-Fe

are shown in Figs. 5-7. They are calculated according to Eqs.(5).

The inclusion of the r-channel mainly influences the (n,2n)-cross

section. This will be shown in Figs. 13 and 14 for 65-Cu and

181-Ta where calculations with (full line) and without the

(n,nr)-processes (broken line) are depicted. As obvious from the

figures the influence of the (n,n?')-channel rises with mass

number.

Further, in Figs. 8-12 the high-energy part of the y-spectra are

compared with experimental data /24/ at 14 MeV incident energy

for different nuclei including the double-magic nucleus 208-Pb.

Otherwise, the low-energy part of the ^-spectra are shown for

93-Nb in Figs. 15-18 at different incident energies (taken as the
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mid-points of the experimental incident-energy bins). Here the

double-differential experimental data at 90 are multiplied by

4n. However, <a ^-multiplicity of MH VJQS osed (neglectioh op cascacS?decay).
Thus, esptc'ioUy in ^he low-energy rtQion , E^^^KeV, +he cQlculotlicn i/nderpi^dicte
H\t WtoenmenTa! <Jato (see. Fiqs. ft-i^Vp (see. j
In summary, the proposed statistical multistep reaction model

predicts emission spectra which are in good agreement with

experimental data. The calculation time of code EXIFON on PC/AT

for 56-Fe at 14 MeV (including neutron, proton, alpha, and

y-spectra as well as angular distributions for nucleons) is about

70 sees, where 80% of the running time is used for MPE.

In the following over-simplified scheme code EXIFON (880 lines,

180 kByte) is compared with other codes /32-34/ in regard of

reaction mechanisms considered

ECIS

DI.

collect.

[vib]

SMD

[ex]

ALICE

PEQ

non—col led

EXIFON

or

iue

STAPRE

EV

excitations

SMC

Here MPE and two-step direct processes are neglected- (The

abbreviations: DI - direct reaction, PEQ - preequilibrium, EV

equilibrium mechanisms.) However, whereas the ECIS-code is based

on a pure microscopic description the code EXIFON predicts direct

collective excitations in a rather phenomenologic way.
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Abstract

The multistep compound formalism of Feshbach, Kerman,and

Koonin has been extended to include y ray emission. By

allowing the first few simple preequilibrium bound states to

decay via electromagnetic transitions rather than particle

emission, the large number of high-energy y rays observed in

the experimental data can be understood. It is assumed that

single-particle and hole transitions lead to the emission of

y rays, and radial matrix elements for such transitions are

estimated by exploiting the inverse process, photoabsorption.

Reactions of 14 MeV neutrons with 5PCo, oaNb, and iaiTa are

analyzed and it is found that between twenty and fifty

percent of cross sections for high-energy y ray emission can

be accounted for by the multistep compound mechanism.

I. INTRODUCTION

The statistical theory of multistep compound and
multistep direct reactions developed by Fe^hbach, Kerman,and
Koonin1 (FKK) in 1980 was subsequently improved and applied
to explain particle emission spectra in a number of nuclear
reactions (for surveys see Ref.3). Until now, y ray emission
has not been considered in this theory. Yet there is ample
evidence from the high-energy parts of observed y ray
spectra, notably from those falling in the giant dipole
resonance range, suggesting the presence of direct and
preequilibrium radiative processes.4 It seems therefore
worthwhile to extend the FKK theory by including y ray
emission, particularly since the basic ideas regarding how to
proceed in this direction are already available. The
direct-semidijrect model for y ray emission developed by
Brown et al_.5"7 should probably be adapted to serve as the
first two terms of the multistep direct model. The theory of

Talk delivered by M.B. Chadwick
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multistep compound y ray emission, on the other hand,should
benefit from the treatment of one-body radiative transitions
as included recently into the preequilibrium excitonP~11 as
well as hybrid z'ia models. The purpose of the present work
is to examine this latter possibility and include y ray
emission into the multistep compound theory of nuclear
reactions.

II. THE MULTISTEP COMPOUND THEORY INCLUDING y RAY EMISSION

In the FKK theory of multistep compound reactions1 it is
assumed that the interaction between the incident nucleon and
the target nucleus takes place in a number of stages of
increasing complexity. The process continues until the energy
is spread through the nucleus to produce a fully equilibrated
system, which then decays statistically. At each stage of the
excitation there are three possibilities: excitation of an
additional particle-hole pair to produce a more complex
stage; particle emission via a two-body interaction into the
continuum; and radiative transitions producing y rays.

Following preequilibrium models, s>~13 w e assume that
radiative processes are electric dipole and one-body in
character. The multistep compound theory for y ray emission
presented in this work follows the usual FKK formalism for
calculating the matrix elements for escape processes, but
instead of determining the radial part of radiative matrix
elements by considering the overlap integral of the
electrical dipole operator between single-particle states, we
estimate these matrix elements by invoking detailed balance.

The differential cross section for multistep compound y
ray emission can be expressed as the product of three
factors, namely the cross section for the formation of the
composite system, the probability of y ray escape from
particular reaction stage, and the probability of reaching
that stage. This product should be summed over all reaction
stages prior to reaching equilibrium and over all the quantum
numbers involved. The y ray emission cross section is thus
given by

OT,- 2TT < rLn> r-i Z < r VS(U)p (U)>2J+1 J sv ynjK "

(21+1) < D >

N-i < r >
m J

x n (l)
M = I ••< r >

mJ

2n< rvn>/<D > is the entrance channel strength function for
the formation of a bound 2plh state. Further, \ is the
projectile wavelength, and i, I, and J are the spins of the
projectile, target, and composite nucleus, respectively. The
probability that a y ray will be emitted into the continuum
from the reaction stage N is given by the y escape width
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divided by the total width of the stage,

< r ^(U)p.(U) >

(2)
< r

The exciton number, n = p + h , is related to the reaction
stage N by n = 2N + 1. The index v = n., n.-2 labels the
different exit modes allowed in y emission which, because of
the single-particle nature of the transitions, involve
changes in the exciton number of An - 0 or -2 . The residual
nucleus spin after / emission can be s = -7-1, J or _7+l, the
residual excitation energy is U, and the respective level
density is denoted as p (U). The last term to the right of

Eq.(l) gives the probability that a system survives to the
stage of interest without particle emission. Summation over N
in Eq.(l) is terminated at the (r-1)-stage, which is still
considered to be preequilibrium. The r-stage then contains a
statistical description of all the following stages.

The entrance channel strength function can be evaluated
from the optical-model strength function, reduced to account
for flux in the multistep direct chain.

The particle-hole level density can be written in a form
with energy and spin separated

PnJ(E) = co(p,h,E)Rn(J). (3)

The energy dependent part, oi(p,h,E), is the particle-hole
state density, and can be evaluated within the
equidistant-spacing model under the constraint that all
particles are bound^7 One has

(4)AA hi

where g is the single-particle state density, A is the
pairing energy, B is the nucleon binding energy, and A is
the Pauli blocking term. The unit step function,,S, is unity
for positive arguments and zero otherwise. The
angular-momentum distribution part of the level density can
be represented by a Gaussian function

2J + 1 r (J + 1/ 2) 2

fin J

where o2= na2 is the spin cut-off parameter. Combinatorial
calculations usino the shell model slngle-^particle states
yield19 <yz = 0.28 /Tya.
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III. y RAY ESCAPE WIDTHS
A. Formalism

We consider single-particle electric dipole radiative
transitions between an initial particle-hole bound state of
energy E and spin J, and a final state of energy U and spin
s. Neutrons as well as protons induce radiative transitions
because of their dipole effective charge. Since the square of
the neutron dipole effective charge differs only slightly
from that of the proton,lp we shall neglect neutron-proton
distinguishability. Also, we shall not consider parity
explicitly, since parity can be, to first order, neglected in
the semi-classsical theories of preequilibrium y ray
emission20 and the same applies in the multistep compound
case.

The coordinates of only one nucleon are changed in the
single-particle transition, and this leads to the selection
rule An = 0 , -2. Because of the energy-angular momentum
factorization of the single-particle level density as well as
of the electromagnetic operator, the y ray escape width is of
the factorized form and has the structure

<r VS(U)p (U)> = X y S Yv (U), (6)

where v = n, n-2. The functions X and Y have similar
y r

meaning as the X and Y functions in the nucleon escape
widths. For the details of evaluating these functions we
refer the reader to recent thesis by Chadwick^ Below we
briefly remind only few importants results.

The electric dipole transition matrix element can be
obtained in a way outlined in Ref.ll using standard
theoretical methods.21 The particle-hole system with the
total spin J is divided into the core of sp i n J and the

single-particle excitation j that makes a transition j^ =» j^

while the spin j couples to the spin j to give the final
2 3

spin

X° =
Y

s. The

X n S

X°
r
e

function is

i • i i • i 2

, (7)
nJ

where the radial matrix element is averaged over
single-particle states, the state density of free y rays

V
2 (8)

n2 h3 c3

comes from the summation over final states (V is the nuclear
volume) , and 3CnS is the angular momentum coupling term
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(9)

The radial matrix elements are evaluated using the
inverse process. Though such a procedure is dictated by
practical reasons, it seems to be justifiable because we need
only average squared values of these matrix elements. The
rate of y ray absorption per second can be expressed by means
of the golden rule1

where the squared radial matrix element is already averaged
over single-particle states and o-a s is the photoabsorption

cross section for a nucleus in a state with n excitons. The y-
functions give the energy dependence of the accessible level
densities in the y absorption. The x functions contain the
angular momentum part of the accessible level densities. In
terms of X V s one has

nj

(2J+1) R (J)n J = X V a . (11)

The photoabsorption cross section can be obtained from the
Brink-Axel hypothesis which states that the giant dipole
resonance can be built on any excited state. The
corresponding photoabsorption cross section is related to
that on the ground state by 22

£ (2J+1)
<b'(U,s SE,J) = >>» U ) . (12)
n 3(2s+l) 9's> r

This latter cross section can be conveniently expressed as
the sum of two Lorentzian functions

e2 r2

o.bB , , sr Y q

at {s ) => o , (13)

s-s- rl L «{s
2 _ E 2 ) 2 + £

2 r2

4.lf2
 r ^ r q

where a , T , and E are the peak cross section, width, and
«t q q

energy, respectively. The final result for X is
Rn(s)

nJ
2 aba , . rr—. _. %

£ a (s ) R (J) nS
y ef. a . v y > r,K '

X = . (14)
y v '

-, 2,2 2 n nJ n+2 n+2J
3n h c y. x + y- x

n nS n nS
Similarly, for X" = X n"2S one gets

J y yr,j 3
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J-1-2S

R (J)

r-1

and

1 -I
2 2

A(slJ), (15)

x =
r

2 aba , .

a is ) R (J)
nJ

*n-2S

-. 2. 2 2

3n he
n-2 n-2J nJ

(16)

Diagrams for Y functions are self-evident. For the

function Y° one has
Y

Y° = Yn(U) = Y° + Y° (17)

since the transition can be made either by a particle or a
hole. Considering higher Y ray energies, e > B, only the ^Y
term contributes to Y° . In this case, which is of most

interest to us one obtains

Y° £ Y ^ gh
«(p,h,E)

(18)

The function Y~ is simply the probability of finding a

particle-hole pair of energy e - E - U,

w(p,h,E)
(19)

Here,

if

g B if

< B

> B

(20)

as follows from Eq.(3).

The yn and ^n+2 functions for the photoabsorption are
ri n . . - • .

obtained easily as inverse to emission, though, with no
restrictions to bound states. This yields yn=gn and y

. .. . • n T\
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B. Summary and discussion of y ray escape widths

We summarize the above results as follows. Considering
transitions of energies e > B one has

2 abs . , ....
e a is ) p (U)
y g. s . y n S

<r nS(U)p (U)> = X°Y° = fPJ , (21)
3rr2h2c2 ^ ( E )

where

gh % n J

tf = . (22)
R j 2 n-r 2 Jan x t a s xnS Ĵ  ns

Similarly,

<r n"2S(U)p (U)> = X" Y" =

2 aba . . / TT\£ a (£ ) p (U)Y g. a. Y n-2S v '

o 2, 2 2

3n h c

nJ / (23)
n-2S v '

where

nJ
C

S

(24)

1 ,1 ,£ )CC
' ' y n-2S3

n-2S
g(n-2)

+ g £ ;c
n-2S a Y n-2S

The multistep compound y ray escape widths have the same
structure as the Y emission widths in the exciton model.
The essential difference is that the multistep compound
radiative processes are confined to transitions between bound
states rather than between unconditional states as is the
case in the exciton model. The factor ffJ represents the

branching ratio for photoabsorption, i.e., the fraction of
the total photoabsorption cross section for a state with v
excitons and spin s leading to bound state with n excitons
and spin J. Since photoabsorption also includes transitions
to unbound states, the sum of the branching ratios is smaller
than unity,

rather than equal to unity as found in the exciton model. By
releasing the constraint on bound states Eqs.(21)-(24) become
identical with the respective results in the exciton model.

IV. RADIATIVE CAPTURE OF FAST NEUTRONS

The presence of multistep compound processes in reactions
of 14 MeV neutrons is now well established via analyses of
the emission spectra of nucleons.14'15 It seems therefore
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worthwhile to apply our y emission formalism to study
radiative capture of fast neutrons. Below we examine the

SO O3

reactions at 14 MeV on target nuclei Co, Nb, and*Ta and focus our attention on the spectra of primary
rays in the giant dipole resonance region.

The multistep compound calculations were performed,
whenever possible, along the lines described by Chadwick et
CLL.14 and by Herman et al.1<s. The entrance channel strength
functions were calculated from the optical model transmission
coefficients corrected to account for multistep direct
processes. The corresponding reduction factor was taken as R
= 0.90, 0.86^ and 0.90 for 5PCo, P3Nb, and 1B1Ta,
respectively.1 The nucleon escape and damping widths were
calculated using harmonic oscillator wave functions for the
bound nucleons and optical model scattering wave functions
for the unbound nucleons.14 The level density parameters were
those of Ref. 14 and the parameterization of the giant dipole
resonance photoabsorption cross section was taken from Ref.
23.

The calculations in the Hauser-Feshbach statistical model
were replaced by much more simple ones using the
Weisskopf-Ewing evaporation model.24 A close equivalence with
the Hauser-Feshbach formulation for (n,^) reactions was
retained by applying relatively simple correction factors to
the Weisskopf-Ewing results, as discussed by Gruppelaar.

The approach adopted in this paper for multistep compound
emission makes use of the approximate equivalence of the
r-stage widths for nucleon escape with the nucleon emission
widths in the (equilibrium) statistical model. An essential
point is that by equating the two widths one determines the
residual nucleon-nucleon interaction strength V . This

approach has two advantages: our calculation becomes
essentially parameter-free; and in equilibrium the y ray
spectra are matched with the established statistical model
results.

We proceed by comparing in Figs. 1 - 3 the calculated
spectra of primary y rays with the experimental dataz<s'z for
the three (n,y) reactions. The multistep compound spectrum
consists of contributions from the initial reaction stages N
= 1, 2, and 3, and from the r-stage. The spectrum shows two
peaks. The high energy peak is close to the maximum energy of
the giant dipole resonance (note the double peak for Ta
because of two GDRs) and is due to preequilibrium y rays
coming from the early reactions stages. A low energy peak is
in the energy range of a few MeV and corresponds to the
r-stage contribution. Shown for comparison is the equilibrium
spectrum as calculated by the statistical model. This
spectrum has a shape quite similar to, but considerably
stronger than, the r-stage spectrum. The different
intensities of the two spectra is due to the depletion
factor, which is included in multistep compound emission but
not in the statistical model.

Comparison of the primary y rays as calculated by the
multistep compound formalism with the experimentally observed
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Fig.2. Calculated spectra of primary y rays from the
reaction Nb(n,^) at E = 1 4 MeV compared with

experimental data. For further explanation see Fig.l.
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Fig.3. Calculated spectra of primary y rays from the
reaction iB1Ta(n,?') at E = 1 4 MeV compared with

experimental data. For further explanation see Fig.l.

spectra is meaningful only in the spectral range of high
energies, e > 14 MeV. At lower emission energies the primary

Y rays from radiative capture are masked by order of
magnitudes stronger (n,n'Y) component. It is seen that the
multistep compound Y emission accounts for about 20% of the
observed intensity of high energy Y rays for 5PCo, some 30%
for M N b , and almost 50% for 1B1Ta. This can be considered as
an encouraging result since the rest of the observed Y rays
may be related to multistep direct processes. Unfortunately,
at present there is no theory for the multistep direct Y
emission which would allow a more complete comparison of our
results with the data.

The authors wish to express their gratitude to Peter
Hodgson for his support of this work and for many valuable
comments and suggestions. One of us (P.O.) is most grateful
to Oxford University for its hospitality. This work was
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Preequilibrium emission of hard photons in proton-nucleus

reactions

P. ObloSinskj?-

Institute of Physics of the Slovak Academy of Sciences,

842 28 Bratislava, Czechoslovakia

The preequilibrium hybrid model is extended to account

for emission of hard photons using the quasideuteron

radiative concept and detailed balance. We analyse

proton-nucleus reactions, find good accord with the observed

photon spectra at 72 MeV incident energy and predict two

times higher spectra than the observed ones at 140 MeV.

I. INTRODUCTION

The theory of preequilibrium decay proved useful in
interpretation of particle spectra in a variety of nuclear
reactions, especially in those induced by nucleons.
Particularly, proton-nucleus reactions were studied in detail
over a broad incident energy range in the framework of the
hybrid model.1 Recent interest in medium (giant dipole
resonance) and hard photon emission was triggered by
observations of these photons in heavy-ion collisions,
followed by vigorous activity in the field (for surveys see,
e.g., Snover2 and Metag3). The hybrid model was extended
quite recently to account for preequilibrium photon emission
of moderate energies by incorporating single-particle
radiative transitions. Applications to light-ion induced
reactions have met with considerable success.*'5 It seems
therefore natural to extend further the hybrid model to
account for the hard photon emission. To this end, however,
another radiative mechanism must be considered.

There is growing evidence that hard photons come from
incoherent proton-neutron collisions in the initial stages of
nuclear reactions .<5>a This two-particle radiative mechanism,
usually identified with bremsstrahlung, is firther supported
by the photoabsorption, an inverse process well described by
the quasideuteron model of Levinger.7 This model opens up the
possibility to aaply detailed balance to hard photon
emission, an idea raised recently by several authors ,B's>'iO

Another clue in favour of the quasideuteron picture comes
from the photonucleon spectral studies.11

The main goal of the present contribution (see also
Ref.17) is to remind how one can incorporate the
quasideuteron radiative mechanism via detailed balance into
preequilibrium hybrid model. We show that the resulting
formalism of preequilibrium hard photon emission is very
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transparent and its application to proton-nucleus reactions
is straightforward. We perform analysis of the photon spectra
measured recently by Kwato Njock et al.12 at 72 MeV and also
compare our prediction with the Edgington and Rose data at
140 MeV.13 This is of interest in view of possible
incosistencies between these two measurements that show up as
a bias of the 140 MeV data in the emerging systematics of
hard photon production in heavy-ion collisions^

II. FORMALISM

The hybrid model for the photon emission can be
mulated as 4'5

dcr * f \un-x{E - e) gx d* \ h 1 [; \ h [ 7(e) + Xc(e) + X+(
An=+2 °

where o is the reaction cross section. The expression in the

first set of square brackets represents the fraction of
particles of type x (neutrons or protons) with energy in the
range e, e+ds in a state with n excitons and energy E. The
quantity to (E) is the state density and g means the

single-particle state density. The expression in the second
set of square brackets gives the relative rate of the
particle s to undergo a two-particle interaction and to emit
a photon with the energy e . The denominator is given by the

sum of the total photon emission rate (this part can be
neglected), particle emission rate into continuum and
nucleon-nucleon collision rate. _ The last term to the right
is the depletion factor, n and n are the initial and the

equilibrium exciton numbers, respectively.

The state density should be given for a two-component gas
with a constraint on the finite potential well. Using the
technique outlined in Ref.14 and considering the same
potential well depth for neutrons as well as protons, one has

• (E - ieP)
n-1 Q(E - leF) . (2)

Here, v stands for neutrons and n for protons, p is the
number of excited particles, h is the number of holes and n =
p + p + h + h . The Fermi energy is denoted by e and &(t)

is the unit step functions (1 for t > 0 and 0 otherwise). The
single-particle state densities were taken in the present
work conventionally as g = N/14, g = Z/14, and £ = 4 0 MeV.

Our essential task is to develop an expression for the
photon emission rate. To do this we start with the Levinger
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quasideuteron model for the photoabsorption of hard photons
(30 - 150 MeV). In this model the photoabsorption proceeds
via disintegration of proton-neutron pairs? (quasideuterons)
in the nucleus and the cross sections reads

, (30)

where L is the Levinger parameter, NZ/A is the number of
proton-neutron pairs per unit volume, o*, is the free deuteron

a.
photodisintegration cross section and the last term is a
damping factor which accounts for Pauli blocking. We use the
value L = 6 which is somewhat smaller than the one
recommended by Levinger7 and somewhat higher than the one
adopted recently by Prakash er al.5* We use D = 60 MeV in
accord with these two latter works. The cross section a. is

a.

conveniently expressed, as

7

with e in MeV and a in mb. The photoabsorption cross
Y d

section on an excited state is obtained by assuming that it
can be identified with the cross section on the ground state.
Although a decreases somewhat with the excitation energy,

qd
this decrease should not exceed several percent in reaction
considered in the present paper and we neglect it hroughout
this work.

Prior to using detailed balance, one should evaluate the
photoabsorption cross section available for one way of
exciting a particle x to the energy e. This is performed in
terms of branching ratios for the photoabsorption using phase
space considerations, an idea applied already in Ref.5.

The two-particle nature of the quasideuteron
photoabsorption implies for the nuclear ground state that a
4-exciton, more strictly lp lp lh lh , state is excited.11

Considering a particle of type x, there are a {£ )/g ways
4 Y x

the excitation is realized. Assuming equal probability for
all these ways, the branching ratio for one way, including
the one we are interested in, is g /to {e ) . For

X 4 Y

photoabsorption on an excited state with energy E-s an

additional to w phase space should be considered. Its major
part comes from the photon striking a quasideuteron with one
nucleon above (it can also be a hole) and another one below
the Fermi level. A new particle-hole pair is created and the
additional phase space is

where the energy to shared by three excitons after absorption
includes the average energy of the excited nucleon. Then the
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photoabsorption cross section available for exciting a
particle of type x to energy e can be written as

<U (*,, e) = aqd (eT) if ^ - T T (4)

\ n

independent of £.

The two-particle nature of the hard photon emission
implies for the change of the exciton number a selection rule
An = +2, 0, -2, -4. Detailed balance should be therefore
applied to each process n n + An separately. In this
notation the inverse reaction is the photoabsorption that
proceeds on a state n + An and leads to a state n with a
particle x having energy £. As the inverse cross section we
thus use a (£ ,£ ) defined by Eq.(4). This is justified

since the hybrid model already chooses the particle &
according to the number of ways in which it can be selected
among n excitons with the full energy E (the term oo _ (E--e)

in Eq.(l) ). The final state density for the An = +2 emission
is obviously oo (£-£ ) . Generally much smaller state density

is available for the An = 0 emission as given by the
interaction of the particle s with another excited particle
(or hole) £' of the proper type to form a quasideuteron. This
leads to (1/2)(n-l)u (e +<£'>-£) possibilities, expressed

as a product of the number of quasideuteron and their state
density after photon emission. The average energy of the
second particle is

E - £
< £' > = for £ < £

and somewhat more complicated expression is needed otherwise.
If one neglects small contributions from An = -2, -4, the
photon emission rate for a particle with energy e with the
initial state density g reads

9*
(5)

where £Z/ n2h3cz is related to the state density of free

photons. Using (4) and considering small n, one can
approximate Eq.(5) by
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III. ANALYSIS AND DISCUSSION

We now apply the above formalism to proton-nucleus
reactions, where all the key parameters to be used in
describing the preequilibrium cascade are well established in
the hybrid model.1 Thus, the intranuclear transition rates
are calculated from the nucleon-nucleon collision rate in the
nuclear matter corrected for Pauli blocking15 with the mean
free path adjustment factor k = 2 to account for surface
effects. The initial exciton number is n = 1 , reaction and

o
inverse cross sections for nucleons are close to those
adopted in Ref.l, and the parametrization of u / and a was
already specified.

We start with the reaction p + Au at 72 MeV incident
proton energy and show in Fig. various components of the hard
photon spectrum. It is seen that the dominant contribution
comes from the initial stage of the reactions ( n = 1), much
in line with the present understanding of the process. 2 Also
shown is the spectrum obtained by the simplified photon
emission rate of Ed.(6). Good validity of this approximation
makes it possible to deduce easily a scaling factor for the
hard photon production cross sections. Considering only the n
=1 term in Eq.(l) and inserting the photon emission rate (6)
into it, one obtains

da u>3 N
K ^ « (7)

since a oc A2/a, a oc NZ/A and u> /<x> oc g2g /g2g2 oc 1/Z. The
1/3scaling factor N/A is exactly the same as proposed

originally by Edgington and Rose for their 140 MeV data1 and
it proved to follow also the 72 MeV data.12

The calculated photon spectrum can be compared with
experimental data after it is transformed into the laboratory
system. In our model a photon is emitted from a
neutron-proton pair which virtually moves in the laboratory
system with a velocity close to 1/2 of that of the incident
proton. There can be a considerable Doppler shift in the
observed photon energy depending on the emission angle.
Following Ref.9, we transform the calculated cross sections,
which refer to the quasideuteron center of mass system, into
the laboratory system. One hasid

= p . d£2ducm , (8)
where p = e /c i s the photon momentum. The photon energies
are re la ted as

-lab

7 ~ '"" 1-/3 cos 07
lab ' (9)

where ft is the quasideuteron velocity in the laboratory
system and © measn the emission angle. In the present
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Fig.l. Calculated photon spectra for the reactions p + Au at
72 MeV. Shown by dashed curves is the contribution for

the exciton number n = 1 and the sum of contributions for n >
3. Full curve represents the total spectrum. Dashed-dotted
curve is the total spectrum calculated by the approximate
emission rate, Eq.(6).

50 60
EY(MeV)

70 , 80

Fig.2. Calculated photon spectra for the reaction p + Au at
72 MeV are transformed into the laboratory system and

compared with the data of Kwato Njock et al.12 at e = 30°,

90° and 150°,
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20 40

Fig.3. Calculated photon spectra for the reactions p + Pb at
139 MeV and p + Al at 135 MeV are compared with the

data of Edgington and Rose.19 The data at elab = 54°, 90° and

126 are transformed into the quasideuteron center of mass
system. (All results for Pb are multiplied by a factor of two
for better distinquishing from Al.)

approach, the angular distribution of emitted photons is
isotropic in the quasideuteron center of mass system.

Using Eqs.(8) and (9), we transformed the calculated
photon spectrum for the reaction p + Au into the laboratory
system at 9^a = 30°, 90° and 150 . This is possible in view

of the dominant n = 1 term which implies that the
quasideuteron velocity vector is sufficiently parallel with
the incident proton beam. The transformed spectra are
compared with the experimental data12 in Fig.2. Good accord
of the calculated and observed spectra at all three angles
suggests that the hard photons are indeed emitted from moving
quasideuterons. This is yet another proof of the similar
observation made earlier.1Z'P The calculated spectra seem to
underestimate systematically the data at the highest photon
energies. This may likely be improved by using the geometry
dependent hybrid model, much in analogy with the
preequilibrium particle emission spectra.1

We also analyse the photon spectra measured at still
higher proton incident energy by Edgington and Rose.13 Their
data are often referred to as being measured at 140 MeV
though the effective beam energy was generally somewhat
lower. Shownm in Fig.3 are the spectra for the reactions p +
Pb at 139 MeV and p + Al at 135 MeV. We transform the
experimental cross sections at e = 54°, 90° and 126° into
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the quasideuteron center of mass system and compare them with
the calculated values. It is seen that we reproduce the shape
of the spectra quite well, and our magnitude is approximately
twice as high as the experimental values. This latter
observation means that we predict the hard photon cross
sections quite close to the expected values deduced from the
systematics being developed in heavy-ions collisions.3 Our
finding is furthermore in line with possible difficulties in
the magnitude of the Edgington and Rose data as discussed
recently in Ref.12.
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ABSTRACT
The pre-equilibrium model of the y emission is used to study the
competition of y and nucleon emission. Mainly, we investigated the
ratio of j'-to-total emission widths Fy/Ftat, the exclusive nucleon
spectra, the y multiplicities (also the differential ones), and
the relation of the activation to the integrated cross section for
the nucleon radiative capture. All the calculations were performed
within an unique master-equation approach to the exciton model,
which has been formally extended to cover also the equilibrium
(i.e. the compound-nucleus) emission. The results are in strong
support to the pre-equilibrium model used for the y emission.

The incorporation of the y emission into the pre-equilibrium

model of nuclear reactions some ten years ago [1,2] enlarged the

variety of physical quantities which can be calculated and

compared to the data. Even the complicated quantities based on

cascade processeswere touched.

Obviously, to do this, one must have to his disposal not only

the y emission rates themselves, but also a sufficiently powerful

algorithms as to treat the successive emission of y's,

interspersed by nucleons as needed. This can be easily done within

the master-equation approach to the exciton model, where the

corresponding set of master equations reads [3,4,5]

+ PCn+«£, i,£\ O X Cn+2,E,i>

I J+ ) PCm., t,E* , j} \Cm,E',J,£} de (1)
0 , m.x

In eqs. (1), PCn, t,E,i2 is the occupational probability of an
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Fig. 1. Calculated ry/rtet for
56Fe(n,n>) at 14 MeV. Closed
points are the data of ref.
[7], open ones are jpf ref. [4].
Heavy curve is the pre-eq.
calculation [4], dotted and
dashed curves are the CN
calculations of [7].

Fig. 2. The same as in Fig. 1,
but for 58Ni(n,np). Data points
of ref. [4], calculations of
refs. [4] and [8].

n-exciton state of a nucleus i at the excitation energy E and time

t, X's are the transition rates (per unit time) to the neighbour

states, and L is the total emission rate (including particles and

gammas, integrated over the outgoing energy and summed over all

possible emission channels) of the specified exciton state,

LCn.E.i} = V fPCn, X Cn,E,i.£} de (2)

The last term in eq. (2) ensures the coupling of different nuclei
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and various excitation energies. For the details of the

pre-equilibrium y emission, see ref. [6].

In practice, all the calculations reported here were

performed using codes written at Bratislava [3,5] (here, ref. [5]

is a PC version of code [3]).

The most simple and the most straightforward is the

calculation of r /I* . If we denote

oo

rCn.E.i} = J* PCn,E,i2 dt,

O

(3)

then

J s } de

r r (4a)

X
n

and similarly

rCn,E,

tot
, O =

J \cCn,Eti,£

rCn,E, t
(4b)

The results of these calculations compared to the data are in

Figs. 1 and 2 [4,8] .

A very interesting case is the calculation of the exclusive

nucleon spectra, i.e. the spectra from a reaction finishing at

given nucleus. The experimental data of the (a,2ny) reaction at 35

MeV [9] manifest a double-peaked (camel-like) shape for some

nuclei, whereas normal shapes are observed for the others. Here,

we explained the differences by the pre-equilibrium ^-to-neutron

competition, as seen in Fig. 3 [10]. Some other nucleon exclusive

1000

En(MeV)

Fig. 3. Exclusive neu-
tron spectra from the
reaction {a,2ny) at 35
MeV. Data of ref. [9],
calculations of ref.
[10]. Heavy curves are
the resulting pre-eq.
exclusive spectra,
which are to be
compared to the data.
Dashed, dotted, etc.
lines are their
components (for
details, see the
original, paper [10]).

85



spectra are also of interest. Fig. 4 brings an illustration of
5 ZCr(n fn'y) at 14 MeV; and some still more bizarre shapes can be

found in ref. [8].
— *oooi 1 Fig. 4. Exclusive neutron spectra from

t 52Cr(n,n>) . The data are of ref.
^ »- [11] A calculations of ref. [4].

Relatively complicated is the calculation of differential y

multiplicities in 14 MeV neutron induced reactions, i.e. the

multiplicities of y's in coincidence with neutrons of given

energy. An example can be seen in Fig. 5 [12].

Fig. 5. Differen-
tial y multiplici-
ties from reaction
52Cr(n/xny) at 14
MeV. Full line is
the result of
calculations, the
dashed one is
based on slightly
different model
for the y
emission. (Ref.
[12]).

12 14
(MeV)

Probably the latest of the coincidence-type calculations are

he integrated (a . ) and the activation (ayaet) reaction -.cross

sections and the corresponding excitation functions. In ay^t
 w e

integrate the part of the y energy spectrum corresponding to the

prompt direct capture transitions to bound final states. As is

well known, if we arrive by such j'-deexcitation to a loosely

unbound state instead of the bound one (say, about 0.5 MeV above

the particle threshold), the probability of the particle emission

is still weak, and a nucleus has a relatively high chance for a

successive (cascade) y emission. This should be added to the

integrated cross section, and we get thus the activation cross

section o . Obviously, a > a . . if we take the same
/act /act yir\l

incident energy. However, this difference is often small (see also

below). A comparison of a and a for several 14 MeV neutron
yvcA ya.ct

radiative capture data(to our knowledge all 14 those, where both

the & and a are known) for slightly different initial
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and various excitation energies. For the details of the

pre-equilibrium y emission, see ref. [6].

In practice, all the calculations reported here were

performed using codes written at Bratislava [3,5] (here, ref. [5]

is a PC version of code [3]).

The most simple and the most straightforward is the

calculation of r /r . If we denote

then

and similarly

oo
rCn.E.il = J PCn.E.il dt

0

(3)

J \*Cn.E.i,£ > de

(4a)
rCn,E,O

tot

J \°Cn,E,i,s J> de

-rCn.E.O
(4b)

The results of these calculations compared to the data are in

Figs. 1 and 2 [4,8].

A very interesting case is the calculation of the exclusive

nucleon spectra, i.e. the spectra from a reaction finishing at

given nucleus. The experimental data of the (a,2ny) reaction at 35

MeV [9] manifest a double-peaked (camel-like) shape for some

nuclei, whereas normal shapes are observed for the others. Here,

we explained the differences by the pre-equilibrium ^-to-neutron

competition, as seen in Fig. 3 [10]. Some other nucleon exclusive

1000

10
En{MeVJ

Fig. 3. Exclusive neu-
tron spectra from the
reaction (a,2ny) at 35
MeV. Data of ref. [9],
calculations of ref.
[10]. Heavy curves are
the resulting pre-eq.
exclusive spectra,
which are to be
compared to the data.
Dashed, dotted, etc.
lines are their
components (for
details, see the
original, paper [10]).
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spectra are also of interest. Fig. 4 brings an illustration of
MCr(n,n'y) at 14 MeV; and some still more bizarre shapes can be

found in ref. [8].
•r 1000I 1 Fig. 4. Exclusive neutron spectra from

52Cr(n/n
tj") • The data are of ref.

[11]/ calculations of ref. [4].

Relatively complicated is the calculation of differential y

multiplicities in 14 MeV neutron induced reactions, i.e. the

multiplicities of y's in coincidence with neutrons of given

energy. An example can be seen in Fig. 5 [12]."

Fig. 5. Differen-
tial y multiplici-
ties from reaction
52Cr(n,xn?') at 14
MeV. Full line is
the result of
calculations, the
dashed one is
based on slightly
different model
for the y
emission. (Ref.
[12]).

10 12 14
(MeV)

Probably the latest of the coincidence-type calculations are

he integrated (c . ) and the activation (&yact) reaction -.cross

sections and the corresponding excitation- functions. In a
Y-vrX

 w e

integrate the part of the y energy spectrum corresponding to the

prompt direct capture transitions to bound final states. As is

well known, if we arrive by such ^-deexcitation to a loosely

unbound state instead of the bound one (say, about 0.5 MeV above

the particle threshold), the probability of the particle emission

is still weak, and a nucleus has a relatively high chance for a

successive (cascade) y emission. This should be added to the

integrated cross section, and we get thus the activation cross

section a . Obviously, a > a . , if we take the same

incident energy. However, this difference is often small (see also

below). A comparison of a . and a for several 14 MeV neutron

radiative capture data(to our knowledge all 14 those, where both

the a and a . are known) for slightly different initial
ya.c\. y\.r,t
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Activation c.6. (mb)

6 10 * 80

Proton energy (MeY)

•EXP Arts, HOP ate

Fig. 6. Activation excitation
function of 130Te(p/^). Heavy
line is the experiment [14],
full line with crosses is the
result of calculation without
pairing and with overall values
of g, weak line with dots is
from the calculations with
Gilbert and Cameron values for
the level density parameters.
From ref. [15].

Gamma c.s. (mb)

6 10 « *0

Proton energy (MeV)
CXI*
MT. NO »

A/IS. NO r
o HIT, etc

- • - tic
* KXP MT

Fig. 7. Excitation function of
176Yb(p/r). Both the activation
and the integrated values are
plotted. Activation experiment
is drawn as a heavy line,
integrated one as stars. Calcu-
lated activation cross sections
are depicted as points connect-
ed by lines, the integrated va-
lues by the same points without
lines: simple points stand for
no pairing, diamonds for Gil-
bert and Cameron values. From
ref. [15].

Fig. 8.
As in
Fig. 6,
but for
142Ce.
From
ref.
[15].

Activation gamma as. <mb)

0.1 =

0.01 E

0.001
20 30

Proton energy (MeV)
40 60

EXP Daly NP5©

Gilbert t Cameron

fl-A/13. NO pair

exp v»rd
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energies (i.e. 14.1 MeV for the integrated, and 14.6 MeV for the

activation ones) is given in Table I [13].

Table I

Comparison of 14 MeV neutron activation and integrated cross sects

Target

Al-27
Sc-45
V-51
Mn-55
1-127
Pr-141
Pb-208
Bi-209

E x p e r
a (14 .6 )

factv '

480+- 60
530+- 60
720+- 70
675+- 70

1120+-250
1190+-180
1000+-200
1200+-200

i m e n t
a (14.1)

415+- 60
800+-120
575+- 95
655+- 95
770+-160
980+-165
930+-200
880+-165

Preequi l
o , <

fvnt

342
502
420
682
716
834
715
710

.calc.
y
fact

368
507
442
685
713
819
620
636

CN ca lc
Cf

fact

51
90
20
49
13

4
1
1

(Cross sections are in
Table from ref. [13].

Figs. 6 to 8 bring the radiative capture excitation functions

of three nuclei [14,15]. Here, a significant difference can be

found between the neutron- and the proton-induced reactions. It

origins from the tendency of the pre-equilibrium decay to enhance

the emission of a particle of the same type, as the incident one

was. Taking into account that the proton emission is much weaker

than the neutron one at the excitation energies close to (20-23)

MeV (typical excitation energy of 14 MeV neutron induced

reactions), we get stronger y emission resulting in enhanced

difference between a and o . in the proton- compared to the
fact ftnt

neutron-induced reactions.

At low energies, the presence of the pairing and more

appropriate single-particle level density g is significant in

order to get more-or-less reasonable description of the data. At

higher energies, those details of the level densities are

practically smeared out, and the usual description of #=A/13 with

no pairing serves well. Surprisingly, our model for the y emission

keeps valid up to pretty high energies (see Fig. 8).

The work has been supported in part by International Atomic Energy

Agency contract No. 5148/RB.
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Calculation of photon production cross sections and spectra
52,from Cr(n,x^) reactions at 14.6 MeV
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1ENEA/ Via Ercolani 8, 40138 Bologna, Italy
2Institute of Physics, Slovak Academy of Sciences

Diibravskd cesta 9 842 28 Bratislava, Czechoslovakia

Abstract:

Advanced statistical model of nuclear reactions is

used to analyze szCr(n,xy) reactions at 14.6 MeV neutron

incident energy. Calculated are discrete y ray production

cross sections, total y ray spectrum and average y ray

multiplicities. It is found that integral quantities and data

that involve sufficient averaging, such as y multiplicities,

can be predicted with good precision. This is valid also for

strong discrete y lines. Generally, however, discrete y ray

production cross sections cannot be safely predicted better

than within a factor of two. Things may be even worse for

particular portions of the total y ray spectrum.

1. Introduction

Fairly detailed and complete measurement of photon

production cross sections from 52Cr(n,x^) reactions at 14.6

MeV neutron incident energy has been reported in Ref.l. The

purpose of the present work is to perform theoretical

analysis of these data. We calculate discrete y ray

production cross sections, total y ray spectrum as well as

average y ray multiplicities. Our approach is based on the

advanced statistical model of nuclear reactions.

2. Nuclear models

Calculations were performed within the statistical model

of nuclear reactions. Included were complete Hauser-Feshbach

formalism, somewhat simplified treatment of the

*)' Contribution presented by P.

91



preequilibrium particle and y ray decay, and detailed

description of y ray cascades with spins, parities and

discrete y ray transitions. Considered in calculations were

reaction channels with up to two emitted particles and up to

seven successive y rays in each channel.

Compound nucleus formation cross sections and

transmission coefficients were evaluated within the spherical

optical model. Parameters for the neutron-channel were those

of Prince2, for the proton-channel those of Becchetti and

Greenless3 and for a particles those of Igo and Huizenga.4

Low-energy level schemes and y ray branching ratios were

taken from the current literature, see Ref.5. Level densities

were evaluated by means of Ignatyuk's formalism*5 with

inclusion of parity effects calculated within the framework

of the microscopic Nilsson BCS model.7 The relations were

2 V a U

p(E,j,n) =

where E, J, and n are the excitation energy, spin, and

parity, respectively. The energy U is given as

U = E + Af , (2)

where Af is the pairing correction. The single-particle level

density parameter reads

a(U) = a(*) [ 1 +
U

(l (3)

and the parity term is

1 otE
— tanh
2 2

F (E,n) =
par v '

, if n is the same as the ground-
state parity

1 aE
1 - — t a n h — — otherwise.

2 2
(4)

The relevant parameters are summarized in Tab.l.

Use is made of the Brink-Axel hypothesis in order to

deduce the transmission coefficients for neutron radiative
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Table 1. Level density parameters used in Eqs.(l)-(4). Spin
cutoff parameters «yz(lev) were determined from spin
distribution of low-lying discrete levels; c(<y ) is
the coefficient of the usual spin cutoff factor
versus excitation energy.

Nucleus

4S>Ti
51v
5 2v
51Cr
52Cr
S9Cr

a(*)

(MeV"1)

6.148

6.455

5.862

5.582

6.250

6.387

r
(MeV"1)

0.054

0.054

0.054

0.054

0.054

0.054

a

(MeV"1)

0.20

0.40

0.40

0.22

0.40

0.19

Af
(MeV)

-0.0944

-0.5750

1.2657

0.7209

-1.2161

-0.1564

c(<?2)

0.0139

0.0139

0.0139

0.0139

0.0139

0.0139

o? (lev)

7.2692

8.2105

6.5536

8.9375

9.0662

8.9800

Table.2. Parameters for the giant dipole resonance used in
Cr(n,x^) calculations.

E

17

(MeV)

.5

r

3

(MeV)

.5

a (mb)

80

E (MeV)

20.5

r (MeV) c?2(mb)

4.0 60

capture from El, E2 and Ml giant resonances

has two-hump Lorentzian shape9
Adopted GDR

Ezr2 E2r2

Y 2
v (E

aba v y
= a

(E2-E
Y i

E2r2

Y i
2 (E2-E E2r2

Y 2

(5)

where the parameters are given in Tab.2. Isoscalar and

isovector GQR parameters have been obtained from

semiclassical sum-rule estimates; Ml resonance is largely

fragmented and partly suppressed.

Preequi1ibrium emission was limited to primary nucleons

and primary Y rays and it was treated within the non-spin

closed-form formulation of the exciton model. Particle-hole

level densities took into account differences between neutron

and proton degrees of freedom. The essential simplification

consists in the assumption that the spin effects, in the

energy-angular momentum range available for the present
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reactions, are small. This simplification is justified by

more detailed studies. °'±o Once a neutron or proton has been

emitted or nucleus has achieved statistical equilibrium, the

system can further decay from its excited configuration by

emitting another particle or by statistical y ray

deexcitation cascade. In this case, it was assumed that the

preequilibrium configurations have the same spin and parity

distributions as the corresponding statistical configurations

at the same excitation energy.

The code was the modified version of the PENELOPE

developed at the ENEA laboratory in Bologna.

3. Results and discussion

52

The total nonelastic reaction cross section for Cr + n

(14.6 MeV) was calculated to be 1315.2 mb. This cross section

is divided among seven reaction channels as summarized in

Tab.3. We note that the (n,2n) cross section is relatively

small in view of extremely high Q-value of 12,04 MeV.

Table.3. Calculated 52Cr neutron cross sections at E = 14.6
MeV.

Reaction Cross section (mb)

(n,nonelastic) 1315.2

(n,n*) 816.2

(n,2n) 369.1

(n,np) 47.6

(n,p) 57.6

(n,a) 24.3

(n,d) 0.2

(n,y) 0.2

3.1. Discrete y ray production cross sections

Discrete y ray production cross sections in the (n,n»

channel are summarized in Tab.4. Comparison is made with

the experimental data available at 14 MeV range,1'11~ia which

were normalized to 14.6 MeV whenever necessary. It is seen
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Table 4.Discrete y ray production cross section in
the (n,n>) channel. Given are relative as well as
absolute values. References quote experimental works•

Transition

Jn

2 +

a

2 +

2

2+±

4 +

2

2

4 I -

5 %

T77

* 2 I

- °I

* 2.

* 2I

1

4;

4;

E^MeV)

1.728

1.531

1.434

1.334

1.246

1.214

0.936

0.848

0.744

Vn'r. (

Exper.

3.110.5

4.710.4
9.312.8

92.1+>

24.2+1.0
21.713.6
29.114.4
22.212.1

4.610.5

2.911.3
19.813.6
4.211.2

28.0+1.1
26.413.3
27.013.8
27.3+2.8

4.510.4

8.410.5
16.115.4

%) ax

Theor.

2.4

3.5

92.1

22.7

3.1

0.6

38.9

2.2

15.9

1 n'v ( m b )

Exper.

261 4

401 3
78124

783130
773154
692+51
588147

2051 8
182130
218133
141+13

39+ 4

25111*'
166130
271 8

237+ 9
221128
202+28
174+18

381 3

711 4
134145

Theor.

20

29

752

185

25

5

318

18

129

Ref.

1

1
11

1
11
12
13

1
11
12
13

1

1
11
13

1
11
12
13

1

1
11

3 % 4* 0.704 5.010.4 4.0 42+ 3 33 1

4 % 4* 0.647 8.310.5 5.4 701 4 44 1

Adopted was the calculated value.

This value was obtained from single measurement at 90°.
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that the cross section for two strong y lines, 1.434 and

1.334 MeV, are in good accord with our prediction. Less

satisfactorial situation is with the 0.936 MeV line and quite

poor agreement is with several weaker lines, 0.848, 0.744 and

0.647 MeV ones. We note that the cross section of Yaraamoto

for the 1.214 MeV line is clearly too high, their value being

far above of both our prediction and all other data.

Discrete y ray production cross sections for the (n,2ny)

channel are given in Tab.5. The accord with the data is

roughly within 50% . We note, however, that the recent

calculation by Hetrick et al.14 gives in the case of the

0.749 MeV line quite different result, 39 mb, compared to our

value of 69 mb.

Table 5. Discrete y ray production cross sections in the
(n,2ny) channel. The experimental values are those
of Ref.l.

1

a"
- -•

s>~
2 "*

J

7~

7
2

Transition

'? E (MeV)

0.749

1.164

Exper.

42± 2

36± 4

(mb)
i

Theor.

69

61

3.2. Total y ray spectrum

Calculated total y ray spectrum is compared with the

experimental spectrum in Fig.l. The calculated spectrum has

several distinct regions. The highest spectral energies

available, E > 14.6 MeV, refer to the {n,y) channel. This

part of the spectrum is dominated by preequilibrium processes

as shown by the full curve. At spectral energies below about

14 MeV, there are y rays mostly due to (n,nV) and the key

process is already purely statistical. At still lower

energies cascading y rays and other reaction channels

contribute. They eventually give rise to several distinct

discrete y rays seen at the lowest spectral energy range.
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52Cr (n.xr)

En= 1A.6 MeV

0 5 10 15 20 25
Gamma ray energy (MeV)

Fig.l. Calculated total y ray spectrum for y ray energies
above 5 MeV is compared with the experimental spectrum

of Ref.l. Also shown are experimental data of Drake et al.15

and of Budnar et al. Given by full smooth curve is the
spectrum of primary preequilibrium y rays in the (n,y)
channel. Shown by dashed histograms are statistical
calculations that refer to (n,xytotal) and (n,^) spectra.

(The calculated spectrum below E < 5 MeV is not shown in

Fig.l. because of considerable overlap with the experimental

data.)

The agreement between the calculated and the experimental

spectrum seems satisfactory except of the region dominated by

primary y rays from the (n,n'y) channel. A possible reason

for the difference might be in level densities. We note,

however, that the calculation by Hetrick et al.1* seems to do

better in this energy range.

From the above results on can obtain overall integral y

ray production cross section. The calculated overall y ray

production cross section is 3312 mb which compares well with
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the experimental value of 35401230 mb. The calculated

integrated values for particular reaction channels are

summarized in Tab.6. Of interest is also the overall average

y ray energy per one y ray emitted. The calculated value of

2.45 MeV compares extremely well with the observed value of

2.49 ±0.15 MeV.

Table 6. Integral y ray production cross sections and average
y ray energies for various reaction channels.

Reaction

(n/Xj'total)

(n,n'y)

(n,2ny)
/ \ *"

(n,pr)
(n,ay)

Exper.

3540±230

3155±170*>

78± 6*'

• 335± 70**

(mb)

Theor.

3312

2918

201

19

140

34

< E >
y

Exper.

2.49±0.15

2.6 ±0.2*

-

-

-

—

(MeV)

Theor.

2.45
} 2.62

0.88

0.53

1.67

2.47

*> Estimates only.

3.3 Average y ray multiplicities

Average y ray multiplicities defined by a specific

low-lying discrete y ray transition are compared with the

experimental data in Tab.7. It is seen that the agreement is

excellent except perhaps of the case of the 0.704 MeV line

where the theoretical value seems to be too low.

Average y ray multiplicities of cascades following

neutrons with a specific energy are compared with the

experimental values in Table 8. We give only those values

that refer to (n,nly) channel ( for small neutron energies

there should be contribution from short (n,2n^) cascades and

the resulting multiplicities should be quite small). It is

seen that the agreement is, as above, very good.

The average y ray multiplicities referring to individual

reaction channels are summarized in Table 9.

98



Table 7. Average y ray multiplicities of cascades including
specific discrete y ray transition in the
{n,n'y) channel.

J . •+

2%
a

2%
2

2 %

4 %

5>

0%
2

4 %

5 %

6 %

3 %

4 %

Transition

Jf"

2 *

0*

4+

2[

2+
±

4*

4*

4 +

2

4 ;

E^(MeV)

1.728

1.531

1.434

1.334

1.246

1.214

0.936

0.848

0.744

0.704

0.647

Multiplicity

Exper.

-

-

3.7+0.2

3.710.4

4.4+1.4

-

3.7+0.3

4.811.5

5.810.6

6.8+0.7

5.610.6

Theor.

3.31

3.31

3.56

3.85

4.49

4.22

4.01

4.55

5.94

5.48

5.49

Table 8. Average y ray multiplicity in the (n,n'y) channel
as a function of the observed energy of scattered
neutron.

2.3 -

2.7 -

3.1 -

3.7 -

4.4 -

5.4 -

6.8 -

8.7-1

(MeV)

2 . 6

3 . 0

3.6

4 . 3

5 . 3

6 . 7

8 . 6

1.6

Multiplicity

Exper.

4.4810.48

4.5910.47

4.0510.43

4.15+0,45

3.7010.45

3.4210.46

3.0810.45

2.3210.43

Theor.

4.63

4.51

4.44

4.35

4.31

4.10

3.60

2.66
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Table 9. Average y ray multiplicities in various reaction
channels.

Reaction

(n,x^total)

(n,nV)
(nf2ny)

(n,py)

(n,^)

Multiplicity

Exper.

3.34±0.24

3.7± 0.2**

1.0

1.0

3.0 ±0.5**

2.5 ±0.5**

Theor.

3.10

3.56

1.31

1.03

2.82

2.48

* Estimates only.

4. Conclusions

We conclude that integral quantities and data that

involve sufficient averaging, such as y ray multiplicities,

can be predicted with good precision. This is valid also for

strong discrete y lines. Generally, however, discrete y ray

production cross sections cannot be safely predicted better

than within a factor of two. Things may be even worse for

particular portions of the total y vacy spectrum. The

preequi1ibrium exciton model is particularly useful in

describing high-energy part of the y ray spectrum due to

( ) processes.
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PRESENT STATUS OF GAMMA-RAY STRENGTH FUNCTIONS AND THEIR
IMPACT ON STATISTICAL MODEL CALCULATIONS
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Institut ftir Radioforschung und Kernphysik, Vienna, Austria

ABSTRACT
Photon strength functions derived from disqrete resonance data in
earlier surveys have been reviewed. Corrections for major non-statis-
tical contributions have been applied and derived systematics for
f(El) and f(Ml) values can be used for statistical model calcula-
tions .

1. INTRODUCTION

The compound nucleus mechanism is dominant for the capture process
above the resolved resonance region upto several MeV incident neutron
energy. Therefore a statistical model is often used to calculate
capture cross-sections. The gamma-ray transmission coefficient Tyj ,
used in these calculations, is related to the gamma-ray strength
functions as

TXL(EY) = 2 n E Y
2 L + 1 f X L ( E Y ) . (1)

Therefore both theoretical and experimental knowledge of the gamma-
ray strength functions is highly relevant to these model calcula-
tions .

The energy dependence of the El, Ml and E2 gamma-ray strength func-
tions and the impact of different formulations on the statistical
model calculations have been discussed recently in [1,2] and in
another contribution to this meeting [3].

In this paper we concentrate on the experimental data. In the past
only one global survey [4] of the radiative El and Ml strength beha-
viour has been made as a function of mass. Most of the data have been
derived from discrete neutron resonance experiments using the method
of slow neutron time-of-flight spectroscopy. The aim of this paper
is a careful revision of this data set because of the recommendation
[1~3] to use absolute values of gamma-ray strength functions in reac-
tion model calculations. We prefer this approach to the widely used
normalization procedure by reproducing the experimental ratio
<rY>/<DQ>.

2. SURVEY OF PREVIOUS WORK

The original survey of McCullagh et al. [4] was made for about
50 nuclides with absolute partial widths originating from (n,Y),
(Y,n) and (Y,Y0) reactions and resulted in derivation of model

103



250

Fig.l A plot of the El strength functions {Eq. 2) against mass
number. The original data from ref. [4] are used.

200 21J0

Fig.2 A plot of the Ml strength functions (Eq. 2) against mass
number. The orirginal data from ref. [4] are used.



dependent (single particle and Brink-Axel models) strength functions
for El and Ml radiation. The mean gamma-ray energy for this data set
was about 7 MeV. From this data Kopecky [5] derived global formulae
for the additional dependence of El(Ml) strength on A, compared with
the above-mentioned models.

We prefer the model independent definition of strength functions,
written as

fL(EY) = <rY >/EY
2L+1 DQ . (2)

The corresponding values, based on the original data from ref.
have been plotted for El(Ml) radiation as a function of mass (see
figs. 1 and 2). For all necessary details the reader is refered to
ref.

For a meaningful application of the experimental f.(E ) values
in the statistical model calculations it is necessary to check the
data for the presence of a non-statistical component in the total
or partial radiative widths. Such corrections have not been applied
in the original work of McCullagh et al. [4]. The use of this data in
statistical model calculations can therefore lead, if a non-statisti-
cal mechanism is strongly present in the resonance region, to a sig-
nificant overestimation in the normalization. Another important quan-
tity influencing the experimental values of f. (E ) is the s-wave
resonance spacing D-, which may have a large uncertainty.

Study of these two effects are the main objective of this paper. The
aim was to develop T-ray the strength function systematics, which can
be used to test the predicted values, as discussed in refs. [l~3]t if
no experimental data are available.

3. APPLIED REVISIONS

3.1 El radiation

The standard method to display the surveyed data is to divide them by
calculated values from the model that is usually adopted for deter-
mining strength functions. We have chosen, as in all earlier studies,
the "classical" Lorentzian with the energy independent spreading
width, although there is strong evidence [1-3] that this formulation
overestimates the large body of experimental data both from discre-
te-resonance [4] and averaged-resoriance capture experiments [6,7].
This is nicely demonstrated in fig. 3» where the ratio of experimen-
tal f(El) values against the Lorentzian prediction is displayed.
Applied giant-resonance parameters were taken from ref. [8], Three
regions deviate from the expected smooth trend, namely 40<A<70,
90<A<110 and 170<A<190 and these were in particular the subject of a
check of the evaluation in ref.

First of all we scanned the D» values used in ref. [4], against those
given in the recent compilation of Mughabghab [10]. These values are
given in columns 2 and 3 of tables 1 and 2. In many cases differences
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Table 1. Revision of experimental values for f(El) based on
s-wave, p-wave capture and photonuclear data denoted
by s,p(J) and gn, respectively.

Product
nucleus

F -20
Mg-25 ]
Mg-26
Al-28
Si-29
Si-30 ]
S -33
Cl-36
Sc-46

Cr-53
Fe-57
Co-60
Ni-6l

Cu-64
Ge-74
Zr-91

Mo-93 ]
Mo-95
Nb-94
MO-99 l
Ru-100
Rh-104
Pd-106
In-116
Sb-122
Sb-124
I -128
Ba-136
Nd-l44
Nd-l46
Sm-150
Er-168
Er-169
Tm-170
Lu-176
Hf-178
Ta-182
w -183
W -184
Pt-196
Au-198

Hg-199
Hg-200
Hg-202

Pb-207
Pb-208
Th-233

u -235
u -237
u- 239

P
p(l.
gn
s
s
P(2)
s
s
s
gn
gn
s
gn
s
s
s
?(1.
gn
sp
?(0.
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
gn
gn
s
s
s
s

[4]
Dn(eV)

33200
5)143500

19970
40000
100000
203000
24500
1300
-
-

1060
-
629
76
gn

5) 1000
-
37.

5) 429
31
23
11
9
13
20
13
47
44
18
2
3
91
1
3
2
4
66
12
16
16
83
88
100
-
-
18
12
15
16

8

.4

.2
• 9
• 5
• 5
.7
.3
.6
.6
.7
• 3
.8

• 3
.47
• 5
• 5

.3

.2

.1

.5

.2
• 3
.4
.4

[10]

_
-
-
-
-
-

17000
21000
1300
7000
6000
1100
1800
320
82
570

2100

975
44
970
25
16
10
9.4
18
38
9-7
40
45
22
2.2
4.0
94
7-3
3.̂ 5
2.4
4.17
66
12
18
16.5
105
100
98

35700
37500

16.8
10.6
14.7
20.9

Cor.
factor

f=0.5£f=0.5?
f=0'5b
f=0-5b
f-0.5*
f=0.5b

f=0.42?
f=0.20D

f=0.56c

f=0.5d

f=0.15e

f=0.3

f(ED rio

[4r

1.80(112)
5.17(380)
3.^6(255)
9.74(896)
0.22(15)
0.57(39)
0.15(12)

.0.13(7)
1.61(59)
3.19(235)
2.46(181)
2.70(146)
1.46(101)

1.53(52)
3.44(115)
7.48(281)

5-67(147)
5-38(41)
5.04(124)
4.32(81)
2.97(41)
4.13(33)
3-79(87)
5.56(159)
3.05(61)
3.48(203)
1.88(46)
4.23(254)
4.59(181)
4.3K17D
4.46(110)

1.18(15)
6.39(1*7)
4.72(101)
7.41(251)
17-77(335)
10.47(157)
10.25(338)
28.14(970)

20.31(257)
11.00(530)
58.08(445)
10.91(404)
8.47(693)
36.61(261)
9.37(800)
18.30(766)
12.14(392)
8.16(352)
12.74(314)

" 8 MeV"3l
Present work

0.81(30)
1.60(118)

1.23(99)
1.35(73)
0.73(50)
0.77(26)

3.14(118)
1.13(29)

2.84(70)
1.90(36)

8.89(168)

8.7K67)

10.98(78)

b
c
d
e

Given errors are in quadrature added statistical,
normalizations (20%) and Porter-Thomas uncertainties.
Corrected for the valence component.
The value of DQ = 67 eV [12] has been applied.
Absolute calibration uncertainty.
Only last two transitions taken.
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Table 2. Revision of experimental values for f(Ml) based on
s-wave, p-wave capture and photonuclear data denoted
by s,p(J) and gn, respectively.

Product
nucleus

F -20
Al-28
Si-29

S -33
Cl-36
Sc-46
Cr-53
Fe-57
Ni-6l
Ge-74
Mo-93
Nb-94
MO-99
Ru-100
Ru-102
Rh-104
Pd-106
In-116
Sb-122
Sb-124
Te-126
I -128
Ba-136
Nd-l44
Er-169
Lu-176
Hf-178
Ta-182

w -183
Hg-199
Pb-208

Th-233
u -235
u -237
u- 239

p
s
s
s
s
s
gn
gn
gn
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s

D^(eV) Cor.

m °
33200
19970
40000

203000
24500
1300
-
-
- •

76.7
2350
37.8
918
31.4
24.6
23.2
11.9
9.5
13.5
20.7
38
13.3
47.6
44.6
94
3.47
2.5
4.5
66
83

p(l) 25000
s
s
s
s

18.2
12.3
15.4
16.4

[10] factor

_
. -

-
17000
21000
1300
7000
6000
1800
82

2100
44 f=0.56b

970

16 f=0.62
16
10
9-4
18
38
38
9.7
40
45
94
3.45
2.4
4.17
66
105
37500
16.8
10.6

14.7
20.9

f(Ml) TIO"8 MeV"3l
[4] a Present work

4.26(310)

2.08(139)
0.125(70)
0.66(57)
0.30(20)
1.17(59)
2.80(188)
2.25(78)
2.00(108)
2.57(82)
1.46(42)
1.20(44) 0.68(25)
0.59(18)
2.12(118)
4.00(160) 2.46(98)
0.54(31)
1.19(27)
1.13(30)
0.61(12)
0.79(20)
1.60(44)
0.31(5)
1.45(70)
0.30(22)

1.57(95)
3.19(139)
3.65(152)
6.64(356)
4.25(183)
22.1(1155)
0.185(60)
8.88(602)
2.11(78)
0.37(17)
3-22(96)

a)
Given errors are in quadrature added statistical,
normalizations (20$) and Porter-Thomas uncertainties.
D_ = 67 ev from ref.[12] have been applied.
Last three transitions taken (one enhanced).

are found, usually ref. [4] is underestimating the spacing. Except
for " Nb no corrections based on new D_ values have been applied be-
cause they caused changes in f(El) witnin the experimental errors. A
general word of caution, however, has to be given here. The recent
study [11] and extended experience of many evaluators (e.q. work of
Delfini et al. [16]) shows that the DQ values in ref. [10] have not
always been properly corrected for missed or wrongly assigned reso-
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nances. This can sometimes result in a significant^difference as ni-
cely demonstrated in the above mentioned case of Nb [3,12] and the-
refore it is strongly recommended for detailed evaluations to review
the Dn value and apply the above-mentioned corrections.

Another inspection has been applied to nuclides which can be influen-
ced by a strong non-statistical component present in the resonance
region. In several original data sets, used in the previous survey
[4], these valence components have been estimated. In such a case the
corresponding strength function has been corrected for. For the mass
region of the s-wave giant resonance, 40<A<60, an estimate of appro-
ximately 50# valence component has been applied, which seems to be a
reasonable guess based on calculations of Allen and Musgrove [13] and
also from the behaviour of total radiative widths of s-, p- and
d-wave neutron capture. In some cases the selection of transitions
used for datermination of f(El) was inspected, especially where only
a limited number of primary transitions were used. The arguments for
the corrections applied are listed in table 1.

A plot of corrected f(El) values, which represent the statistical
component, is given in fig. 4. Values with A<30 have been disregarded
from fitting from obvious reasons. The remaining data reasonably fol-
low a smooth dependence on A, which can parameterized as

f(El) . . <7 MeV> = 4.62xlO"12 A1'91 . (3)
Slat •

3.2 Ml radiation

Similar inspection of input data, as for El radiation, has been
applied here. For Ml radiation, however, the situation is more comp-
licated for two reasons. First of all there is no well-established
general theoretical prescription for f(Ml). The frequently used sing-
le-particle estimate is at variance with a finite-energy weighted sum
rule and the recently proposed giant resonance model [7] lacks a glo-
bal prescription for the sum rule. Furthermore there is no general
theoretical explanation of non-statistical mechanisms in Ml radia-
tion, despite^ the fact that these effects have been experimentaly
observed [14,15]. The input data are scarce and often based on avera-
ging over few transitions.

In fact, corrections have^been applied only for two nuclides, as gi-
ven in table 2, one for ̂  Nb based again on inspection of the Dn va-
lue and the other for Ru due to limited selection of transitions.
An interesting observation is that in the mass range 40<A<60 the
f(Ml) values exhibit a comparable increase as for El radiation (for
those enhanced by the valence capture). This may indicate a presence
of a similar non-statistical mechanism or an effect of insufficient
averaging. However, no correction has been applied here. The smooth
dependence on A has been again fitted to the data above A=30 (see
fig. 5) and reads as

f(Ml)stat <7 MeV> = 1.88X10"
11 A1'*11 . (4)
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4. CONCLUSION

The original data set for El gamma-ray strength functions [4] has
been reviewed and corrected for non-statistical components in order
to derive systematics which can be used for pure statistical model
calculations. For some nuclides also the limited amount of selected
transitions, used to derive the averaged radiative strength, seemed
to be a source of enhancement in the gamma strength. The resulting
set of f(El) values shows a smooth dependence on A and is generaly
overestimated by a classical Lorentzian extrapolation {see fig. 6).
This behaviour forms a global argument for the use of the modified
Lorentzian with the energy dependent spreading width as proposed in
ref. [7] and discussed in ref. [1-3]• It is noted that no uncertainty
estimate has been made of the correction for non-statistical effects.

The trend in the f(Ml) values indicates also a region of enhancement
(40<A<60) in the Ml strength and furthermore the data fluctuate far
more compared to El data. The interpretation of this all is complica-
ted by experimental uncertainties. However, the derived systematic
dependence on A can be certainly used as a reasonable approximation
of the f(Ml) value, if necessary combined with the general trend in
El/Ml strength ratios.
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Abstract

The impact of the low energy behaviour of the El and the Ml gamma-ray strength functions
on statistical model calculations of radiative neutron capture was studied for targets with mass
numbers between 55 and 197. We found strong support for models of the El strength function
with a non-zero limit if the transition energy tends to zero. Such a low energy behaviour is pre-
dicted in theoretical work by Kadmenskij et al. and by Sirotkin.

The employed strength functions are derived from a generalized Lorentzian in case of E1 and a
standard Lorentzian in case of Ml and E2 radiation. The parameters of these strength functions
are based on independent experimental data. No normalizations were applied to the strength
functions. We therefore recommend to use these strength functions in reaction model calculations
for applied purposes.

1. Introduction

For incident energies from overlapping resonances up to a few MeV the compound nucleus
mechanism accounts for the majority of capture events. Therefore the statistical model alone is
often used to calculate (average) capture cross-sections and gamma-ray spectra for applied purposes,
though there are mass regions where also non-statistical processes should be considered. The in-
gredients of statistical model calculations are particle transmission coefficients, level densities and
finally gamma-ray strength functions - the main object of this presentation. As supplement to our
previous contribution / 1/ we concentrate here on their impact on model calculations. The most
important strength functions in this context are those for El, Ml and E2 radiation.

Popular models for strength functions fxi/e,) ( XL = multipole type, s, = transition energy)
are the single particle model / 2/ resulting in energy independent strength functions and models,
which by means of Brink's hypothesis / 3/ relate fxi.(£T) to the absorption cross-section of photons
of type XL. According to this celebrated hypothesis the photoabsorption cross-section for excited
states is the same as for the ground state. Combined with the assumption that the photoabsorption
cross-section is dominated by a giant resonance Brink's hypothesis provides simple expressions for
the strength functions. Widely used is Axel's / 4/ global prescription for the El strength function
in terms of a Lorentzian for the giant dipole resonance (GDR). Later it became clear that a
Lorentzian for the El absorption cross-section, when extrapolated to energies near or below the
neutron binding energy, often overpredicts fEi(s,) data. For model calculations, however, the low
energy behaviour of the strength function is essential. Therefore various empirical prescriptions
have been proposed to correct for insufficiencies of the shape of the El absorption cross-section
as e.g. a "depressed Lorentzian" / 5/ or an "energy dependent Breit-Wigner shape" / 6/. A com-
prehensive compilation of functional forms for the GDR can be found in Gardner's / 7/ review.
Recent examples of calculations of capture cross-sections and gamma-ray spectra based on these
ideas can be found in Refs. / 8/, / 9/, /10/ and / l l / .
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A quite different low energy behaviour of the El strength results from microscopic models as
those proposed by Kadmenskij et al. /12/ and by Sirotkin /13/. While strength functions derived
from a Lorentzian or from the above mentioned empirical formulas vanish as the energy tends to
zero, these microscopic models predict a non-zero limit of fE1(67) for er -> 0 which moreover depends
on the excitation energy of the final state. Thus these microscopic models are at variance with
Brink's hypothesis. A "generalized Lorentzian" resulting in a finite, energy dependent e, -> 0 limit
was recently proposed /14/ and compared with average resonance capture (ARC) data by Kopecky
and Chrien /15/. The non-zero sT -> 0 limit could not be verified by the ARC results; there is,
however, other experimental evidence for its existence /16/, /17/.

All these different prescriptions for the strength function of the dominant electric dipole radi-
ation reflect uncertainties in this quantity which immediately affect the calculated capture cross-
sections and gamma-ray spectra. As a consequence such calculations often use strength functions
of a given shape and apply some normalization. A popular approach is to normalize the El
strength by reproducing the ratio < r r 0 > / < Do > of the average radiation width and the average
spacing of s-wave resonances. Problems arise if experimental data for these quantities are lacking.
M. and D. Gardner /18/, /19/ suggest in such cases to employ suitable parameterizations of the
strength functions instead of resorting to separate systematics of < Fy0 > and < Do > .

We report here on model calculations carried out for incident neutrons on spherical nuclei with
mass numbers between 55 and 197. They comprise average total s- and p-wave radiation widths,
capture cross-sections and gamma-ray spectra.

We prefer for Ml and E2 radiation strength functions derived from a standard Lorentzian. By
comparing the results to experimental data we aim at first to verify for El radiation the aforemen-
tioned generalized Lorentzian or more specifically the non-zero s, -» 0 limit of fEi(sr) in an energy
region not accessible to ARC experiments. Our second goal is to improve the capability to predict
capture and gamma-ray production cross-sections by recommending strength function models
which are i) supported by theory, ii) determined by parameters relying on experimental data inde-
pendent of the calculated quantities (see previous contribution / I / ) and finally are iii) free from
arbitrary normalizations.

2. Models and parameters

At present we only consider the statistical model contribution and restrict the upper limit of the
incident energy so that this contribution dominates. The calculations were performed with the code
MAURINA /20/. The code employs for the width fluctuation correction Moldauer's /21/ pre-
scription. A detailed treatment of gamma-ray cascades as e.g. described in Ref. /22/ allows the
calculation of gamma-ray spectra. The calculations require the knowledge of the following quan-
tities and parameters.

2.1 Gamma-ray transmission coefficients

The gamma-ray transmission coefficients TXL(ey) are related to the corresponding strength
functions by

TXL(sy) - 2n zf+1 fXL(ey) . (1)

For the (very small) contributions of M2, E3 and M3 radiation we employed the single particle
model with fxi.(«r) = 1 WU (Weisskopf unit). An energy independent strength function is occa-
sionally used for Ml radiation. In this case, however, we adjusted the absolute value so as to re-
produce experimental data or systematics ("adjusted single particle model").

Assuming that the absorption cross-section for XL radiation is dominated by a giant resonance
of standard Lorentzian shape (resonance energy E in MeV, damping width T in MeV and peak
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cross-section o0 in mb) one obtains for the strength function fxi.(£T) by means of Brink's hypothesis

3-2L p2

fxLK) = 26x 10~8 imh~]MeV~2] -*rrr .•>. ° L ? ^ i • (2>

Theoretical considerations /23/ suggest a giant dipole resonance with an energy dependent spreading
width leading to the the following expression for the El strength function

fE1(ey) = 8.68 x 10-8 [mb-'MeV ~2] J > , (3)
(ey - E ) + ey r(ey)

For r(sy) we used an expression based on the theory of Fermi liquids /12/

where T = ^/U/a is the nuclear temperature corresponding to the excitation energy U of the final
state; a stands for the Fermi gas level density parameter. As representative for strength function
models with a non-zero limit for fEi(e,) we chose the "generalized Lorentzian" /14/, /15/

fE](s T) = 8.68xl(r*[mb-1MeV~2]
E

5
, (5)

where r(ey) is given by Eq.(4) and T = JU/a. . Finally, we used in some calculations also the
result of Kadmenskij et. al. /12/ for the El strength function

8r 1 2n ' O ^ j +
fE1(ey) T) = 8.68 x 10~8 [mb-'MeV"2] — %- — - x 0.7 -^ ; (6)

y (e2 - E2)2 + £
2 T2 E

here T is defined under consideration of a pairing correction A : T = V(U — A)/a . Strictly speak-
ing, this equation is derived only for energies er smaller than the neutron binding energy.

The photoabsorption cross-section of some of the considered nuclei ( ssMn, S6Fe, 60Ni) can
only be fitted by the sum of two Lorentzians /24/. In those cases we used in Eqs. (2), (3), (5) and
(6) for fE1 the sum of two analogue terms calculated with parameters (Ei.Fi, CTOI) and (E2, r2 ) cr02),
respectively. In order to improve the reproduction of the experimental data for "7Au + n and
93Nb + n we incoherently added to fEi(eT), if given by Eqs.(3), (5) or (6), the contribution a pigmy
resonance of Lorentzian shape with parameters (Ep, rp, o0p). As the El strength functions derived
from a standard Lorentzian (Eq.(2)) already overpredicts the experimental data / 1/ we refrained
from including a pigmy resonance to this model. The strength function parameters employed in
the model calculations are listed in table 1.

2.2 Particle transmission coefficients

The neutron transmission coefficients were derived from optical potentials taken from the liter-
ature. We used potentials given by Joly /10/ for 197Au , Wilmore and Hodgson /25/ for 143Nd, Van
der Kamp and Gruppelaar /26/ for 10SPd , Delaroche et al. /27/ for 93Nb and by Rapaport et al. /28/
for the targets with A < 60; the potential of Ref. /28/ was slightly modified for lower incident en-
ergies. For 60Ni, 56Fe and S5Mn as target nuclei we considered also competition by emission of
protons and alpha-particles with transmission coefficients obtained from global potentials /29/ and
/30/. Test calculations showed that our results are not very sensitive to the choice of the particle
transmission coefficients.
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TABLE 1 : The strength function parameters employed in the calculations

El

Ml

E2

o-oi(mb)

E,(MeV)

r,(MeV)

erO2(mb)

E2(MeV)

r2(MeV)

ap(mb)a>

Ep(MeV)»)

TpCMeV)1)

<To(mb)

E(MeV)

T(MeV)

SPadj(WU)")

o-o(mb)

E(MeV)

T(MeV)

198Au

541

13.72

4.61

6.00

5.80

1.50

1.12

7.05

4.00

0.48

5.03

10.81

3.73

144Nd

317

15.05

5.28

0.37

7.82

4.00

0.14

3.40

12.02

4.38

199

15.92

7.18

1.06

8.80

4.00

0.38

2.46

13.31

4.84

wNb

200

16.59

5.05

1.50

6.80

1.90

1.39

9.02

4.00

0.26

2.14

• 13.86

4.98

61 Ni

34.1

16.30

2.44

55.2

18.58

6.37

5.90

10.42

4.00

0.95

1.42

16.00

5.38

57Fe

40.4

16.63

3.53

51.8

19.38

5.74

3.80

10.65

4.00

0.48

1.30

16.37

5.43

S6Mn

51.4

16.82

4.33

45.2

20.09

4.09

4.50

10.72

4.00

0.38

1.22

16.47

5.44

a)pigmy resonance

''adjusted single particle model

2.3 Level density

Besides the gamma-ray strength functions the most critical of the auxiliary quantities is the level
density. This can easily be seen from the expression for the average total radiation width
< F, (U,I, II) > of compound states with excitation energy U, spin I and parity n

<ry(u)i,n)> =
X L if, n f

(7)

where p(U,l, II) designates the density of levels with excitation energy around U, with spin I and
parity II. The total s- and p-wave radiation width are weighted averages of appropriate contrib-
utions <F y (U,I, II) > . The integrand in Eq. (7), which also enters into radiative capture cross-
sections and the gamma-ray spectra, critically depends on the low energy behaviour of TXL(£T). For
low excitation energy we used in Eq. (7) and other similar expressions instead of the level density
the actually known levels listed in recent issues of the journal "Nuclear Data Sheets" /31/.

We employed level density formulas with parameters based on the following experimental data:
i) average s-wave resonance spacings taken from Refs. /32/, /33/, /34/ and /35/ and ii) the spectrum
of low lying levels taken from Ref. /31/. To check the influence of different formulas we performed
most calculations with two different level density models: the backshifted Fermi gas model /36/
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(BSFG model) and the model by Kataria et al. /37/ (KRK model) which accounts for shell effects
in terms of the ground state shell correction to the nuclear binding energy. The KRK model was
supplemented by the prescription of Gilbert and Cameron /38/: application of a conventional
pairing shift and a constant temperature form at low excitation energy. More details on the chosen
level density models can be found in Ref. /39/.

3. Results and discussion

For some target nuclei (197Au, 143Nd , l05Pd) the compound nucleus contribution should domi-
nate. Others are situated in regions with a maximum of the neutron strength function (93Nb in the
3p region and 60Ni, S6Fe, 5sMn in the 3s region) where one expects important valence contrib-
utions. We emphasize at this point that, because of strong non-statistical contributions and also
because of less accurate experimental strength function data, our results for the structural materials
are still very preliminary.

3.1 Average total s- andp-wave radiation widths

Tables 2 and 3 show the total s- and p-wave radiation widths < ry0 > and < FTi > , respectively,
as well as available experimental results, mostly taken from Refs. /32/ and /33/. Further displayed
are the three largest components <rr<f>Mi, < r T ^> E i and <ry€>E2- To convey an idea of the
importance of valence transitions, we show in the last column below the total experimental radi-
ation width the result obtained by subtracting the corresponding valence contribution as given by
Allen et al. /40/.

The calculations were carried out for both level density models and under the following as-
sumptions on the strength of dipole radiation: A giant resonance of standard Lorentzian shape and
the adjusted single particle model for Ml while for El we considered in addition to a standard
Lorentzian also one with an energy dependent spreading width (Eq. (3) combined with Eq. (4)) and
further the generalized Lorentzian (Eq. (5)) leading to a non-zero er -> 0 limit of fEi(ey).

Though both level density models reproduce the same number of low lying levels and the same
average spacings of s-wave resonances they often result in rather different radiation widths. This
difference indicates the uncertainties introduced by such semi-empirical level density models; they
affect the capture cross-sections and the gamma-ray spectra, too.

Both tables clearly illustrate the sensitivity on the low energy behaviour of the strength functions
for dipole radiation. For 197Au, 144Nd, 10SPd and 93Nb the total s-wave radiation width, obtained
with fEi(er) derived from a Lorentzian based on photoabsorption data, by far overpredicts the ex-
perimental results; this agrees with conclusions from ARC data. Assuming a Lorentzian for Ml
radiation the s-wave width for the first three nuclei is best described by a generalized Lorentzian
(Eq.5) for fEi(eT) ; in this case also photoabsorption and ARC data are reproduced. In principle also
a Lorentzian with an energy dependent spreading width for El (Eq.3) and the adjusted single par-
ticle model for Ml is compatible with all these experimental data. However, as explained in more
detail in our previous contribution / 1/ an energy independent Ml strength is at variance with ex-
perimental information on gamma-ray transitions between low lying levels and violates the energy
weighted sum rule of Ml strength. In case of 93Nb the recommended strength function models -
Eq.(5) for El and Eq.(2) for Ml - underpredict the experimental total s- and p-wave radiation
width. This may be related to uncertainties in the average spacing < Do > of s-wave resonances.
Values of 44 ±4 eV, 65 eV, and 90+20 eV are reported in Refs. /32/, /34/ and /41/, respectively;
our results are based on Ref. /34/.

The total average s-wave radiation widths of 6lNi and 56Mn contain a substantial valence con-
tribution. The preliminary calculations with our preferred models for dipole radiation strength are
somewhat below the experimental values, even after correction for valence capture. In view of all
underlying uncertainties we don't regard this as a serious discrepancy.
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T A B L E 2 : C a l c u l a t e d a n d e x p e r i m e n t a l t o t a l s - w a v e r a d i a t i o n w i d t h s in m e V

196Au

144 Nd

106 p d

9 4 Nb

s l N i

5 5 Mn

<r,0>N,

10. l a

36. 7d

1.7a

9.7d

6.8 a

45.2 d

11.8"

43 .3 d

234.0 a

1050.9d

184.0a

449.8 d

<r..>n

344.9a

8 4 . 0 b ' e

127.2='e

8 4 . 0 b ' e

149.1*
15. 9b

44.5=
15.9b

249.9a

30. lb

84.7=
30. l"

148.8a

28 .3 b " e

53.3="e

2 8 . 3 b ' e

1087.9a

171.lb

256.1 =
171.lb

612.3 a

86. 2b

139.8=
86. 2b

<r..>B

5.0 a

2 . 5 a

3.0 a

3.5"

9 .9 a

10.2 a

<r,0>

360.0
99.1

142.3
125.7

153.3
20. 1
48.6
28.2

259.8
40.0
94.6
78.3

164. 1
43.7
68.6
75.2

1332.7
415.9
500.8

1232.7

807. 1
280.9
334.5
546.7

<*",„>„,

10. l a

43 .4 d

2 . 5 a

14. 9d

10. 8 a

72. 4d

16.5 a

61 . 6d

159.7a

814.9 d

178.0 a

4 5 4 . l d

<r,.>E,

366.1 a

7 6 . 6 b ' e

132 .5 c ' e

7 6 . 6 b ' e

223 . l a

24. 2b

73.0 =
24. 2b

416.7 a

53.8b

156.2C

53.8b

220.9 a

4 2 . 2 b ' e

80.5 = ' e

4 2 . 2 b ' e

953.0 a

156.9b

240.5=
156.9b

603.2 a

88. 5b

156.6=
88. 5b

<r.o>B

5 . 6 a

3 . 9 a

5 . 0 a

5 . 0 a

8 .8 a

10.5 a

<r.0>

381.8
92.3

148.2
125.6

229.5
30.7
79.5
43.0

432.5
69.6

172.0
131.3

242.5
63.8

102. 1
106.9

1122.3
326. 1
409.8
981 .4

792.3
277.6
345.7
553.7

<r.,>DIP

128±6 / 3 3 /

128£

80±9 /32 /

79f

145±8 /32 /

145±10 / 6 1 /

1700 /32 /

1050f

750±150 /32/

510*

Lorentzian Eq. (21
Lorentzlan wllh energy dependent damping width Eq. (3)
generalized Lorentztan Eq. (5)
adjusted single particle model
corrected for valence contribution / 4 0 /

T A B L E 3 : C a l c u l a t e d a n d e x p e r i m e n t a l t o t a l p - w a v e r a d i a t i o n w i d t h s in m e V

196

144

106

94

61

56

Au

Nd

Pd

Nb

N i

Mn

Level density

<r..>H.

10.7a

36. 6d

1.9a

9.9 d

5.9a

43.8 d

10.0a

41 .9 d

712.8a

1592.7d

287.5a

539.7d

<r,.>t.

305.2a

67.7 b - e

110.0= i e

6 7 . 7 b ' e

136.3a

13.6b

41.6=
13. 6b

2 6 0 . l a

34 .2 b

88. 3=
34. 2b

162.8?
3 5 . 1 b ' e

60.0 = < e

35. l b - e

434.3a

53.3b

126.6=
53 .3 b

398.2a

50. 2b

101.7=
50. 2b

: KRK

5 . 1 a

2.7 a

2.7 a

3.2a

23.4a

14.9a

Model

<r,,>

321 . 1
83.6

125.9
109.4

140.9
18.2
46.2
26.2

266.6
42.8
97.0
80.8

176.0
48.3
73.3
80.2

1170.8
789.8
863.0

1669.7

701.0
353.0
404.5
605.2

Level

<r.,>H,

n.ia

44. 0d

2.7a

15.0d

9.9a

71.3d

14. 7a

60. l d

636.7a

1395. ld

278.9a

543.7d

density :

<[•„>„

336.9a

63 .8 b ' e

119.5='e

6 3 . 8 b i e

211.2a

22. 0b

70.3°
22. 0b

428.9a

58. 2b

160.3=
58. 2b

233.8a

48 .6 b l C

86.8=>e

4 8 . 6 b ' e

326.7a

4 2 . l b

115.8=
4 2 . l b

391.7a

52. 6b

118.6=
52. 6b

BSFG

<r.,>

5 . 9

4. 1

4 . 7

4 . 7

22. 1

15. 1

Model

D <r,,>
a 353.9

80.8
136.5
113.7

a 218.1
28.9
77.2
41 . 1

a 443.5
72.8

174.9
134.2

a 253.2
68.0

106.3
113.4

a 985.7
701. 1
774.8

1459.4
a 686.0

347.0
412.9
611 .7

190 /32 /

185f

900 /32 /

400*100 /32 /

Lorentzlan Eq. (2)
Lorentzlan with energy dependent damping width Eq. (3)
generalized Lorentzian Eq. (5)
adjusted single particle model
corrected for valence contribution /40/

118



The total p-wave radiation width of 61Ni and S6Mn is not affected by strong valence contrib-
utions. Calculations with the recommended strength function models reasonably well agree with
the experimental data. Here the Ml contribution, mostly due to transitions to low lying levels,
exceeds that for El radiation. Because of the large and rather uncertain Ml contributions the total
p-wave radiation width seems not to be very sensitive to the choice of the El strength function
model.

3.1 Capture cross-sections

We employed for the strength of M1 and E2 radiation a standard Lorentzian. As examples of
capture cross-sections with dominating statistical contribution we show in Figs. 1 and 2 the results
for 197Au and 10SPd (results with the KRK model on the left and with the BSFG model on the right
hand side). The full curves represent the results with the El strength derived from the generalized
Lorentzian (Eq.(5)); the dashed and dotted curves correspond to a standard Lorentzian (Eq.(2)) and
to a Lorentzian with energy dependent spreading width (Eq.(3)), respectively.

The different models for fEi(e,) mainly influence the magnitude but hardly the shape of the
capture cross-section, which is reasonably well reproduced by all all calculations. As far as the
magnitude is concerned one observes a similar dependence as for the total radiation widths. A
standard Lorentzian for El radiation overpredicts the experimental capture cross-section. The best
reproduction of the data is obtained with the El strength derived from a generalized Lorentzian
(Eq.(5)). In case of 197Au also a Lorentzian with energy depending spreading width (Eq.(3)) cannot
be excluded; however, the analysis of the spectrum of gamma-rays favours the generalized
Lorentzian.

The weak dependence of the shape of the capture cross-sections on the low energy behaviour
of the gamma-ray strength functions provides the basis for the normalization procedures mentioned
before. As a drastic illustration we show in Fig. 3a again the capture cross section of 10SPd, calcu-
lated with the BSFG model for the level density; the curves have the same meaning as in Figs. 1
and 2. This time, however, we normalized the peak cross-section oa in such a way that the exper-
imental value of the average total s-wave radiation width of 145 meV is reproduced; the required
normalization constants for Eqs. (2), (3) and (5) are 0.31, 2.40 and 0.83, respectively. Fig. 3b shows
that the corresponding E1 strength functions, though leading to the same value < ry0 > / < Do > ,
differ in shape and two of them are at variance with the photoabsorption data. The resulting cap-
ture cross-sections hardly differ from each other and moreover reproduce the experimental data.
This example shows that normalizations to < r r 0 > / < Do > can be useful if reliable experimental
data are available. On the other hand, a good reproduction of experimental capture cross- sections
does not guarantee that the underlying strength functions are correct in the sense that they re-
produce independent experimental data.

Fig. 4 shows preliminary results for the neutron capture cross-section of *°Ni and ssMn, calcu-
lated with the same prescriptions for the strength functions and the BSFG model for the level
density. The curves have the same meaning as in Fig.l. For S5Mn our preferred strength function
models (full curves) underpredict the experimental data at the low energy end. This is to be ex-
pected as we did not consider valence capture contributions. The relatively good reproduction of
the ^Ni-data around 0.5 MeV is surprising and perhaps accidental.

5.5 Gamma-ray spectra

In the energy range considered here the total radiation widths and the capture cross-sections
provide similar integral information on the gamma-ray strength. Further details can be learned
from the analysis of gamma-ray spectra as their magnitude and shape depend on the strength
functions.

Figs. 5 and 6 compare angle-integrated gamma-ray spectra resulting from the reactions
197Au(n, y) and 93Nb(n, y) to experimental data at incident neutron energies around 0.5 MeV. The
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Figure 1. : The neutron capture cross-section of 197Au calculated with the KRK model (a) and the
BSFG model (b) for the level densities. The three curves represent calculations with differ-
ent models for hi{zr) (see text). The experimental data were measured by Joly /10/ (symbol
JO86), Andersson et al. /42/ (symbol AN85), Dalvetshin et al. /43/ (symbol DA85), Husain
and Hunt /44/ and Chen Jing et al. /45/ (symbol CH81).
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Figure 2. : The same as Fig.l, but for the neutron capture cross-section of 10SPd . The experimental
data were measured by Cornells et. al. /46/ (symbol CO82), Musgrove et al. /47/ (symbol
MU79) and Macklin et al. /48/ (symbol Ma79).
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Figure 3. : (a) The neutron capture cross-section of 10SPd calculated with the three models for the
El strength, each normalized in such a way that an average total s-wave radiation width
of 145 meV results (see text); the BSFG model was used for the level density.

(b) The underlying (normalized) El strength functions corresponding to a standard
Lorentzian (curve 1), a generalized Lorentzian (curve 2) and a Lorentzian with energy de-
pendent spreading width (curve 3) as well as experimental data derived from ARC and
photoabsorption experiments.
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: The neutron capture cross-section for ssMn (a) and 60Ni (b). The calculations employ
the BSFG model for the level densities. The experimental data were taken from papers by
Garg et al. /49/ (symbol GA78), Dovbenko et al. /50/ (symbol DO69), Stupegia et al. /51/
(symbol ST68), Menlove et al. /52/ (symbol ME67, Perey et al. /53/ (symbol PE82) and
Stieglitz et al. /54/ (symbol ST71).
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calculations were carried out for both level density models and the three models for the El strength
function, represented by Eqs.(5) (full histgram), Eq.(3) (dashed histogram) and Eq.(2) (dotted
histogram). The strength of Ml radiation was derived from a standard Lorentzian. Both figures
clearly illustrate that for emission energies between 1 and 4 MeV also the shape of the spectra de-
pends on the model for fEi(sy) • Of particular interest for 197Au is the difference between the full and
the dotted histogram which represent strengh function models, both compatible with ARC and
photoabsorption data and with capture cross-sections. The experimental gamma-ray spectrum
clearly favours the generalized Lorentzian or more generally the non-zero er -»• 0 limit which is re-
sponsible for the different slopes in this energy region. The same also holds for 93Nb (Fig.6). Of
course, one could also here suspect that a Lorentzian with energy dependent spreading width (Eq.
3) combined with the adjusted single particle model for Ml radiation could produce similar spectra.
This is indeed the case. However, we again refer to the aforementioned arguments against an energy
independent Ml strength.

The generalized Lorentzian (Eq.(5)) and the formula by Kadmenskij et al. (Eq.(6)) exhibit the
same er -* 0 limit. For gamma-rays starting from the neutron binding energy both expressions
reasonably well agree but they give rather different results for transitions starting from much lower
excitation energy. Therefore it is of interest to compare the gamma-ray spectra resulting from both
expressions. Fig. 7 shows that for the gamma-ray spectra of 197Au + n the difference between the
two models is not very serious. As the same holds also for the average total radiation width and
the capture cross-sections our conclusions apply to the formula of Kadmenskij et al. (Eq.(6)) and
the generalized Lorentzian (Eq.(5)).

As an example for the structural materials Fig. 8 displays the gamma-ray spectrum resulting
from S6Fe + n at En = 0.925 MeV. The preliminary calculations employed the BSFG model for
the level densities and the same strength function models as in Fig. 5. The level density of S7Fe
increases much slower with energy than that of 198Au. Consequently the difference between the
spectra resulting from the three models for the El strength function is smaller than in Figs. 5 and
6. Actually, in this example the rather large experimental errors prevent a decision between the
different strength function models.

4. Conclusion

By comparing model calculations to appropriate experiments we found strong support for a
representation /14/, /15/ of the El strength function in terms of a generalized Lorentzian with an
energy dependent spreading width and a non-zero limit as the energy tends to zero. Such features
are founded in theoretical work by Kadmenskij et al. /12/ and by Sirotkin /13/. Of particular in-
terest is the non-zero sr -» 0 limit; it depends on the excitation energy and thus implies a partial
breakdown of Brink's / 3/ hypothesis.

The strength function models recommended in this paper i. e. a generalized Lorentzian for El
and a standard Lorentzian for M1 and E2, all of them with parameters based on experimental data,
are hopefully also relevant for applications. In view of the fact, that we did not adjust level density
parameters and applied no normalization to the strength functions, the agreement between calcu-
lations and experiment is quite reasonable. As the low energy behaviour of the El strength which
critically enters into the calculated quantities is supported by theory we expect an acceptable pre-
dictive power of calculations based on the recommended strength functions.

The last optimistic statements mainly apply to targets in mass regions where the statistical
contribution dominates. Our preliminary results indicate problems for targets in the 3s region. It
is harder to establish the recommended strength function models and moreover, the statistical
model contributions should be supplemented by calculations of the valence components as de-
scribed e.g. in Refs. /40/, /58/, /59/ and /60/.
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Figure 5. : The gamma-ray spectrum resulting from the reaction 197Au(n, xy) at an incident energy
of 0.4 MeV. The calculations were performed with level densities according to the KRK
model (a) and the BSFG model (b). The three histograms correspond to calculations with
different El strength function models (see text). The experimental data by Morgan et
Newman /55/ are given for the incident energy interval 0.2-0.6 MeV and correspond to an
emission angle of 125°. For the comparison with the calculations we assumed isotropic

emission.

Figure 6.

"f

d
o

/d
e

102

5

10'

5

10°

5

(a)

"Nb ' n E=0.500 MeV

8-Productlon

D VQ87

B

s

\
s
e

-

. (b)

3Nb t n E=0.500 MeV

^-Production

o V087

&
Q

"•"""I ' • i i

S

Q

4 5 6 7 8 9

E M I S S I O N

0 1 2 i 4 5 6

ENERGY (MeV

: The gamma-ray spectrum resulting from the reaction 93Nb(n, xy) at an incident energy
of 0.5 MeV. Parts (a) and (b) and the different histograms have the same meaning as in
Fig.5. The experimental data were taken from Voignier et al. /56/; below an emission en-
ergy of 1.5 MeV the authors extrapolated the measurements by means of model calcu-
lations. For the comparison with the calculations isotropic emission was assumed.
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(Eq.(5)) and the formula given by Kadmenskij et al. (Eq. 6)), respectively.

0 2 4 6 8 10

EMISSION ENERGY (MeV)
12

Figure 8. : The gamma-ray spectrum resulting from the reaction 56Fe(n,xy) . The BSFG model
was used for the level density. The meaning of the histograms is the same as in Fig. 6. The
experimental data were measured for natural iron by Chapman et al. /57/. We used the
spectra recorded at 125° and assumed isotropic emission.
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TWO-STEP CASCADE TRANSITIONS FOLLOWING NEUTRON CAPTURE: A NEW

SOURCE OF INFORMATION ON PHOTON STRENBTH FUNCTIONS

F. Becvaf4

Charles University t Faculty of Mathematics and Physics

180 00 Prague St Czechoslovakia

R. E. Chrien

Brookhaven National Laboratory

Upton, .New York 11973t USA

J. Kopeck?

Netherlands Energy Research Foundation ECN

1755 ZG Pettert, The Netherlands

ABSiRACT: I he applicability of the sum—coincidence
measurements o-f two—step cascade y-ray spectra to
determination of photon strength -Functions at
intermediate y-ray energies <3 -r 4 MeV) is discussed. An
experiment based on thermal neutron capture in Nd was
undertaken at the BNL High Flux Beam Reactor to test this
method. To understand the role o-F various uncertainties
in similar experiments a series o-F model calculations was
performed. We present an analysis of our experimental
data which demonstrates the high sensitivity of the
method to El and Mi photon strength functions.

I. INTRODUCTION

In past three decades large amount of information has

been accumulated about the strength of radiative transitions

proceeding from highly excited nuclear states, especially

those states populated in slow neutron capture. This

information concerns mainly the hard primary y—rays that

correspond to the transitions from the capturing states to the

low-lying levels. On the other hand, very little has been

learned on soft primary and secondary y—rays with energies E

< 4 MeV, although such information seems crucial for better

understanding of the photoproduction mechanism.

The radiative strength is usually treated in terms of the

conventionally defined photon strength functions S (E ) for

various multipolarities of y-radiation.
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The richest information is available for the El photon

strength -Function. Axel CiD used the principle o-F detailed

balance and made the -First attempt to understand this strength

•Function quantitatively in terms o-F the electric Giant Dipole

Resonance (GDR). Brink £21 assumed that the same GDR is built

on the ground state and on each excited state. Nevertheless,

in typical cases the calculations made according to the Axel-

Brink model Cl,23 produce values of S **V^ aDOl-vc a-factor of

3 too large as compared to the experimantal values.

Later, Kadmenskij, Markushev and Furman C33 pointed out

that for the cases of spherical and transitional nuclei the

limit for S **V* a s *V "* ̂  should be rton-z&ra. Using the

Fermi liquid model these authors also predicted a specific

dependence of width FV of the electric 6DR on the y—ray

energy, as well as a dependence of the shape of the GDR on the

nuclear temperature of the final level on which the GDR in

built. These consequencies are in contradiction with the

Brink's hypothesis and with a widespread assumption about

purely Lcrentzian shape of the electric GDR.

As shown in a separate contribution to this Meeting by

Uhl and Kopeck* C43, a detailed analysis of the experimental
94 106 144data on slow and fast neutron capture in Nb5 Pd, Nd

jog

and Au supports all the above-outlined predictions of

Kadmenskij et al. C33. In particular, by combining the dats

from photonuclear and neutron capture reactions a strong

support has been found for the electric GDR with an energy-

dependent damping width Ff.. On the other hand, conclusions

made in Ref. £43, concerning the existence of the non-zero

limit of S . (E ), need an verification that would lean on

more direct information on radiative strength at low energies.

In this contribution we describe an experimental method

that makes such information available. We present preliminary
143 14-4results based on an experimental study of the "Nd(n,y> Nd

reaction and compare them with analogous results, following

from model calculations. In discussion the main emphasis is

put on sensitivity of the proposed method to various models
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used for photon strength functions, rather than on -final

conclusions conce

reaction studied.

conclusions concerning the energy dependence of S in the

2. THE METHOD

The method is based on a two-detector coincident

measurement of two-step cascades that follow the thermal

neutron capture and end at a final level of a known spin and

parity. By fixing an energy sum a final level can be selected

and an energy spectrum of all the transitions involved in two-

step cascade de—excitation can be obtained. This spectrum,

called hereafter a two—step cascade y—ray spectrum? consists

of two components: a discrete set of lines and a broad, bell-

shaped quasi-continuum. The discrete lines contain

spectroscopic information and involve transitions between

well-separated, low-energy nuclear excitations. The quasi—

continuum involves primary and secondary transitions spanning

the excitation region which extends from several hundreds of

keV almost up to the adjusted energy sum. The size of the

quasi—continuum carries information about the photon strength

functions that govern the emission of y-rays in a de-

excitation process. As the maximum of the quasi—continuum is

expected to be approximately at 3 or 4 MeV, behavior of the

photon strength functions at these energies can be studied. A

set of the two—step cascade spectra can be obtained, one for

each final level-

3. THE EXPERIMENT

We have undertaken the above-described measurement for
143 144the thermal Nd<n,y> Nd reaction. A sample of natural Nd

was irradiated in a beam of thermal neutrons at the Brookhaven

High Flux Beam Reactor. Two back-to-back HPGe detectors were

used, having a measured overall photopeak efficiency of 3,3 V.

at an energy of 696 kev", including the effect of solid angle.
Q

A total number of 2 x 10 coincident pairs of y-rays were

detected- Each event, represented by energies of the y—rays

and the associated detection time difference, was recorded on
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a magnetic tape. This in-Formation was later scanned off-line

to yield the needed y-ray spectra.

Fig. 1 represents a spectrum o-F y-ray^ energy sums. The

labeled lines belong to the energy sums -for two-step cascades,
144terminating at the -First five final levels o-F Nd.

Energies, spins and parities of these levels are shown.

In order to isolate a two-step cascade y-ray spectrum the

continuous background visible in Fig. 1 has to be carefully

eliminated. As the detector energy response function is very

far from being confined to a single peak, these corrections

are very large. Analogous corrections have to be done in case

of a random background in the time spectra. The procedure we

used for these corrections guarantees that the quasi-continuurn

component in the resulting spectra represents a real effect,

free from background.
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An example of a two-step cascade r-ray spectrum is given

in Fig. 2. It corresponds to all cascades, terminating at the

-first J = 2 level in Nd at 696 keV. The spectrum shown

is corrected -For energy variation of the detector e-Fficiency.

As a result, the. spectrum is reasonably symmetric. The

symmetric appeareance of this kind of spectra follows from

impossibility to distinguish between the primary and the

secondary y-rays. A large number of discrete lines can be

seen in Fig. 2. For some of them, energies of the
144corresponging intermediate levels in Hti are given.

Intensity fluctuations of these lines are very broad: the

strongest line in the spectrum, corresponding to the j" = 4 +

intermediate state at 1314 keV, reaches a peak value of - 1900

efficiency-corrected counts, while a large number of still

well separated lines are weaker by a factor of 10 .
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Fig. 2. The two-step cascade r~ray spectrum for the J71 = 2 +

144
final level in Nd at 696 keV. Only a small fraction of the

range of efficiency-corrected number of counts is shown.
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The most important constituent of the spectrum is the

quasi-continuum that shows up as a smear in a vicinity of tha

base line. In order to minimise the uncertainty due to the

noted -Fluctuations of strong discrete lines, integral over a

restricted energy intervals, situated in the middle of the

spectrum, can be chosen as a measure of the size of the

continuum component. We selected an energy interval of 3.2

MeV. In this case, the integral could be determined with a

statistical accurracy of 2.4 "/.. The smear in the spectrum

thus represents a positives statistically significant effect.

In a similar manner, two-step cascade T~ray spectra were

obtained also for the .j" = 0 ground state and for the levels

at 1314, 1510 and 1561 keV with j" equal to 4*, 3" and 2 +,

espectively. The qussi-continuum in these spectra could be

determined with a statistical accurracy of 10, 6, 7 and 11 X,

respectively.

4. MODELING

In order to test various hypotheses about photon strength

functions we modeled the two-step cascade process and compared

the resulting spectra with those observed experimentally.

For clarity, some basic expressions must be given. Let

us assume a cascade EJTC •+ E'J'n* •* E"J"TI". Here, EJTI stands

for an excitation energy, spin and parity of the initial

state. Similarly, E'J'ir' and E"J"rc" belong to the

intermediate level and the fixed final level, respectively.

Following the definition of the photon strength function an

expectation value of a partial radiation width for the first

step EJn -*• E'J'7T* can be expressed as

r r l S r
X L(E r l) /g(E,J), (1)

where XL stands for multipolarity of the transition EJTI •*

E'J'n", i.e. XL = El, Ml, E2, etc., E , is a f r a y energy of

this transition and g(E,J) - density of levels with spin J at

an excitation energy E.
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An expectation value of the total radiation width -for the

state EJn is

E
vCr, > > £ o<E',J'> <r <EJTr-*E'J'7T*>> dE'7 tun <-* _ 7

J'TT' O

+ T <r (EJTT*E. J, -n. ) >. (2)

*' ŷ  k k k
k

The -First term cf this expression includes levels with E*

> E that are described by level density p. The second term

belongs to transitions to the remaining levels, labelled by

subscript k. It is assumed that below the energy E a -Full

set of levels is known -From experiments. Analogous

expressions can be written -For <r (E* J'TI'-^E" J"IT" > > and

An expectation value o-F a two-step cascade intensity can

be expressed via expectation values o-F ordinary one—st&p

intensities:

I ( E J T T E J T I ^ <I ( E J n E J l f n " ) > g(E',J*>. (3)

J'Tf'

Here E* = E - Erl and

I <EJTI+E* J'TI»)> = <r <EJ*i*E* J'TT')> / <r __ >. (4)
7 7 7 tJTT

A similar expression can be written -For <I <E'J'TT' + E" J'Vr "> >«

Eq. (3) is valid for primary r~ray energies E . < E - E^ The

introduced quantity ^yr tEriJ'* i s differe'ntial, i.e. it

represents an intensity per unit o-F energy.

An example o-F calculated two—step cascade y"-ray spectrum

is given in Fig. 3. Besides the values of <I (E ̂ ) >, the

values of individual terms of the right-hand side of Eq. <3>

for various J'TI1" are also plotted. The spectrum in Fig. 3 has

been calculated using the level density formula, based on the
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standard Fermi gas model with the shell-model level-density

parameter as the only free parameter. The photon strength

function S. used in calculations was deduced from the

traditional Lorentzian GBR with a constant spreading width rr.

For S. and S single-particle approximations were assumed.

The role of M2, E3 and higher multipolarities was neglected.

In order to study the influence of Porter-Thomas

fluctuations of partial radiation widths we modified Eq. (3)

to yield fluctuating values of two-step cascade intensity.

Specifically, in Eq. (3> we used summation instead o-F

integration and included additional factors B F ? T , , and
(2) that are responsible for fluctuations of one-step

intensities. The fluctuating two—step cascade intensity can

be expressed as
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(fluct) ( ^ _ y <I

E'JV

X G A "
 8

Summation in Eq. (5) is assumed over a full set of all the

intermediate levels, whose values of excitation energy E* are

distributed in accordance with the adopted level-density

formula.

Assuming Porter-Thomas fluctuation for partial radiation

widths it can be shown that products of factors 8p, T ? , and

& *", behave as completely independent statistical

variables? obeying a distribution, whose first moments can be

easily calculated. This makes it possible to model the values

of I *" by the method of Monte Carlo.

Fig. 4 shows an example of such a modeling for the case

of two-step cascades, populating the J = 2 level at 696 keV,

The level-density formula and explicit expressions for photon

strength functions used were the same as those mentioned in

connection with Fig. 3* The spectrum in Fig. 4 is presented

as a histogram with a bin width of 3 keV so that it is roughly

similar to what is viewed by a typical HPGe-detectar. We note

that this spectrum, as well as the previous one in Fig. 3,

should be additionally symmetrized to resemble the

corresponding experimental spectrum <Fig. 2.) in its overall

shape.

The spectrum in Fig. 4 exhibits violent fluctuations. It

seems therefore that it is difficult to separate the quasi—

continuum component. Nevertheless, if one integrates the

values of I over a carefully adjusted energy interval,

fluctuations of the resulting integral can be kept reasonably

low. Specifically, for the case Df energy interval of 3.2 MeV

the residual fluctuations are represented by a r.m.s. value of

8.3 Y.~ It seems therefore that the said integral can be taken

as a reasonable measure of the quasi—continuum. Calculations
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performed for the cascades, populating the 1314, 1510 and 1561

keV levels, yielded the the r.m.s. values for residual

fluctuations of 8.4, 8.0 and 9.7 '/., respectively.

The quoted experimental uncertainties in determination of

quasi-continuum s.re comparable to, or even lower than those,

following from the Porter-Thomas fluctuations, see Sec. 3.

DISCUSSION AND SUMMARY

n. x. • x. • T s _i T (flUCt) . • , , . , - 144...

Quantities \l > and I were calculated for Nd

levels at 696, 1314, 1510 and 1561 keV with j" values of 2 +
54 , 3 and 2 , respectively. In these calculations various

explicit expressions for photon strength functions were used.

The results deduced from these calculations

illustrated in Figs. 5-7, where the integrated two-step
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cascade intensities <I (E )> are plotted -For individual final

levels (broken lines) and compared with analogous quantities,

deduced from the measured spectra (open circles). In view of

the fact that experimental conditions did not allow us to

determine absolute intensities, the values of experimental

integrated intensities were additionally normalised to yield

the "best fit" to the modeled values.

In our calculations we used the

approximations for the electric dipole

function:

following three

photon strength

(z ) The expression, based on a traditional electric 6DR of

Lorentsian shape with an energy-independent damping

width TV-

lii) The expression (i) modified by inclusion of an energy—

and temperature-dependent damping width, specifically

r_ = r° (EG b f T2> (6)

where T is the nuclear temperature of the level on which

a given electric GDR is built;, r °

and

factor

E r - the energy of GDR.
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(iii) The expression Hi) modified by inclusion o-F an

additional energy- and temperature-dependent term that

ensures the non-zero limit o-F S -For E •+ 0, as

suggested by Kadmenskij et al. C33. The explicit

expression -For the term we used is given in Ref.

In conformity with the single—particle model, we assumed

that the magnetic photon strength -Function is energy-

independent. As an alternative choice we represented this

strength -Function by a magnetic GDR with parameters taken -From

Ref. E43.

The results presented in Figs. 5-7 &t-e based on the use

of the expression For p<E,J) mentioned in Sec, 4.

As can be seen in Fig. 5, the choice (i) is not adequate.

Much better agreement between the data and the calculations is

observed in Figs. 6 and 7 for the remaining two choices. It

is evident that the degree of agreement depends also on the
Mlchoice of S. . A particularly good agreement is achieved for

ElS that is represented by the electric GDR with the energy-
Mi

dependent r_ and whose limit for E •» 0 is zero, while S is

assumed to be represented by the magnetic GDR, see Fig. 6.

Nevertheless, in order to draw firm final conclusions

concerning the validity of these choices of S and S one

should also analyse the integrated intensities <I <E )> for

other level-density -Formulas than that we used in our

calculations. In addition, for reliable conclusions absolute

experimental two—step cascade intensities are needed. All

this remains to be done.

In majority of cases, illustrated in Figs. 5-7, the

deviations between the modeled and measured values of the

integrated intensities are much larger than experimental

uncertainties. It can be shown that even the uncertainties,

associated with Porter-Thomas fluctuations (see Sec. 4), are

very low. The observed deviations are thus statistically

significant.
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• Final Level

The data shown i-F Figs. 5-7 clearly demonstrate that the

two-step cascade intensities are highly sensitive to the

choices o-F various explicit expressions for S and S . A

closer inspection of these data reveals that a crucial role is

played by the integrated intensity for the cascades ending at

the negative-parity 1510 keV level.

139



Under certain simplifying conditions a rough estimate of

the integrated cascade intensity can be expressed by the

•Following two proportionalities:

Erl) dE r l ~ 2

for TT" = - i\ and

(8)

for n" =7i. Here, E . is an average ?—ray energy of the two-

step cascade spectrum. A systematic dependence of the left-

hand sides of (7) and <8) on an excitation energy E" is

neglected.

Looking at these proportionalities it is evident that for

S - Sv_ at energies E - 3 -r 4 lieV the integrated intensity

will not depend on the parity n" of the final level. However,

for S_ significantly different from S the integrated

intensity for the cascades ending at levels with n" = *n will

be enhanced. By this specific feature our proposed method

differs substantially from previous methods that are sensitive

mostly to the.sum of S . and S . The reason why the role

of the level at 1510 keV is so important is now evident.

In summary it can be stated that our model calculations

demonstrate high sensitivity of the proposed method to the

shapes and sizes of photon strength functions at intermediate
i

energies E. — 3 4-' 4 MeV where direct information from

traditional experiments is missing. It is important that the

residual Porter—Thomas fluctuations are low enough to draw

meaningful conclusions concerning photon strength functions in

the considered y—ray energy region. In addition, the
143 144

presented experimental data for the thermal Nd<n,y) Nd

reaction clearly show that the integrated two-step cascade

intensities can be measured with experimental accuracy high

enough not to cause appreciable limitations of the method.
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HIGH ENERGY GAMMAS IN NUCLEAR COLLISIONS :

NECESSARY DATA

A.A.Nosov, A.A.Rimski-Korsakov, R.M.Yakovlev, M.N.Zubkov
V.G.Khlopin Radium Institute, Leningrad, USSR

Yields and spectra of high-energy gammas, produced

in nuclear collisions, present interest for several reasons,

from purely scientific and from practical point of view. We

shall demonstrate the insufficiency of relevant data in this

field by two examples, where such data is most important :

- the study of superdense state of nuclear matter in heavy

ion collisions at energies about 100 MeV/nucleon by means

of preequilibrium gammas C 1 3.

- the high energy ( above 20 MeV ) component of gamma-radia-

tion, produced by proton-nucleus reactions at energies abo-

ve 150 MeV C 2 3 , necessary for space applications,

development of accelerator-breeder targets and shielding

benchmark experiments C 3 3 and of their computer models.

The first example is related to purely scientific ex-

periments of heavy-ion collisions at energies from 10 to ab-

out 200 MeV/nucleon. Such experiments are becoming numerous,

involving nuclei from 14-N to 238-U at energies from 10 to

more than 100 MeV/nucleon in various combinations. In such

collisions very important information on properties of

superdense state of nuclear matter can be derived from spec-

tra and angular distributions of gammas above 10-20 MeV C13.

These spectra consist of three ( or more ) general features

- first, a continuous exponentional decrease ( 5-15 MeV )

due to equilibrium radiation of reaction products, plus

irregular "bumps" of giant dipole resonance ( GDR ) decays

( 10-20 MeV ). Above 30 MeV the prompt gammas, emitted from

nuclear fireball before the equilibrium is reached, form

another exponential decrease. The most interesting ( at pre-

sent ) part is above 140 MeV, previously concidered solely

due to neutral pion decay.In recent experiments C 4,5,6 3 it

has been repeatedly shown, that yield of such gammas exceeds

greatly the expected one, that can be derived from simulta-

neous measurement of charged pions. Experimental data in

this field are controvercial even for spectral shape, and
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totally insufficient for angular distributions ( compare

C 8,9 3 and C 7 3 ).

Of course, this matter can be clarified only after

adequate theoretical nuclear models will be developed, but

even then their verification will depend on systematic data

concerning all lower energy gamma-production and more exten-

sive work on high-energy heavy-ion accelerators at GANIL ,

GSI C 10 3 and JINK ( Dubna,USSR ). We think this effort

should be encouraged both in our national program and in

international cooperation projects.

The second example also relates to high-energy

gamma-production, but has more practical aspect. It concerns

gammas above 20 HeV, emitted in proton-nucleus collisions

at proton energies above 150 HeV . A new mechanism of nucle-

ar bremsstahlung has been proposed lately C 2 3 to explain

prompt component of such gammas and their unexpectedly high

yields ( cross-sections up to 0.9 millibarn were measured

in 200 HeV proton-gold collisions for gammas above 40 HeV ).

In paper C 2 3 C,Al,Cu,Ag,Tb and Au targets were investiga-

ted at 168 - 200 HeV proton incident energies. This indica-

tes that usual nuclear cascade gamma-emission calculations

should be corrected adequately - or at least some new empi-

rical fitting should be done for practical application of

such cross-sections, which are numerous.

Data on gammas above 20 HeV are very important in

calculation and development of space shielding against pro-

ton radiation, and in similar accelerator shielding prob-

lems. We met with this necessity in a benchmark experiment

for an accelerator-breeder target [ 3 3. In our case 1 GeV

proton beam was stopped in a lead cylinder 20 cm dia. and

60 cm long, and produced about 30 neutrons per incident

proton. The cylinder was surrounded by threshold activation

detectors to measure neutron spectra and yields. In all our

detectors spuriouus ( gamma,n ) reactions increased the

cumulative yield of products of ( n,2n ) reactions by seve-

ral percent, but could not be taken into account adequately,

since no reliable data on gamma spectra and yields inside

the target were available. The same problem was met when

effective fission cross-section had to be measured in dep-

leted uranium samples around the target. The cumulative
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fission product yield was found to be 12% higher, than the

calculated one for the same neutron spectrum and flux. But

we could not be sure, whether this was due to photofission

or due to some inadequacy of our calculation, since gamma-

spectrum and flux at the same points were unknown.

Of course, even if we had systematic and reliable

data for gamma-production inside the target, the calcula-

tion would be difficult. But this part must be included in

every model calculation, being verified by benchmark expe-

riment. THe new evidence C 2 ] of doubt, concerning exis-

ting data of high-energy gamma yields, suggests both expe-

rimental and theoretical effort in this field. Such work

in energy region from 150 to 2000 HeV should be encoura-

ged both by national programs and international projects

in the nearest future.
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Evaluation of discrete y ray production cross sections in

(n,xy) reactions on Al for nuclear geophysics

P. ObloSinsk^ and S. Hlava<*

1. Introduction

Applications of nuclear techniques in earth sciences,

minerals exploration, extraction and processing are becoming

increasingly more and more important. These applications require

variety of fairly accurate nuclear data.

Direct geological applications have already been established

which are based on elemental analysis obtained through

neutron-induced y ray spectroscopy. Determination of elemental

concentrations using prompt y raY analysis with fast neutrons

requires detailed knowledge of microscopic cross sections of

(n,xy) reactions from threshold up to about 20 MeV and a knowledge

of the uncertainty in these data to allow calculation of final

elemental concentration uncertainties.

It is widely acknowledged (confer the Krakow 1983 and Vienna

1986 meetings)1"3* that the knowledge of (n,xy) data, both

experimental and evaluated, is inadequate. Thus, one of the most

pressing requirements is to identify gaps and discrepancies in

existing experimental data files and evaluated nuclear data

libraries and to produce recommended microscopic (n,x^) cross

sections for use in nuclear geology. This holds for a number of

elements and among them aluminum is of primary importance for

geological applications.

In the present work we are concerned with aluminum and the

task is performed under the Research Contract NO.4997/RB of the

International Atomic Energy Agency.A basic objective is to

develop a set of recommended y production cross sections on Al

for use in applied nuclear geophysics. This is achieved by

analysis of existing experimental, theoretical and evaluated4"8**

production cross sections of discrete y rays in (n,xy) reactions

on Al in the incident neutron energy range from threshold up to

20 MeV.

Of most interest in applied nuclear geophysics are several

strongest y lines. These are analyzed in the entire neutron
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energy range. In view of the importance of 14 MeV neutrons,10* a

special interest is paid to this energy. Here, a rather

comprehensive set of discrete y lines is considered.Finally,

identified are gaps and discrepancies in experimental data, gaps

in evaluated data as well as discrepancies between experimental

and evaluated data.

2. Reaction channels and observed y lines

Natural aluminum represents a monoisotope of 27A1. For

incident neutron energies up to 20 MeV, several nonelastic

reaction channels are opened. Excitation functions for these

reactions, taken from the JENDL-2 evaluation B>, are reproduced

in fig.l and fig.2. In the energy range up to 17 MeV the most

important channel is the inelastic neutron scattering, see fig.l.

The total inelastic cross section reaches its maximum of 870 mb

at the neutron incident energy of 6 MeV and is steadily

decreasing with increasing neutron energy. Also shown are

excitation functions for the first 5 excited levels. It is

interesting to note that the total (n,n') cross section

represents an upper limit for discrete y *"ay production, whereas

cross section for discrete level excitation represents a lover

limit for the corresponding deexciting y rays. To this direct

part of the y ray production cross section an additional

contribution from the statistical level population should be

added.

Excitation functions for the charged particle reactions

(n,p) and (n,a) as well as for the secondary reactions (n,np) and

(n,2n) are given in fig.2. Thresholds for these reactions are

1.8, 3.1, 8.1 and 13.3 MeV respectively. All excitation functions

show a typical statistical behavior with broad bump and

decreasing cross sections as additional reaction channels are

subsequently opened with increasing neutron energy.

Excitation functions of energetically possible reactions

(n,y) and (n,na) are not shown in fig.2. The former reaction is

important at very low neutron energies only. The later has a

rather low cross section and consequently none of them is

interesting for the present application.

From the excitation functions given in figs.1,2 it is

readily seen that the most important reaction for the analytical
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transitions observed
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purposes in the whole energy range is the inelastic neutron

scattering. Above the 14 MeV incident neutron energy the (n,np)

reaction may be also suitable. For still higher neutron energies

the (n,2n) reaction may be utilized.

The discrete y ray production cross section is not

determined only by the reaction cross section. Specific

properties of product nucleus play also an important role. The

level scheme of 27Al with discrete y rays observed in the

inelastic neutron scattering is given in fig.3. The scheme is

based on the widely distributed Table of Isotopes11'. In the

present report we follow strictly the nuclear structure data

given in this reference. This seems to be necessary because in

older sources slightly different energies were assigned to

several discrete y transitions. For instance the energy of the

1/2 * g.s. transition was often referred to as 842 keV instead of
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843.8 keV. Other older y transition energies are 1013 keV and

3001 keV which we replaced by the energies 1014.5 keV and 3004

keV, respectively.
2?Al is an odd-even nucleus and i t s excited states decay

predominantly via y transitions directly to the ground state

(g.s .) . A single cumulative y transition, commonly found in the

medium heavy even-even nuclei, is not present in Z7A1 and the

whole inelastic cross-section is distributed among several g.s. y

transitions. From these the most prominent are 843.8 keV , 1014.5

keV, 2210 keV and 3004 keV. Weaker decay branches between excited

levels include 1720 keV y ray. These discrete y lines should

represent transitions interesting for analytical purposes in

nuclear geophysics.

Level schemes and y transitions in other nuclei produced in

the neutron induced reactions with 27Al are given in fig.4.
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Threshold energies for the reaction as well as for the excitation

of a specific level are given on the left hand side of fig.4.

The lowest threshold has the (n,p) reaction. The product

nucleus Z7Mg is an even-odd nucleus with decay pattern similar to

the 2?A1. Prominent y lines are g.s. transitions with energies of

984.6 keV and 1698.3 keV.

The (n,ot) reaction leads to Z4Na. The first excited state of
2*Na, which is probably the most strongly populated, is an isomer

with half-life of 20.2 ms. The deexciting y transition to the

g.s. with the energy 472.3 keV is therefore difficult to observe

in the prompt y ray spectra, where suitable time resolution is of

the order of several ns. Analytical usefulness of this reaction

is therefore questionable and we will exclude this reaction from

our further considerations.

The product of 27Al(n,np) reaction is 2<sMg, an even-even

nucleus. Its excited states decay via cascading transitions

through the first 2+ level at the energy of 1808.7 keV. The g.s.

y transition from this level collects therefore the whole

reaction cross section except for the direct particle population

of the g.s. Therefore, the 1808.7 keV y ray should also be

considered for analytical purposes, especially at neutron

energies above 10 MeV.

The (n,2n) reaction has a rather high threshold and becomes

interesting only in the upper region of neutron energies. The y

ray with the energy of 476 keV is the most prominent transition

in this channel.

3. Analysis of existing data

There are numerous measurements of the discrete y ray

production cross sections reported in the literature 12~2fi>>. They

can be divided in two groups, according to the y ray detection

method used. Most of the data are rather old Nal(Tl) measurements

with only few discrete y ray cross sections at a single neutron

energy. The most recent data of this type are those of Islam et

al.21>, who report production cross sections of 843.8, 1014.5,

2210, 1720 and 3004 keV y transitions from threshold up to 10

MeV incident neutron energy.

The Ge(Li) measurements represent the second type of data.

Dickens 22) gives cross sections of 18 y ray transitions in the
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(j\,n'y) channel for several neutron energies between 5.3 and 9

MeV. This is the most complete measurement what concerns the

number of y rays. The most complete set of cross sections from .

threshold up to 13 MeV incident neutron energy is reported by

VossZ3> for y ray transitions 843.8, 1013, 1720, 2210 and the sum

of 2980 + 3000.3 keV. Orphan28* on the other hand measured cross

sections of all these strong y rays up to 15.8 MeV but with

rather coarse energy step.

In addition, two groups have measured just around 14 MeV

incident neutron energy. Nyberg et al.Z4r> report 20 cross

sections at 15 MeV for y rays from (n,n'y), (n,pr)/ (n,np^) and

{n,ay) reactions. The most recent measurements in this energy

range are those of Zhou Hongyu et al.Z5'2<$> at 14.9 MeV, who give

34 cross sections of discrete y transitions in the above

mentioned channels as well as in the (n,2ny) channel.

Several compilations and/or evaluations of discrete y ray

cross sections were performed for various purposes. The best known

ENDF/B-IV evaluation accomplished by Young et al.2fi>> contains in a

file MF=13 the discrete y ray smooth cross sections for

(n,n'y), (n,npr) and (n,p^) under MT=4,28 and 103, respectively.

The evaluation is based mainly on the older Nal(Tl) measurements

and did not take into account the more recent Ge(Li) experimental

data. The experimental data are supplemented at higher neutron

energies by rather simple statistical theory calculations.

A JAERI group performed a compilation of neutron cross

sections for fusion reactor development . In this compilation

several discrete y ray cross sections for (n,nV) channel are

included.

Finally, an IAEA group compiled several discrete y ray cross

sections from the EXFOR file for geophysical applications3". This

compilation contains in a graphical form excitation functions of 5

strongest y rays in the (n,n'y) channel.

3.1. Discrete y ray production in inelastic scattering

In this chapter we consider in detail production of discrete

y rays in the inelastic neutron scattering. As mentioned above,

there is rather voluminous set of experimental data available. To

illustrate the present situation more explicitly we show in

fig.5 cross section for production of the 1014.5 keV y line, as

taken from evaluations/compilations mentioned above.
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In fig.5a, there are experimental data collected by Young

and Foster2£>> for the ENDF/B-4 evaluation. Evaluated cross

sections are given by the full curve. However, some of the data

already shown here were not available at the time of the

evaluation and were not taken into account. The set of the
SO)

experimental data compiled by JAERI the group is reproduced in

fig.5b. The essential part of this set are the Karlsruhe data by

Vossza>. They cover the whole energy interval from the threshold

up to 13 MeV incident neutron energy. Finally, the IAEA

compilation is given in fig.5c. Majority of experimental data

shown in fig.5 were obtained using Nal(Tl) spectrometers. Only

data of Chung2o>, Dickens22*, Voss2a>, Nyberg24>, Orphan28* and

Clayeux were obtained with high resolution Ge(Li)

spectrometers. Two recent HPGe measurements by Zhou Hongyu et

al.25'2<5> at 14.9 MeV neutron energy are not included.

Several conclusions can be drawn from fig.5. Experimental

data are available in the energy region from the threshold up to

15.8 MeV incident neutron energy. Above this energy there are no

experimental data. At neutron energies below 7 MeV and around 14

MeV there are rather large discrepancies between experimental

data. The Voss's measurement shows much more pronounced structure

in the excitation function than the ENDF/B-4 evaluation. This

structure has solid physical background and may be partly

responsible for discrepancies at lower neutron energies mentioned

above. Finally, the ENDF/B-4 evaluation systematically

overestimates the experimental cross sections at neutron energies

above 8 MeV with the exception of several data points around 14

MeV.

As will be shown later, the above situation is rather

typical for cross sections of all strong g.s. y ray transitions

observed in the 27Al(n,n'^) reaction.

In the following analysis we will lay the greatest emphasis

on the Ge(Li) measurements. The most obvious reason is the

superior energy resolution of Ge(Li) spectrometer. Furthermore,

these data are the most recent ones available.

In order to help to resolve difficulties in recommended

cross sections we used theoretical values as well. At present

there are few state-of-art computer codes, which utilize in full

the present knowledge of statistical nuclear reactions. Features

normally included are preeguilibrium emission, spin and parity

conservation as well as the realistic treatment of y decay
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both parts is the evaluation from the ENDF/B-4. The fine step

histogram in the lower part represents averaged Voss data.

The curve represents our recommended cross sections.
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between experimentally known discrete levels. However, such

calculations are generally not available. In the present case the

available theoretical data of this type were only thoseprovided

by Herman82', calculated with the computer code PENELOPE at

incident neutron energies of 11.5 and 14.5 MeV.

3.1.1. The 843.8 keV transition

This transition corresponds to the y decay of the first l/2+

excited state to the ground state of 27Al.The available Ge(Li)

data for the production cross section of 843.8 keV transition are

displayed in fig.6. For the sake of lucidity we divided the data

into two parts. The most complete and probably most careful

measurements of Voss et al.2a) are given in fig.6a. There are 1663

experimental points in this figure. The histogram represents the

ENDF/B-4 evaluation. All other experimental data are presented in

fig.6b. Again the coarse histogram is the ENDF/B-4 evaluation. To

facilitate the comparison with the Voss's data we show

their values averaged over 0.1 MeV intervals.

The experimental data in fig.6b are supplemented by two
92)

theoretical values provided by Herman at 11.5 and 14.5 MeV

incident neutron energy.
23)

The excitation function measured by Voss et al. shows in

the energy interval from the threshold up to 8 MeV rather strong

fluctuations. They are not seen in other measurements because of

poor resolution of incident neutron energies. Bearing in mind the

physics of these fluctuations/ the experimental values in fig.6

are in reasonable accord up to neutron energy about 7 MeV.

Discrepancies arise above this energy, where all experimental

values are higher than the Voss data, the differences reaching

eventually up to a factor of 2. At 14.9 MeV the value of Zhou at

al.is still higher than the Orphan data. On the other hand, the

Nyberg value is in agreement with the trend indicated by Voss

data. However, the Nyberg experimental value means only an upper

limit to the cross section.

The ENDF/B-4 evaluation is rather smooth in the displayed

interval and is consistent with Orphan experimental values up to

10 MeV neutron energy, the only exception being the 2.4 MeV

point. Up to 3.5 MeV i*t is also in accord with the gross trend of

the Voss data. Above 3.5 MeV the evaluated values are

systematically greater than the same experimental data. Above 10
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Fig.7. Cross sections for production of the 1014.5 keV y ray in

the inelastic neutron scattering on Z7A1. For more details see

caption of fig.6.

MeV the evaluation overestimates all experimental data with the

exception of the Zhou value at 14.9 MeV and the Orphan value at

15.8 MeV.

After the analysis of available information about collected

experimental data, we arrived to following conclusions. Up to

incident neutron energy 7 MeV, where strong fluctuations takes
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place, the Voss data should form the basis for evaluated cross

sections. Above this energy there are two sets of data, the

difference between them reaching eventually a factor of 2. The

ENDF/B-4 evaluation is rather smooth in comparison with available

experimental data and systematically overestimates the experiment

in the high energy range. At higher energies the cross section

should be obtained by careful analysis of cross sections of all

open channels at least at one neutron energy, probably around 14

MeV. - ' • : ; • .••••• -. ••':.
;
; :.;•••' - ••

3.1.2. The 1014.5 keV y ray transition

This transition corresponds to the y decay of the second

excited level with spin 5/2+. Available Ge(Li) data are displayed

in fig.7. Again, in the upper part of fig.7 we show Voss

experimental data together with the ENDF/B-4 evaluation. All

other experimental cross sections are displayed in the lower part

of fig.7. There, the coarse histogram is the ENDF/B-4 evaluation

and the fine histogram represents averaged Voss data. The whole

situation resembles that of the 843.8 keV transition. The

excitation curve measured by Voss shows strong fluctuations

absent in other data. Apart from this fluctuations, the

experimental data are in good agreement up 7 MeV incident neutron

energy. Above this energy Orphan and Dickens values are higher

than Voss data, although the differences are smaller than for the

843.8 keV, reaching roughly a factor of 1.3. Zhou and Nyberg

values around 15 MeV are in mutual agreement, both being too high

in comparison with other data. Theoretical values of Herman are

in this case in excellent agreement with Voss data.

The ENDF/B-4 seems to overestimate the experimental cross

sections in the whole energy range with the exception of the

threshold region and the sharp maximum around 3 MeV incident

neutron energy. At 15 "'MeV neutron energy it is in accord with

values given by Nyberg and Zhou, both being too high in

comparison with other experiments.

The overall agreement of experimental values is better than

in the case of 843.8 keV transition, except at 15 MeV. Again the

Voss measurement givis:the most complete set of data.
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Fig.8. Cross sections for production of the 2210 keV y ray in the

inelastic neutron scattering on 27A1. For more details see

caption of fig.6.

3.1.3. The 2210 keV y ray transition

This discrete y fay originates in the y decay of the third

excited 7/2+ level in 27A1, which goes to the ground state with a

weak branch to the 84318 keV level. Experimental cross sections

of the 2210 keV y ray are displayed in fig.8. The Voss data show
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again more pronounced fluctuations than any other experimental

values. The various'experimental values are in reasonable accord

up to neutron energy of 8 MeV. Above this energy the cross

sections measured by Voss are lower than cross sections of Orphan

and Dickens. Zhou aiid Nyberg values at 14.9 and 15

MeV,respectively are in agreement. However, they are slightly

above experimental values given by Orphan. The Herman's

theoretical value at i4.5 MeV is also in accord with the Orphan

experiment. However, the theoretical cross section at 11.5 MeV is

in favor of lower cross section than the value of Orphan.

The ENDF/B-4 evaluation is above the Voss excitation

function in the whole energy range except at the threshold and

around 5 MeV. Above 5 MeV incident neutron energy it seems to

overestimate all experimental data, although it is within error

bars of some Dickens and Orphan values up to 11.5 MeV as well as

the Nyberg point at 15 MeV.

3.1.4. The 3004 keV > ray transition

The 3004 keV transition originates in the y decay of 9/2+

level at this energy. The experimental cross sections measured

with Ge(Li) detectors' are displayed in fig.9. The Voss data are

shown in the upper part of fig.9. Even with the Ge(Li)

spectrometer used in his experiment it was not possible to

resolve 3004 keV transition from the next lower y ray of 2981 keV

and the cross section displayed is actually a sum of cross

sections of these two unresolved transitions. According to

Dickens, who resolved the two y rays in his experiment, the cross

section of 2981 keV transitions is about 30% of that of the 3004

keV transition in the neutron energy interval 5-9.5 MeV.

Other experimental data together with Voss averaged data as

well as the ENDF/B-4 evaluation are shown in the lower part of

fig.9. However, the averaged Voss values were reduced in the

whole energy range by a factor extracted from the Dickens

experiment. Assuming that this factor is correct also outside of

the 5-9.5 MeV energy interval, the histogram representing Voss

data corresponds now to the net cross section of the 3004 keV y

ray.

The excitation curve measured by Voss shows two pronounced

maxima at 4.5 and 6.5 MeV with superimposed fluctuations.Rather

strong fluctuations are visible in Voss data also above 7 MeV.

163



0.30

CO

fe 0.20

c
g
+->
o
CD

cn
U 0.10
o
c_o

0.00

CO

X3

g
o
CD
03
to
CO
o
c_
o

0.20

0.10

0.00

,n'y] 27AI, ET= 3004 keV

- VOSS 1972

27 AICn.n'^3

ENDF/8-4 -

i 1 H
ET= 3004 keV

© NYBERG 1971
- ZHOU 1986
< DICKENS 1972
• CHUNG 1966
o ORPHAN 1971
y V0SS 1972

* HERMAN 1989

ENOF/B-4

0 5 10
Neutron Energy CMeV]

15 20

Fig.9. Production cross sections of the 3004 keV transition. Voss

data in the upper part are the sum of 3004 keV and 2980 keV cross _

sections. The fine histogramm in the lower part is the net 3004

keV cross section obtained from averaged Voss data. For more

details see the caption of fig.6.

However, the averaged values are in this region consistent with

experimental results of other authors. Cross sections measured by

Chung, Dickens and Orphan are in good agreement up to 10 MeV,

with the exception of the Orphan value at 11.6 MeV. The Nyberg

value measured at 15 MeV is in accord with Orphan data. The Zhou
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cross section at 14.9 MeV is too low and inconsistent with other

experimental values. The last two Orphan values as well as that

of Nyberg suggest increasing cross section with increasing

neutron energy, contrary to the general behavior observed in all

(n,n» excitation curves. Theoretical values of Herman are

higher than experimental values of Voss and at 14.5 MeV they are

in accord with experimental cross sections of. Orphan and Nyberg.

The ENDF/B-4 evaluation shows also two broad maxima in the

low energy region and is in good accord with experimental values

of Chung, Dickens and Orphan up to 9 MeV. Between 10 and 15 MeV

the evaluated cross sections are above experimental points of -

Orphan, with the exception of the point at 11.6 MeV, which seems

to be rather high.

3.1.5. The 1720 keV y ray transition

The excited level at the energy of 2734 keV with spin 5/2+

decays by emission of the 1720 keV y ray with branching ratio

0.77. Experimental cross sections measured with Ge(Li)

spectrometers are displayed in fig.10. The Voss data alone with

the ENDF/B-4 evaluation are shown in the upper part, all other

experimental data as well as the histogram representing averaged

Voss data are shown in the lower part of fig.10. Voss

experimental values show again strong fluctuations, which are not

seen in other experiments. All displayed experimental data are in

good mutual agreement. The only exception is the 15 MeV point,

where both Nyberg and Zhou values are much higher then the cross

section of Orphan as well as the trend indicated by Voss data.

The ENDF/B-4 evaluation is in accord with with available

experimental values up to 13 MeV incident neutron energy. Above

13 MeV the evaluation again overestimates the experimental values

with the exception of two above mentioned cross sections of Zhou

and Nyberg.

3.2. Discrete y rays from other reactions

Experimental information concerning production cross

sections of discrete y rays in other neutron induced reactions on

Alis rather poor in comparison with the inelastic neutron

scattering. We will concentrate here only on two y lines produced

in (n,p^) and (n,np^) reactions, 984.6 keV and 1808.7 keV,
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keV y ray in

more details see

respectively. To complete the discussion, we will mention also

the (n,2n^) reaction, where only single experimental point at 15

MeV is available.
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3.2.1. The 984.6 keV y ray produced in 27A1 (n,p?-)27Mg

This y transition is the strongest one in the (n,p)

channel, produced in the decay of the first 3/2+ excited level of
27Mg. Available experimental cross sections are summarized in

fig.11. where also the ENDF/B-4 evaluation is displayed. There

are only three independent measurements of this cross section.

Dickens22' gives several values at neutron energies between 5.5

and 9 MeV. Other values displayed in fig.11 are measurements of

Nyberg and Zhou at 15 and 14.9 MeV, respectively. There is large

discrepancy between th« last mentioned values. Furthermore, both

values and especially the value of Nyberg seem to be very high.

The ENDF/B-4 evaluation is based mainly on Dickens data,

therefore good agreement with these data is not a surprise.

9*7 3*4$

3.2.2. The 1808.7 keV y ray produced in Al(n,pn^) Mg

This reaction is important at higher incident neutron

energies. The experimental information is rather poor,

concentrated only around 14 MeV neutron energy. Experimental

cross sections are shown in fig.12. All experimental values are

in good accord. Also the ENDF/b-4 evaluation seems to be a good

representation of the physical reality.

3.2.3. Discrete y ray production in (n,2n) reaction

This reaction has a rather high threshold and becomes

important only well above 15 MeV neutron energy. Experimental

information is limited to 15 MeV point. The strongest y ray is

the 416.9 keV transition from the first excited level in 2<5A1.

The cross section for this transition, as measured by Zhou at

14.9 MeV is 4.5(1.0) mb.

3.3. Discrete y rays produced at 15 MeV incident neutron energy

The y ray production cross sections around 14 - 15 MeV are

of great importance from practical point 'of view. This is

probably the neutron energy at which first geophysical

applications will take place. The reason is that 14 MeV neutron
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sealed tubes are technically feasible and they are the most

advanced neutron sources used in applied nuclear geophysics.

At 14 MeV quite great number of discrete y rays are produced

in Al(n,x^) reactions. In experimental work it is often useful

to have a look at the whole y ray spectrum to see which y rays

are of primary importance for present application. We reproduce

therefore in fig.13. the prompt y ray spectrum from 27Kl{n,xy)

reactions measured by Zhou Hongyu et al.z<s>. The spectrum was

taken using the HPGe spectrometer with energy resolution of 1.85

keV at 1332 keV and efficiency of 23.5 %. The dominant y lines in

this spectrum are 1014.5 keV and 1808.7 keV transitions from

(n,nV) and (n,npy) reactions, respectively. Both of them will be

the most important y rays for analytical applications in nuclear

geophysics around 14 MeV incident neutron energy. fig.13 shows

that none of this y lines will be free of interferences , if one

uses y spectrometer with poorer energy resolution, for instance a

Nal(Tl) detector. With this later type of spectrometer more

suitable y rays would be 2210 keV or 3004 keV. However, using

even very good Nal(Tl) spectrometer with the energy resolution of

8 % at 1332 keV both lines will be contaminated with contribution

from neighboring transitions of 2298 keV and 2980 keV,

respectively.

There are only 3 measurements of discrete y ray cross

sections, where Ge(Li) spectrometers were utilized. Cross

sections obtained in these measurements are summarized in tab.l.

There are two independent measurements of Zhou Hongyu et

a l 25,2<» a t 1 4 > g M e V a n d single measurement of Nyberg at 15 MeV.

Zhou measured at © = 90° and 125°, Nyberg values were measured at

© = 80*. All experimental cross sections given in tab.l were

obtained from differential cross sections multiplied by 4rr. Zhou

gives more complete set of cross sections for y rays with

energies up to 3 MeV. Nyberg measured cross sections also for

high energy y rays up to 6.5 MeV.

As was shown in the previous section for several y

transitions, experimental values of both Nyberg and Zhou have

tendency to overestimate the data of other authors. The general

agreement between this three sets of cross sections is good only

in several instances, predominantly in cases where the cross

section is high, e.g. for 1014.5 keV, 1808 keV and 2210 keV

transitions. In several cases even the values given by the same

author differs drastically, e.g. 794 keV and 3004 keV measured by

170



Tab.l. Cross sections of discrete y rays from Z7hl(n,xr) reactions

at neutron energy around 15 MeV. All cross sections are in

mb, given in parenthesis are uncertainties.

E^(keV)

170.7

241.6

416.9

472 .3

563.5

781.2

794

843.8

874. 4

954.5

984.6

1003.3

1014.5

1129.7

1366

1505

1698.3

1720

1777.8

1808.7

2063

2210

2298

3004

3212

3956

4409

4580

5448

5535

6271

Reaction

( n , n ' )

(n,p)

(n,2n)

(n,ot)

(n,a)
(n,ot)

( n , n ' )

( n , n ' )

(n,a)

(n,p)

(n,p)

(n,np)

( n , n ' )

(n,np)

(n,n')

(n,n ')
(n,p)
(n/n')
(n,p)

(n,np)

(n/P)
( n / n ' )
( n , n ' )
( n , n ' )
( n , n ' )

( n , n ' )

(n,n')

( n / n ' )

( n , n ' )
( n / n ' )

Nyberg24)

-

-

-

88(14)
-

-

11(2)

<21

-

20(6)

51(9)
-

89(14)
-

-

-

-

60(11)
-

182(29)
-

134(23)

25(6)

82(14)

14(7)

6(1)

19(5)

19(4)

12(4)

8(3)

11(3)

Zhou25

6(2)
-

4 . 5 ( 1 . 0 )

5 . 8 ( 1 . 1 )
-

-

7 . 9 ( 1 . 5 )

40(3)

5 . 9 ( 1 . 1 )

1 9 . 7 ( 2 . 8 )

3 1 . 9 ( 2 . 9 )

4 . 3 ( 1 . 1 )

93(7)

2 6 . 6 ( 2 . 3 )

8 . 2 ( 1 . 6 )

6 . 3 ( 2 . 0 )

2 9 . 8 ( 2 . 9 )

5 1 . 3 ( 5 . 8 )
-

176(12)

4 . 1 ( 1 . 5 )

119(10)

2 0 . 5 ( 3 . 6 )

33(10)
-

-

-

-

-

-

-

Zhou2d>

2 . 3 ( 0 . 7 )

4 . 8 ( 1 . 1 )

3 . 7 ( 0 . 8 )

8 . 2 ( 1 . 4 )

4 . 0 ( 1 . 2 )

4 . 6 ( 1 . 2 )

2 3 . 2 ( 2 . 5 )

3 8 . 6 ( 2 . 0 )

1 4 . 8 ( 2 . 5 )

1 7 . 7 ( 1 . 9 )

32 .5 (1 .8 )

3 .2 (1 .3 )

83 .6 (4 .3 )

23 .1 (1 .4 )

8 .7 (2 .6 )

20 .3 (5 .1 )

34 .4 (7 .5 )

34 .8 (5 .1 )

6 .7 (3 .3 )

198(9)

12(3.4)

156(10)

40 .9 (4 .5 )

116(10)

30 .6 (8 .0 )
-_

-

-

-

-

-

ENDF Theory35"
-

-

-

-

-

-

35.5
-

-

11

12.3

75.4

27.2

-

5 . 1

23.9

38.8
-

181

-

138

19.1

88.4

-

7 .3
-"

9 . 1

-

-

-

-

-

-

-

-

-

-

21.3
-

-

-

-

39.7
-

-

5 . 1

-

11.7
-

-

-

109

40.9

79

3 . 6

0 . 7

2 . 6

6 . 9

-

-

-
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Tab. 2. Results of cross section balance calculation at 14.8 MeV.

Cross sections are in mb, uncertainties are given in parenthesis.

a is sum of cross sections of 843.8, 1014.5, 2210 and 3004 keV

g.s. y transitions/ a t is cross section of (n,n') reaction

and ct stands for unobserved cross section.
r

0
Y

a

o

Nyberg24>

326(31)

504(48)

89(72)

Zhou25>

285(16)

440(25)

159(54)

Zhou2*

394(15

609(23

-32(52

)

)

)

Voss

283(

437(

153(

23)

13

21

52

)

)

)

Orphan285

172(20)

266(31)

324(57)

ENDF

336

519

76

Theo

249

385

205

325

Zhou. In the case of 472.2 keV transition observed in the (n,ct)

reaction the difference is caused by different measuring

technique. Nyberg have not utilized fast timing in his

experiment, contrary to Zhou and his cross section for the y ray

deexciting the level with half life of 20.2 ms is much higher

than the Zhou value.

3. Discussion

As was shown above, there are rather significant

differences between experimental discrete y ray production cross

sections in neutron induced reactions with Z7A1. The differences

show up predominantly at higher neutron energies.

The origin of the differences between experimental values of

various authors in the high energy region is not known. A

possible origin is in systematic errors, from which errors in the

absolute efficiency of y spectrometers, neutron flux

determination and errors in different corrections applied to the

raw experimental data are of most importance. However, none of

them alone can explain the observed differences. Some of them

could be often even excluded , as for instance error in the
23 2B)

absolute detector efficiency in two sets of data ' . These

data cover broad energy interval from the threshold up to 13 and

15.8 MeV, respectively. They are in good accord in the lower

neutron energy range, but differ at higher neutron energies.

Consequently, the difference depends on neutron energy and is

independent from the y ray energy or absolute detection

efficiency.
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Tab.3. Recommended cross sections for the 843.8 keV y ray
27,

transition in Al(n,n'

E (MeV)n

i !
1.
i .
i .
I .
i .
i .
i .
i .
l .
2.
2 .
2 .
2.
2.
2.
2.
2,
2.
2.
3.
3.
3,
3
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
5
5
5
5
5
5
5
5
5
5
6
6
6
6
6
6
6
6
6
7
7
7
7
7
7

9
0
1
2
3
4
5
6
7
8

.9

.0
1

,2
,3
,4
.5
.6
.7
.8
.9
.0
.1
.2
.3
.4
.5
.6
.7
.8
.9
.0
. 1
.2
.3
.5
.6
.7
.8
.9
.0
. 1
.2
.3
.4
.5
.6
.7
.8
.9
.0
.1
.2
.3
.4
.6
.7
.8
.9
.0
vi
.2
;3
.4
.5

or (ml

6.5
12.7
74.1
88.9
66.7

126.8
120.7
126.9

72.2
97.7
72.9

103.9
91.9

114.3
87.8
81.8
86.7

101.9
128.8

88.3
83.8
81.6

123.1
94.3

117.9
74.6
92.8

103.7
82.6
65.3
92.0
96.4

113.1
122.6
98.3
93.5
95.7

106.8
113.5
114.5
108.4

93.9
94.8
94.5

100.5
86.6

,91.1
/91.1

88.0
88.7
97.0
85.4
79.5
81.8
83.5
73.4
85.8
97.1
87.9
80.9
83.3
90.2
92.5
86.8
88.4

E (MeV)n
7 . 5
7 . 6
7 .7
7 . 9
8 . 0
8 . 1
8 . 2
8 . 3
8 .4
8 . 5
8 .7
8 . 8
8 . 9
9 . 0
9 . 1
9 . 2
9 . 3
9 .4
9 . 5
9 .6
9 .8
9 .9

10.0
10.1
10.2
10.4
10.5
10.6
ia.7
10.8
10.9
11.0
11.1
11.3
11.4
11.5
11.6
11.7
11.8
11.9
12.1
12.2
12.3
12.4
12.6
12.7
12.8
13.0
13.1
13.2
13.4
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17,0
17;5
18.0
18:5
19.0
19.5
20.0

<y(mb

88.4
82.4
81.3
77.9
71.3
74.3
79.7
90.5
86.8
82.1
67.9
76.8
84.0
76.3
78.3
78.2
79.3
70.6
65.2
61.3
61.0
60.4
60.2
60.6
59.5
58.8
57.4
57.2
57.1
56.7
53.5
51.8
51.4
50.8
50.0
49.6
49.3
49.1
48.7
45.0
43.7'
44.2
44.3
42.5
41.4
40.6
39.8
37.3
34.6
33.7
33.0
32.6
29.9
26.4
25.1
22.0
20.0
18.0
16.2
15.6
13.6
12.0
10.5

9 . 6
8 . 5
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Tab.-4. Recommended cross sections for the 1014.5 keV y ray
2 7 ,

t r ans i t ion in Al(n,n ' )

En(MeV) <y(mb)

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2 . 0
2 . 1
2 . 2
2 . 3
2 . 4
2 . 5
2 . 6
2 . 7
2 . 8
2 . 9
3 . 0
3 . 1
3 . 2
3 . 3
3 .4
3 . 5
3 .6
3 .7
3 . 8
3 .9
4 . 0
4 . 1
4 . 2
4 . 3
4 . 4
4 . 5
4 . 6
4 . 7
4 . 8
4 . 9
5 .1
5 .2
5 . 3
5 .4
5 .5
5 .6
5 .7
5 . 8
5 .9
6 . 0
6 . 1
6 .2
6 . 3
6 .4
6 .5
6 .7
6 .8
6 . 9
7 . 0
7 . 1
7 .2
7 . 3
7.4
7 . 5

44.6
90.3
80.3
71.4

112.1
123.0
182.0
109.3
190.4
194.8
182.4
192.6
170.9
140.6
225.2
183.7
179.3
142.4
210.7
204.8
294.3
272.5
203.0
178.5
168.9
161.8
229.8
182.0
181.9
200.8
179.7
196.4
209.9
209.7
211.6
184.6
227.2
196.8
192.7
217.2
205.6
180.4
198.2
197.5
182.8
18*3.6
214.5
230.0
212.4
204.0
196.9
204.7
219.4
215.5
227.6
221.0
206.6
188.5
198.2
192.1
165.7
174.9
175.5

E (MeV)
ri

7.6
7 .7
7 .8
7 .9
8 .0
8 .2
8 . 3
8 .4
8 .5
8.6
8.8
8.9
9 .0
9 .1
9 .2
9 . 3
9 .4
9 .5
9 .6
9.7
9 . 8

10.0
10.1
10.2
10.3
10.5
10.6
10.7
10.8
10.9
11.0
11.1
11.3
11.4
11.5
11.6
11.7
11.8
11.9
12.1
12.2
12.3
12.4
12.6
12.7
12.8
13.0
13.1
13.2
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0

<y(ni

173.8
172.5
171.6
169.4
163.8
162.6
159.7
182.7
190.0
183.3
177.3
172.6
163.0
160.3
148.4
162.5
154.0
159.0
163.7
158.8
143.6
147.1
144.8
138.3
142.2
131.1
132.2
126.7
120.4
120.6
122.0
113.6
119.4
113.6
110.0
111.3
106.7
115.1
101.9
106.1
102.5
99.7
94.3

100.6
89.2
89.8
93.3
85.7
83.7
81.5
76.6
71.3
64.3
55.6
48.7
41.5
32.5
25.7
21.5
16.3
15.4
12.4
11.3
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Tab.5. Recommended cross sections for the 2210 keV r ray

27,
transition in the Al(n,n')

En(MeV)

2 . 3
2 . 4
2 . 5
2 . 6
2 . 7
2 . 8
2 . 9
3 . 0
3 . 1
3 . 2
3 . 3
3 . 4
3 . 5
3 . 6
3 . 7
3 . 8
3 . 9
4 . 0
4 . 1
4 . 3
4 . 4
4 . 5
4 . 6
4 . 7
4 . 8
4 . 9
5.0
5 . 1
5 . 2
5 . 3
5 . 4
5 . 5
5 . 6
5 . 7
5 . 8
5 .9
6 . 0
6.1
6 .2
6 . 4
6 . 5
6 .6
6 .7
6.8
6 .9
7 . 0
7 . 1
7 . 2
7 . 3
7 .4
7 .6
7 . 7
7 . 8
7 .9
8 . 0
8 . 1
8 .2

40.7
67.2

104.9
118.8
113.8
91.5

183.9
207.7
168.1
200.9
192.0
160.6
156.5
181.8
158.5
131.2
151.8
162.0
133.3
175.2
170.9
169.8
180.4
173.2
196.9
177.5
178.0
210.6
184.2
190.0
189.0
154.0
159.4
162.5
197.1
186.5
180.8
154.6
189.4
188.4
173.3
178.7
156.6
187.8
170.9
202.2
183.6
188.0
159.7
156.5
189.7
166.3
178.0
162.0
162.8
142.8
160.9

En(MeV)

8 . 3
8 .4
8 . 6
8 .7
8 . 8
8 . 9
9 . 0
9 . 1
9 . 2
9 . 3
9 .4
9 . 5
9.7
9 . 8
9 .9

10.0
10.1
10.3
10.4
10.5
10.7
10.8
10.9
11.0
11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.9
12.0
12.1
12.2
12.3
12.5
12.6
12.7
12.9
13.0
13.1
13.3
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0

<?(m]

178.7
177.6
185.4
173.2
173.2
175.3
170.6
163.7
176.6
172.5
178.3
173.1
171.3
170.8
181.3
176.3
171.2
169.5
171.6
173.8
171.5
170.9
169.8
168.6
167.3
170.2
168.4
177.2
171.6
165.3
163.4
169.0
170.9
158.7
163.4
162.9
161.6
167.1
155.6'
157.8
155.5
151.2
146.4
144.0
135.0
124.0
114.0
103.0
91.8
80.9
74.4
63.8
56.0
49.8
43.6
37.4
32.7
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Tab.6. Recommended cross sections for the 3004 keV y ray
2 7transition in Al(n,n'

E (MeV)

3 . 1
3 . 2
3 . 3
3 .4
3 . 5
3.6
3 .7
3 .8
3 .9
4 . 0
4 . 1
4 . 2
4 . 3
4 .4
4 . 5
4 .6
4.7
4 . 8
4 . 9
5 . 1
5 .2
5 .3
5.4
5 . 5
5 .6
5 .7
5 .8
5 .9
6 .0
6 .1
6 .2
6 .3
6.4
6 . 5
6.7
6 .8
6 .9
7 .0
7 .1
7 .2
7 . 3
7 .4
7 .5
7.6
7.7
7 .8
7 .9
8 .0
8 .2
8 .3
8.4
8 .5
8 .6
8 .8

©•(ml

11.2
27.4
82.1
55.2

114.5
98.1

105.1
105.3
127.3
129.2
140.6
128.5
114.5
135.3
119.8
140.2
116.9
126.3
113.0

98.3
87.8

116.8
113.8

99.2
99.3
96.7

109.1
123.3
110.4
123.8
136.9
129.4
146.6
116.7
120.3
115.0
123.3
132.1
142.5
128.6
129.4
116.2
132.8
113.7
110.4
100.8

91.2
120.0
112.0

95.5
115.6
114.2
125.2
116.9

E (MeV)
n

8.8
8.9
9.0
9 .1
9.2
9 .3
9.4
9.5
9.6
9.7
9.8

10.0
10.1
10.2
10.3
10.5
10.6
10.7
10.8
10.9
11.0
11.1
11.3
11.4
11.5
11.6
11.7
11.8
11..9
12.1
12..2
12.3
12.4
12.6
12.7
12.8
13.0
13.1
13.2
13.4
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5

©(ml

116.9
103.0
107.7
105.5
111.5
92.3

106.9
113.8
118.5
114.0
96.8

105.5
119.7
98.3

105.8
100.6

97.9
111.6
88.8
94.8

101.4
98.8
91.9

106.4
105.9

99.4
103.3
102.3

87.0
99.2
94.8
90.7
97.0
97.3
98.5
89.8
85."5
89.3
87.7
91.6
89.7
87.5
80.9
79.1
74.1
71.0
64.6
58.6
52.6
45.4
40.9
32.9
28.4

20.0 24.0
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Tab .-7. Recommended
transit ion in 27Al(n

EJMeV)

2 . 8
3 . 0
3 . 1
3 . 2
3 . 3
3 . 4
3 . 5
3 . 6
3 . 7
3 . 9

i

i

i

i

4

1.0
1.1
1.2
i . 3
1.4
1.6
1.7
4 . 8
4 . 9
5 . 0
5 . 2
5 . 3
5 . 5
5 . 6
5 . 7
5 . 8
5 . 9
6 . 0
6 . 2
6 . 3
6 . 4
6 . 5
6 . 6
6 . 8
6 . 9
7 . 1
7 . 2
7 . 4
7 . 5
7 . 7
7 . 8
8 . 0
8 . 2
8 . 4
8 . 6
8 . 8

• 8 . 9

cross
, n ' ) .

o-(mb)

12.8
9 . 1

45.7
80.5
50.3
56.0
42.3
63.5
96.7
49.8
76.3
56.8
55.6
58.1
48.4
62.1
48.9
63.9
69.3
78.2
68.5
64.3
63.4
52.5
64.4
85.2
61.5
65.5
76.9
60.0
69.8
66.3
60.5
81.2
59.1
63.5
70.9
59.0
56.5
55.9
57.7
49.7
61.5
55.9

• 59.8
49.8
50.9

sections for t h e

E (MeV)

8
9
9
9
9
9
9
9
9
9

10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
12
12
12
12
12
12
13
13
13
14
14
15
15
16
16
17
17
18
18
19
19
20

.9

. 0

. 1

. 2

. 3

. 4

. 5

.6

. 7

. 9

. 0

. 1

. 2

. 3

. 5

.6

.7

.9

. 0

. 2

. 3

. 5

. 6

. 8

. 9

. 1

.2

.4

. 6

. 8

.9

. 1

. 3

. 5

. 0

. 5

. 0

. 5

. 0

. 5

. 0

. 5

. 0

. 5

.0

. 5

. 0

172C) keV

ey(mb)

50
54
54
56
55
40
41
48
47
48
57
50
47
49
54
48
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
41
38
36
33
29
26
22
19
15
11

9
7

.9

.7

. 1

. 1

. 6

. 5

. 0

. 9

. 4

. 8

. 3

. 8

. 0

. 1

.9

. 5

. 8

. 8

.7

. 6

. 6

. 7

. 7

. 5

. 7

. 4

. 8

.4

.6

.4

. 3

. 3

. 2

. 1

. 1

. 3

. 8

. 2

. 1

. 8

. 4

. 8

. 1

.2

. 7

. 4

. 9

ray

In all above mentioned experiments a rather massive samples

were used and various corrections for y ray and neutron self

absorption as well as for multiple scattering were applied.

Absolute values of specific corrections depend on a type of

correction as well as on the experiment. Typical values vary

between 5 % and 30 %, although a value over 100 % was also

reported.
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Tab.8. Recommended cross sections for the 986.4 keV y ray

transition in 27
Al(n ,p) .

E (MeV)

2 . 9
3 . 0
3 . 2
3 . 4
3 . 6
3 . 8
4 . 0
4 . 2
4 . 4
4 . 6
4 . 8
5 . 0
5 . 2
5 . 4
5 . 6
5 . 8
6 . 0
6 . 2
6 . 4
6 . 6
6 . 8
7 . 0
7 . 2
7 . 4
7 . 6
7 . 8

o-(m

. 0

. 0

.2

.4

.6

. 8
1.0
1.4
2 . 3
4 . 0
6 .4
9 . 0

11.5
13.9
15.8
17.0
18.0
18.9
19.6
20.4
21.2
22.0
22.3
22.8
23.5
24.6

o-(mb)

7 . 8
8 . 0
8 . 6
9 . 0
9 . 6

10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0

24.6
26.0
30.6
33.0
36.5
37.2
37.8
37.4
37.2
36.2
35.0
34.4
33.2
32.2
31.3
29.9
28.4
26.9
25.1
23.6
22.0
20.5
18.8
17.2
15.1
13.5

Tab. 9. Recommended cross sections of discrete y rays observed in
27, , ,

reactions at 14.8 MeV.

Ey (keV)

170.7

416.9

794

843.8

954.5

984.6

1003.3

1014.5

1129.7

1366

1698.3

1720

1808

2210

2298

3004

3212

3956

Reaction

(n,2n)

(n,p)

(n,p)

(n,np)

(n,np)

(n,p)

(n,n')

(n,np)

Transition

3/2*

3*

9/2*

1/2*

5/2*

3/2*

3*

3/2*

2*

7/2*

5/2*

5/2*

2*

7/2*

11/2*

9/2*

1/2*

3/2*

*

*

->
*

*

->

1/2*

5*

7/2*

5/2*

3/2*

1/2*

2*

5/2*

2*

3/2*

1/2*

3/2*

0*

5/2*

7/2*
5/2*

1/2*

5/2*

Cross section (mb)

2.1

4.5

8.1

26.5

18.9

30.5

3.6

67.2

23.7

7.5

28.7

37

185

118

16

80

10.7

4.6
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Among these, the correction for multiple scattering seems to

play a rather important role, because it depends on neutron

energy. Multiple scattering apparently increases the cross

section at higher neutron energies, when the excitation function

has the form shown in fig.6. The multiple scattering is a

complicated function of the incident energy, geometry and of

cross sections of all open channels. Consequently, there is no

simple way to calculate this correction reliably. Analyzing the

way in which these corrections were calculated by various

authors, we came to the conclusion that the most correct way was

chosen by Voss et al2a>, who simulated the whole experiment by

the Monte Carlo technique.

In a consistent set of the experimental cross sections, the

following relation for the total cross section holds

a = o + a + a + a + o +<y + o ,
tot »l n,n' n,p n,a n,2n n,np r

where a accounts for the sum of cross sections of all neglected

weak open channels like (n,y), (n,d), (n,na) and (n,t) as well as

for unobserved cross section in all other, channels. In a

consistent set of cross sections a should be rather small
r

positive number.

As the check of consistency of experimental cross sections,

we performed this test at 14.8 MeV neutron energy. We have chosen

this energy because of its practical importance as well as

because the cross sections of charged particle reactions are

known at this point to a high degree of accuracy. We used the

following known cross sections

ctot = 1750 mb (ENDF/B-4)

a - 758(45) mb (ref. 33)

a = 72.5(2.9) mb (ref. 34)

<7na = 111.9(1.3) mb (ref. 34)
a ' = 32.8(4.3) mb (ref. 35).
n,2n

The point is that the (n,n') cross section may be extracted

from the measured (n,n'c) cross sections. In general, the (n,n')

cross section is the sum of (n,nV) cross sections of all ground

state y ray transitions. If only limited number of these

transitions is observed a correction for unobserved transitions

must be applied. We calculated the (n,n') cross section from

production cross sections of the ground state y transitions with

energies of 843.8, 1014.5, 2210 and 3004 keV. The correction for
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unobserved y transitions was extracted from the theoretical

calculation Herman82* as 1.546. This gives

o - I o + a + o + a ) x 1.546 = a x 1.546
n.n' x 843 .8 1O14.5 221O 8004 ' Y

The product of important (n,np) reaction is stable nucleus
2^Mg and activation cross section could not be measured.

Therefore, we have taken the cross section of the 1808.7 keV y

ray, which collects the cross section off all discrete excited

states in 2<sMg as cross section of the whole reaction. This is

surely the lower limit for the reaction cross section, because we

neglect direct particle population of the ground state as well as

that part of the cross section which goes via unobserved

statistical and high energy y rays directly to the ground state.

In those data sets of tab.l, where the a is not given, we

used averaged experimental value of 185(11) mb.

The results of this balance check are displayed in tab.2. In

the first row the sum of 4 above mentioned y ̂ ay cross sections

is shown. The Orphan value was obtained by interpolation of his

experimental data measured at 13.5 and 15.8 MeV. The Voss value

is smooth extrapolation of his experimental data. In the second

row the (n,n') cross sections are given as obtained from the data

in the first row corrected for unobserved y rays. Finally, in the

last row & is shown.The values of o shown in the third row vary

from 324(57) mb to -32(52) mb.The mean experimental value of a

is 139 mb. We adopted this value of unobserved cross section,

from which probably the most important part corresponds to (n,np)

cross section.

Taking this mean value of ©• and working back the above

procedure we arrived at the following cross sections of 4

strongest y rays in (n,n') channel

a =26.5 mb, a =67.2 mb, a = 118 mb and a =80 mb.
843 1O14 221O 3OO4

At lower neutron energies we performed similar tests.

However at 2.5 MeV neutron energy only the (n,nf) channel is

opened, at 3.5 MeV also the (n,p) channel is slightly above the

threshold. At each of these two energies the total cross section

is the sum of cross sections of discrete y ray transitions in the

(n,n') channel and the Voss data are in reasonable agreement with

the ENDF/B-4 evaluation. Indeed, total cross sections derived

from the Voss data are 396(44) mb and 621(75) mb at 2.5 MeV and
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3.5 MeV, respectively. The correopondingENDF/B-4 values are 364

mb and 656 mb , respectively.

In the (n,p) channel are the difference between cross

sections of the 984.6 keV y ray measured by Nyberg et al. and

Zhou et al25>around 15 MeV is rather high. To distinguish between

these two values of cross section we used experimental cross

sections for y rays of 954.5 keV, 984.6 keV and 1698.3 keV

measured by Zhou25> (see tab. 1.) which are 19.7(2.8) mb,

31.9(2.9) mb and 29.8(2.9) mb, respectively. From these cross

sections and taking y ray branching ratios as given by Endt et

al.a<s>, we arrive at the following populations of discrete levels

in 27Mg : 3/2+ at 984.6 keV - 12.4(4.0) mb, 5/2+ at 1698.3 keV -

29.4(3.0) mb and 5/2+ at 1939.1 keV - 29.9(3.0) mb. The sum of

these cross sections is 71.5(5.8) mb which exhausts the whole

(n,p) cross section of 72.5(2.9) mb94. Consequently, there is no

room for direct particle population of the l/2+ ground state.

This is understandable in view of rather high g.s. spin of the

target nucleus. Therefore, the Zhou cross section represents an

upper limit for the 984,6 keV y ray production, while the Nyberg

value is clearly too high.

5. Recommended production cross sections

In this chapter we present recommended cross sections for 5

discrete y rays observed in the (n,nV) reaction and for single y

ray observed in both the (n,py) and the (n,np^) reactions in the

whole energy region from threshold up to 20 MeV. Furthermore, we

present cross sections for 18 discrete y rays at 14.8 MeV

incident neutron energy

We start woth the (n,n» cross sections. In the low energy

region (E < 8 MeV) a reasonable agreement between

various experimental values was found, apart from fluctuations

visible only in the Voss experiment. The total cross sections

calculated from his data are also in accord with the ENDF/B-4
<

evaluation. Therefore, we based our present evaluation on the

Voss experimental data. However, in his experiment very fine

energy step was used. In practical applications the width of the

energy distribution of available neutron sources is much broader.

This is also true for the D*T and the D*!) "mono energetic"

neutron sources, when bulk sample geometry is used. One should

therefore use cross sections properly averaged over the neutron
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energy distribution. It is therefore useful to recommend averaged

cross sections for the present application. The averaging

interval is surely a matter of question. It should not be very

wide in order not to lose information. We feel that averaging

over 0.1 MeV is suitable for applied geophysics and we give the

evaluated cross sections averaged over this interval.

In the higher neutron energy interval (8 MeV < E 15 < MeV)

we followed variations indicated by the Voss data but we changed

the absolute values to reach the above mentioned cross sections

of strongest y lines at 14.8 MeV.

At still higher neutron energies (E > 15 MeV) we followed

the slopes of the respective excitation curves from the ENDF/B-4

evaluation.

The recommended cross sections for y rays emitted in the

inelastic neutron scattering on Z7A1, namely 843.8 keV, 1014.5

keV, 1720 keV, 2210 keV and 3004 keV are given in tabs. 3. - 7.

The experimental information about y ray production in

charged particle reactions (n,p) and (n,np) is rather poor.

However experimental and evaluated cross sections of the 1808.7

keV transition produced in Z7Al (n, npy)2<sMg reaction are in good

mutual agreement, therefore we recommend to use the ENDF/B-4

evaluation for practical applications.

The recommended cross sections of the 984.6 keV y ray in the

(n,py) reaction are based in the low energy region on the Dickens

data and on the ENDF/B-4 evaluation. In the high energy part the

single value of Zhou at 14.9 MeV was utilized as well as the

shape of the excitation curve of (n,p) reaction, taken from the

ENDF/B-4 evaluation. Recommended ross sections are given in

tab.8.

Aforementioned balance calculation is a firm basis also for

recommended cross sections at 14.8 MeV. To the cross sections of

4 strongest y rays in (n,nV) we adopted cross section of the

1808.7 keV y ray observed in the (n,np) channel. We adopted the

value of 185 mb, which is the average from measurements of Nyberg

and Zhou. This value is also in excellent agreement with the

ENDF/B-4 evaluation. From these 5 values we arrived at cross

sections of 6 additional y rays in the (n,nY) channel and 2 y

rays in the (n,npy) channel using relative values of experimental

cross sections of individual authors as well as y ray branching

ratios taken from the literature . We adopted also cross

sections of 3 y rays observed in the (n,py) channel and cross
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section of single y ray observed in the (n,2n^) channel, based on

the measurement by Zhou Hongyu et a.l.25> The recommended cross

sections are given in the last column of tab.9.

5. Conclusions

We have collected and analyzed cross sections of discrete y

rays produced in fast neutron ractions on 27A1. For the present

evaluation we used only experimental cross sections measured with

high resolution germanium detectors. In the whole energy range

from the threshold up to 20 MeV we analyzed cross sections of 5

prominent y rays in the (n,nV) channel, i.e. 843.8, 1014.5,

1720, 2210 and 3004 keV as well as strongest y rays of 984.6 keV

and 1808.7 keV observed in (n,p^) and (n,np^) channels,

respectively. At 14.8 MeV incident neutron energy we give

evaluated cross sections for additional 11 discrete y rays.

For inelastic y rays a quite good accord between various

experimental data was found in the low energy neutron range up to

8 - 1 0 MeV, depending on the y ray. However, rather strong

fluctuations in cross sections found in the experiment performed

by Voss were not found in other experiments, where neutron

energy step was rather big (0.5 - 2 MeV) or cross sections at

single neutron energy were measured. In the upper part of the

neutron energy range investigated here, rather large differences

are present between values measured by different authors.

In the low energy range where good agreement between

experimental values of different authors has been found, the

evaluated cross sections are based on the Voss data. In his

experiment the excitation curves were measured with very fine

neutron energy step. Evaluated cross sections were obtained

rather from values averaged over 0.1 MeV. Total cross section at

2.5 MeV and 3.5 MeV calculated from these averaged data are in

good agreement with total cross sections recommended by the

ENDF/B-4.

At 14.8 MeV, in the energy interval where the discrepancies

between experimental cross section were found, we obtained the

recommended cross sections with the aid of balance calculation.

We used the total cross section, cross sections of all open

channels and cross sections of 4 prominent ground state y

transitions in the (n,n» channel. We used also the theoretical
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correction for unobserved y rays in this channel, taken from the

calculation of Herman98', as well as the relative y ray cross

sections of individual authors normalized to a
2210

It was shown that the excitation curve of the 1808.7 keV y

ray produced in (n,mpy) reaction as recommended by the ENDF/B-4

evaluation is in accord with the available experimental

information.

At 14.8 MeV neutron energy we evaluated cross sections of 18

discrete transitions. We used cross sections of 4 above mentioned

y rays in the (n,n'y) channel, the cross section of the 1808.7

keV y ray in the (n,np^) channel, normalized relative cross

sections as well as the y ray branching ratiosa<s>. In addition,

we give cross sections of most prominent y transitions in the

(n,p^) and {n,2ny) channels based on experimental values given by
25)

Zhou Hongyu et al.
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CONCLUSIONS AND RECOMMENDATIONS

Session Chairman: S. Wender

The following conclusions were drawn by the participants regarding

the topics of measurement, calculation and evaluation of photon

production cross sections.

1. Measurements

The participants discussed several experimental techniques and

experimental facilities where gamma-ray measurements may be performed.

1.1 The Los Alamos continuous energy "white" neutron source is capable of

discrete gamma-ray measurements of cross sections and angular

distributions from below 1 MeV to over 200 MeV incident neutron

energy. The gamma-ray energies from below 1 MeV to 6 MeV are covered

with high resolution Ge detectors. The gamma-ray energies from 2 MeV

to over 30 MeV are covered using BGO detectors. Continuum

measurements are possible with this source with somewhat greater

errors due to uncertainties in background subtractions.

Hard photons (above 30 MeV) following high energy neutron induced

reactions may be measured using a gamma-ray telescope which is not

sensitive to neutrons.

1.2 The technique of in-beam gamma-ray measurements with a pulsed 14 MeV

neutron source together with n-TOF spectorscopy has been demonstrated

by S. Unholzer and can be used for:

- small sample differential cross section measurements

- benchmark experiments (leakage spectra)

extended integral experiments (such as model of fusion reactor

blanket). Neutron spectra are measured simultaneously with

gamma- rays.

In cases of small samples good angular and time resolution is

achievable, allowing (n,y) and (Y.Y) correlation experiments as

well as the investigation of time dependent deexcitation processes.
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1.3 The method of in-beam gamma-ray measurements at 14 HeV using

continuous beam with associated-particle technique is well developed.

This method is able to provide data on continuum and discrete

gamma-ray spectra as well as gamma multiplicities. This was

demonstrated by the measurement of gamma-ray production from

Cr(n,XY).

The opinion of participants is that the majority of gamma-ray data

should be obtained by calculation. It is important to have complete and

precise gamma-ray production data for several nuclei from the entire mass

region to verify codes. When particular elements are important such as

structural materials (Fe, Ni, Cr) complete measurements should be made.

2. Calculations

2.1 The participants stated that there are two approaches to calculating

the continuum gamma ray spectra following fast neutron capture:

(i) in the exciton model the giant dipole resonance part of the

spectrum is described by emission from exciton state with n=l.

The physical foundation of this concept is still unclear but the

model has proved very useful for evaluations;

(ii) in the statistical multistep approach the spectra are calculated

as the sum of a multistep compound and direct processes. The

latter mechanism would dominate the production of high energy

photons. Therefore theoretical formulation of multistep direct

process should be pursued.

Within the exciton model, also multiple y-cascades and different

correlational quantities can be obtained (Betak, Cvelbar).

The exciton model generally describes the observed photon spectra in

the GDR region (Betak, Oblozinsky).

The multistep compound theory of Feshback-Kernan and Koonin has been

developed (Oblozinsky and Chadwick) to include gamma-ray emission.

The theory has been used to calculate the primary gamma-ray spectrum
59 93 181

for 14 MeV; neutron-induced; reactions on Co, .... Nb.-.and Ta
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and is able to account for between 20 and 50% of the data in the GDR

region.

Within a statistical multistep model (Kalka) emissions of nucleons

and gammas are calculated for A>27 and incident energies below

30 MeV. The high-energy part of y-spectra are modelled by a direct

two-step process. For the description of the low-energy part

y-multiplicities M > 1 are needed.

2.2 The participants have discussed the experimental results on two-step

gamma-ray cascades following the thermal neutron capture. They

recommended to continue this effort to enlarge the information on

photon strength for E and M radiations at gamma-ray energies

below 3 MeV. It is of particular importance to extend the above

measurements for a broader class of nuclei, especially including the

nuclei from the deformed rare earth region. For these nuclei rich

and reliable data on photon strength functions at energies E > 6 MeV

already exist. The deformed region seems crucial for understanding

the role of valence transitions and their contributions to the photon

strength.

2.3 The importance of the absolute values and the energy dependence of

gamma-ray strength functions for the statistical model calculations

has been demonstrated by Uhl and Kopecky. It is recommended to

re-evalute the experimental data on E and M gamma-ray strength

functions (compilation of C. McCullagh, 1981) and to include recent

data from Dubna (F. Becvar). This new data base could be used to

derive the systematic behaviour of gamma-ray strength functions.

2.4 Statistical model calculations of capture cross sections and gamma-

ray spectra depend on the low energy behaviour of the strength

function for E and M radiation. Of particular interest are the

microscopic theories for the E strength which predicts a non-zero

limit as the gamma ray energy approaches zero. By analysing total s-

and p-wave radiation widths, capture cross sections and gamma-ray

spectra for selected spherical nuclei strong evidence for this

non-zero limit was found. These investigations should be extended to

a broader mass range, in particular to deformed target nuclei. One

can hope to find recommended strength functions which are supported
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by theory and based on independent experimental data. Model

calculations employing these recommended strength functions promise

an improved predictive power.

2.5 In addition to strength functions the following ingredients are

needed to perform reliable model calculations:

(i) Good knowledge of the level densities. Separate activities

(also within the IAEA) are devoted to this problem.

(ii) Decay schemes and branching ratios should be known with good

precision. This knowledge is important for the calculation of

discrete gamma-ray production cross-sections.

2.6 There is substantial interest in hard photon production cross

sections. Experimental possibilities for relevant measurements have

opened up at Los Alamos (Talk by Wender). Hard photons cover

spectral energy range from about 30 MeV up to several hundred MeV.

It seems that the dominant radiative mechanism in this spectral

energy range is related to neutron-proton interactions and can be

viewed as a bremsstrahlung process or inverse quasideuteron

photoabsorption (talks by Oblozinsky and Betak). We propose that

experimental measurements and theoretical studies be performed. It

was recommended to convene the next meeting on this topic in 1992.

3. Data needs and evaluations

3.1 The participants stated that until recently there has not been enough

attention paid to evaluations of gamma-ray production cross sections

based on theoretical models. There is a growing need for high

quality gamma-ray production data in several application areas. Such

data are needed for nuclear geophysical applications, especially

nuclear well logging and mineral analysis. These data are vital for

fusion reactor design because the major heat transfer mechanism is

the interaction of 14 MeV neutrons with reactor structural materials.

3.2 The participants also stressed the fact that there is a need for

gamma production data for incident particle energies up to about 1

GeV for space applications, accelerator shielding and
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accelerator-breeder target development (A.A. Rimsky-Korsakov's

talk). Systematic production cross-sections and (if possible)

angular distributions of gamma-rays above 70 MeV induced by GeV

protons should be measured and developed.

3.3 The participants feel that a concentrated effort is needed to address

the above problems. To speed up the necessary developments they

suggest to set up a Co-ordinated Research Programme on Measurement,

Calculation and Evaluation of Photon Production Cross Sections under

the auspicies of the IAEA.

191


