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" Thermal neutron-capture y rays have found applications in a variety of nuclear reaction studies requiring v rays in
the energy region up to 11 MeV. The importance of these y-ray sources is that they provide very high intensities, which
exceed by two orders of magnitude the intensities per unit energy interval obtainable from other sources. The experi-
ments performed with these sources are reviewed in this article, and the advantages and disadvantages of the method

are discussed.
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I. INTRODUCTION

I.1 Neutron-Capture v Rays

Thermal neutrons are readily absorbed by most
nuclei, forming a capture nucleus with an excitation
energy in the region of 8 MeV, and in some cases up
to 11 MeV. With the exception of a few light nuclei,
this excitation energy is insufficient to cause emission
of charged particles, and the compound nucleus de-
excites to its ground state with the emission of v rays.
Usually cascades of v rays are emitted during the de-
excitation process, and many nuclear levels not popu-
lated by radioactive decay or in other reactions can
be reached in this way.

Neutron-capture vy rays were first reported by Lea
(1934), but very few data on the subject were pub-
lished during the following decade. The development
of the nuclear chain reactor by Fermi in 1944 pro-
vided for the first time a copious source of thermal
neutrons which permitted precision studies of capture
v rays. During the following few years various types
of v spectrometers, including scintillation detectors,
crystal diffraction spectrometers, and pair- and Comp-
ton-spectrometers, were used in these investigations.
An early review of these methods has been given by
Biéckstrom (1959). A great many studies were pub-
lished during the following period, including compila-
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tions of energies and intensities of the capture «
radiation by Groshev ef al. (1959) and Bartholomew
and Higgs (1958). Owing to the complex nature of
many of the spectra it was not always possible in the
earlier work to evaluate accurately the details of the
decay schemes, since the precision spectrometers with
their low efficiencies did not permit the use of coinci-
dence techniques. The development of high precision
and relatively high efficiency lithium drifted ger-
manium detectors has given new impetus to the
study of capture v radiation, and permitted new
compilations of capture v rays (Groshev et al., 1967,
1968, 1969).

In the studies mentioned above, the capture v
radiation itself was the subject of the research. It was
not until 1959 that the potentialities of thermal
neutron capture vy rays as a high intensity v source for
studies of nuclear reactions began to be realized.
The capture 4 radiation is characterized by a line
spectrum, with the individual lines having well-defined
energies with an energy resolution of the order of a
few electron volts. This is because the energy of the
neutron-capture compound state is itself well defined,
being equal to the sum of the neutron binding energy
and the thermal neutron energy (the latter of the
order of 0.03 eV). The widths of the primary capture
v lines are therefore given by a convolution of the
widths of the nuclear levels populated in the primary
transition with the thermal Doppler broadening
caused by the motion of the source nuclei, the latter
usually predominating. The over-all width is thus a
few eV, which is many orders of magnitude less than
the widths of lines from photon sources based on the
use of charged particle reactions. For example, in the
earlier photonuclear work wusing betatron brem-
strahlung, resolutions of the order of a few hundred
keV were quite usual (e.g., Fuller and Hayward,
1956), and even with recent developments the best
resolution obtained with similar techniques is of the
order of a few tens of keV. It thus turns out that
the intensities of the thermal neutron-capture v rays,
per unit energy interval, exceed by more than two
orders of magnitude the available intensities obtain-
able from other types of photon sources in this energy
region.

The high intensities and the fact that the capture vy
beams have sharply defined energies can be of great
advantage in certain types of experiments. One draw-
back is that they do not provide a full range of energies.
However, several methods are available for modifying
the natural line energy to a certain extent, thus in-
creasing the scope of application of these beams. The
energy of the neutron-capture vy ray is determined by
the energy of the incoming neutrons (usually thermal),
the neutron binding energy, and the energy of the level
reached in the de-excitation process. Changes in the v
energy can be produced by the following methods: (a)

using epithermal instead of thermal neutrons for the
(m, v) source; (b) rapidly rotating the target so as to
cause a Doppler shift of the v energy in the target
frame of reference; (c) inserting a nuclear resonant
scatterer in the path of the ¥ beam and utilizing the
scattered beam at a given angle (which defines the
energy shift); and (d) inserting a Compton scatterer
and using the scattered beam at a given angle. These
methods will be discussed in greater detail later in this
review.

1.2 The Use of the Nuclear Reactor to Generate High
Intensity Neutron-Capture y-Ray Beams

Photonuclear studies using capture v rays were first
carried out by Eriksen and Zalesky (1954) but the
general advantage of using the nuclear reactor to pro-
duce capture vy rays was first pointed out by Knoepfel
et al. (1959) and Jarczyk et al. (1959).

To apply this technique, the target generating the
capture vy rays is usually irradiated adjacent to the
reactor core. Typical early experimental arrangements
have been discussed by Jarczyk et al. (1961). Since the
v beam produced must generally be filtered from the
reactor neutrons and v background, a tangential beam
tube is more convenient than a radial one for the
target irradiation. Borated paraffin is a suitable ma-
terial for filtering the neutrons from the beam. For
example, 1.2 m of a mixed water—paraffin filter reduces
the fast neutron component by a factor of 107, and the
capture v rays in the region of 7 MeV by a factor of
only 20. Where a radial beam tube is used, an addi-
tional absorber may be required to reduce the fission
v rays in the beam. This can be achieved by using a
10 cm bismuth plug adjacent to the reactor core. In
one of the early experiments of Ben-David and Hueb-
schmann (1962), the capture v source was irradiated
in the reactor thermal column thus reducing the
problem of fast neutron background.

" The capture v ray source intensity depends linearly

on the thermal neutron cross section, the available
thermal neutron flux, and the yield 7,(E;) of the
specific capture v ray of energy E;. Tables of I, for
the various capture vy ray sources are listed in the
compilations of Groshev et al. (1967, 1968, 1969).
While the vy energies are often known to within 1 or 2
keV, the relative intensities vary considerably between
the different references. Very intense vy sources are
available using this method. For example a 10 Kg
iron source at a thermal neutron flux of 10%x
cm™2-sec! gives a yield of 10% photons of 7.632 MeV
cm~2.sec™! at a target position 5 meters from the
source.

The shape of these v lines is determined mainly by
the thermal Doppler broadening. Metzger (1959) has
shown that this is given by a Gaussian form with a
characteristic Doppler width A. The value of A is of
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the order of 4-8 eV for capture v rays of 7 MeV, in
the normal temperature range. The Doppler width
varies with the square root of the effective source
temperature, and this effect has been used in several
of the experiments discussed in this review.

During the last few years, neutron-capture vy rays
have been used to study a wide variety of photo-
nuclear reactions, including resonance v fluorescence,
capture v Mossbauer phenomena, photoneutron emis-
sion, photofission, etc. These applications of capture
v rays are discussed in the succeeding chapters.

II. RESONANCE FLUORESCENCE OF
LOW-LYING LEVELS

The phenomenon of resonance fluorescence may be
used to study the widths of levels which are beyond
the reach of the usual electronic techniques. Two
methods of achieving resonance fluorescence in low-
lying levels are discussed below.

II.1 Recoil Compensation by Means of a Previous
(n, v) Transition

I1.1.1 The Basic Principle

When a level of energy E de-excites to the ground
state by y-ray emission, the energy of the y ray is
less than the level separation energy by an amount
E2/2M %, due to the recoil of the nucleus. If this vy ray
is now absorbed by a similar nucleus, energy is again
expended in nuclear recoil and the excitation energy
is less than the original level separation by a total of

E*/Mc. In order to obtain resonance fluorescence,
this energy difference must be compensated for.
Metzger (1959) has described various methods of
compensation relying on the introduction of a Doppler
shift in the y-ray energy. This shift may be achieved
by mechanical or thermal methods, or by making use
of the recoil from a previous nuclear decay or reaction.
In this section we deal with the last-mentioned method.
Consider a level of a stable isotope strongly popu-
lated in the (n, ) process by a primary v transition
of energy E,, this level then de-exciting to the ground
state through a second transition of energy Fs. If the
lifetime 7 of the intermediate level is less than 7e—
the average time between successive collisions of the
nucleus—the second transition, occurs while the
nucleus is recoiling with essentially the full recoil
energy. (Typical collision times in condensed media
are of the order of 2X 107 seconds.) The energy of
the secondary v ray observed at an angle 6 to the
direction of the recoiling nucleus is then given by

E)'=E)[1+(V/c) cos 8], (2.1a)

where V is the recoil velocity. Applying momentum
conservation this can be expressed as:

Ey'=E[1+ (Ey/M&) cos 6]. (2.1b)

As discussed above, to permit resonance fluorescence
the difference Ey’— E; must be equal to the total recoil
energy. Thus the resonance condition is given by:

(EyEy/ M) cos 6= E/Mc. (2.2)

An angle 6 can be found which satisfies Eq. (2.2),
provided that E;>E,; therefore at this angle the
secondary v rays from the source can be used to pro-
duce resonance fluorescence in the appropriate scatterer.

In order to permit resonance fluorescence by (%, v)
recoil compensation, it is necessary to have two ad-
jacent stable isotopes—the lighter isotope serving as
the (n, v) source, and the heavier isotope as the
resonant scatterer. It is"also important that the lighter
nucleus have a relatively large thermal neutron-
capture cross section, and that the capture nucleus
have an appropriate level strongly populated from
the capture state and decaying to the ground state
with a high branching ratio. Such cases are not too
common, but there are a few which have been studied
by Fleischman (1963) and Hans et al. (1965).

I11.1.2 Experimental

In the experiment carried out by Hans et al. (1966),
the vy-ray source is placed near the reactor core in a
thermal flux of about 10%% cm™2-sec™’. Both slow and
fast neutrons are removed from the beam by a filter
consisting of B and polyethylene. The collimated
y-ray beam then passes through an absorber and
impinges on the resonant scatterer target. The v rays
resonantly scattered from this target were detected
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at a backward angle by a 4X4 in. NaI(Tl) detector,
and the spectra analyzed with a 400 channel analyzer.
A typical spectrum for a ¥Sr (%, v) source and %Sr
resonant scatterer is shown in Fig. 1.

The level widths were determined using the self-
absorption technique. In this method a resonant
absorber (of the same material as the resonant target)
and a nonresonant absorber are alternately placed in
the primary beam between the source and the resonant
scatterer. The self-absorption ratio R is given by
R=(1,—1,)/I,, where I, is the intensity of scattered
4 rays using the nonresonant absorber, and I, the
corresponding intensity using the resonant absorber.

I1.1.3 Analysis and Results

The comprehensive review article by Metzger
(1959) gives a complete analysis of recoil compensated
resonance fluorescence. The elastic scattering cross
section of an isolated nuclear level at target tempera-
ture T for v rays of energy E is given by

o-'Y‘Y(E> T) = o'm8xo‘l/(x7 t); (2'3)
where

Omax"= 27"7\2g(11‘0/11)2 (24)

Here A is the v wavelength divided by 2, g is the spin
factor [g= (27,+1)/(27,+1)], where j, and j, are the
spins of the excited and ground states, respectively,
Ty is the partial level width for the ground state
transition, and TI' is the total width. The Doppler
integral y(x, f) takes into account line broadening
caused by the thermal motion of the scattering nuclei
and is defined by

1 +o exp [— (x—v)2/4t]
s [ Ry, )

where x=2(E—E,)/T, E, being the peak energy of
the resonance level, and = (A/T)?2, where A is the
Doppler width defined by

A= E,(2kT"/Mo) 2. (2.6)

Here M,c? is the rest mass of the scattering nucleus,
k is the Boltzmann constant, and 7’ is the effective
temperature discussed by Lamb (1939).

For values of £>1, and distances from the peak
energy | E—E,| <A, the Doppler integral of Eq.
(2.5) can be expressed in its asymptotic pure Doppler
form

Y(x, £)—>(x'2T/2A) exp [(E—E,)?/AY]. (2.7a)

At the other extreme, when <1, or for distances from
the peak energy | E—E, [3>A, this integral can be ex-
pressed in its asymptotic Lorentzian form:

Arad et al. (1967) have discussed the validity of these
two approximations in regions of physical interest,

V(x, 0)=

(2.7b)
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TasrE I. Values of gTy for various levels in B, Se, and Sr.
From Hans ef al. (1965).

Energy gT% To
Nucleus (MeV) (MeV) (MeV)
up 2.14 50 100
4.46 600 400
5.03 500
8Se 3.35 46
4.57 180
5.21 280
88Sr 1.83 15 3
3.5 450

and have found more accurate approximations which
can be used to derive qualitative results from an ex-
periment. However, for quantitative analysis the exact
expression for ¥/(x, £) is necessary in most cases. Tables
of ¥ (x, t) appear in the literature, but errors of up to
2% were reported in the early tabulations. Since the
use of Tables can introduce interpolation errors, it is
preferable to use a computer program to calculate
these functions. An efficient Fortran subroutine is
PSICHI, originally developed by O’Shea and Thacher
(1963) for reactor calculations.

The self-absorption ratio R, defined above, can be
evaluated from the scattering cross section of Eq.
(2.3). For the case of resonant scattering with an
incident white y spectrum, Metzger (1959) has shown
that R is given by the expression

R=NDgrX*(To/T)¥(0, /2), (2.8)

where N is the absorber atomic density, and D is its
thickness, with the other parameters as defined in
Eqgs. (2.3)-(2.5). This derivation is for thin scatterers
and absorbers.

The beam broadening induced by the primary v
transition, of the order of E;V/c, is about 100 eV for
the transitions considered here. This is considerably
more than the over-all level width of a few eV, and
fulfills the requirement of a white incident spectrum
in the derivation of Eq. (2.8), which can therefore be
used to evaluate the level parameters.

Table I summarizes the values of gI'y obtained by
Hans et al. (1966) for the elements B, Se, and Sr.
Where g is known, Iy is given separately. The errors
range between 109, and 35%,.

I1.1.4 Conclusions

The recoil compensation method of measuring the
width of low-lying nuclear levels, described here, is
rather limited. It has been carried out only for a few
cases. This is because the conditions essential for
resonance scattering are too restrictive. Other methods
for carrying out such measurements are discussed in
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Sec. IV where it is concluded that resonance fluores-
cence using low-energy bremsstrahlung is the best
method for these low-energy levels.

I1.2 Recoilless Nuclear Resonance Absorption
(Mossbauer Effect)

I1.2.1 The Basic Principle

As discussed above, nuclear recoil causes an energy
loss of E?/M¢? both in the emission and absorption of
the 4 ray. Usually this energy loss is large enough to
prevent resonance absorption, which cannot occur
without compensation. However, under certain condi-
tions discussed by Mdgssbauer (1958) (low photon
energy, low temperature, and strong crystal binding)
the whole crystal takes up the recoil energy. The emis-
sion and absorption lines then coincide, so that the
well-known Méssbauer resonance absorption can occur.

Mgéssbauer spectroscopy has found application in a
wide variety of fields in solid state physics, chemistry,
and nuclear physics. Usually radioactive sources popu-
lating appropriate low-energy levels are used in this
work, but there are a few cases in which low-lying
levels suitable for Mossbauer studies can only be
populated via an (%, v) reaction. An example is the
29.4-keV level in “¥K. The v transition to this level
imparts to the “K nuclei recoil energies up to 800 €V,
which is sufficient to displace the atoms from their
normal lattice sites. Nevertheless, Hafemeister and
Brooks-Shera (1965) succeeded in obtaining a Mdss-
bauer effect with this reaction. They used various
capture <y-ray sources containing natural K, and a
KCI absorber enriched in K. They found a linewidth
corresponding to a half-life of 4.34-0.9 nsec, in good
agreement with the directly measured value of 4.264
0.08 nsec found by Boulter ef al. (1969). This shows
that the source line is not appreciably affected by
any radiation damage occuring as a result of recoil
during the (», v) process. However, in Mossbauer
studies using a Sn radioactive source Hannaford
et al. (1965) reported the presence of a second line
attributed to such radiation damage.

Additional Mdossbauer (7, v) experiments have been
carried out by Tseng ef al. (1968) on “K, by Fink
and Kienle (1965) on ¥¢Gd and %#Gd, by Gal et al.
(1968) on 58Gd, by Bauminger et al. (1968a) on
¥2Dy, and by Bauminger et al. (1968b) on 78Hf
and '8°Hf.

11.2.2 Experimental

A typical Méssbauer (#, v) experiment is that carried
out by Tseng et al. (1968). The thermal neutron beam
from the reactor core emerges through collimators in
the reactor shielding wall and impinges on a ¥*K
target, producing 29.4-keV vy rays by the neutron-
capture reaction. The v rays are detected after passing
through an absorber enriched in K. Either the target

or the absorber is oscillated in a conventional Mass-
bauer transmission experiment. The beam tube is
fitted with a special tapered collimator consisting of
alternate layers of lead and plastic. The background
is reduced by insertion of a 1.5-mm thick lead sheet
in the beam. The neutron flux in this experiment was
10®%z cm™2-sec™!, which is at least ten times higher
than reported in other experiments of this type. For
measurements at liquid nitrogen temperature, a simple
styrofoam box was used, the neutron beam entering
and leaving through the walls. This offered the ad-
vantage of simplicity, but caused 109, higher back-
ground than with a thin metal cryostat.

I11.2.3 Results and Discussion
(i) Potassium-40

The results obtained by Tseng et al. (1968) are
evaluated for a wide variety of K compounds. The
data obtained with KF, K, and KClI targets are in
agreement with the earlier work of Hafemeister and
Brooks-Shera (1965) but have considerably improved
accuracy. Inspection of these results shows that there
is almost no observable isomer shift from one target
to the next, and that the line width is limited to a
narrow range from 2.55-3.3 mm/sec for all these
materials.

The fact that all the compounds give a single un-
shifted line indicated (a) that (62)/(r?), the fractional
difference between the nuclear radius in the ground
state and the first excited state, is small; and (b) that
the electron configuration of the K atom in the various
compounds retains its K* ion structure and hence does
not produce large electric field gradients or appreciable
magnetic fields at the nucleus. Even for the case of
the KCI source, where a strong electric field gradient
could be expected, no quadrupole splitting was ob-
served and an upper estimate of €2¢Q<12 MHz was
given for this splitting.

The observed isomer shift of “K between K metal
and KF was used to evaluate (672)/(r2). After correct-
ing for the thermal shift due to the difference between
the Debye temperatures of K and KF, an upper limit
of (8r2)/(r?)<5X10™* was found, in agreement with
the prediction of Goldstein and Talmi (1956).

(i) Rare Earth Elements

In ¥Gd and %¥Gd, measured by Fink and Kienle
(1965), and in Dy measured by Bauminger ef al.
(1968a), ‘the observed linewidth was much broader
than the natural linewidth (by a factor of 3 in the
case of Gd and 6.5 in the case of Dy).

For Gd, sources and absorbers of metal and oxide
were used in all possible combinations. With Gd;0; as
a source and Gd metal as absorber, the transmission
line was about 109, broader than in the “mirror”’ ex-
periment which used a metal source and an oxide
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absorber. In addition, it was found that for the oxide
source the recoilless absorption probability was only
0.6 of that found for the metal source. From the very
small measured isomer shifts, Fink and Kienle deduced
the values

(52)/ (?)=5.7X105  for ®Gd
=29%X10"  for %Gd

while Gal et al. (1968) obtained a value of 6.4X107*
for 18Gd. These values are an order-of-magnitude less
than those predicted by theory.

In order to obtain a relatively narrow unsplit line
for Dy, Bauminger et al. (1968a) used a DyGa
garnet as absorber. They studied the 80.7-keV 2+ level
of ¥2Dy,0; source. As the effective magnetic and the
electric field gradients in Dy,0; had been previously
determined, this experiment could be used to deduce
the g factor of the first excited 2+ rotational state of
82Dy. A value of g=0.3820.02 was found, in agree-
ment with the predictions of Nathan and Nilson
(1965).

11.2.4 Conclusions

Some interesting nuclear data for the rare-earth and
4K nuclei have been obtained using the (7, v) Moss-
bauer technique. However, owing to the complexity of
these experiments there is clearly no advantage in
using this technique if suitable radioactive M&ssbauer
sources are available. In the case of “K no such al-
ternative source exists and this atom can only be
studied by the (%, ¥) Méossbauer method. Unfortu-
nately, since the K atom seems to retain its strong K+
ion structure in all its compounds, and the ratio
(72)/(r*) is extremely small, little useful chemical or
magnetic information can be obtained from these
experiments.

III. RESONANCE FLUORESCENCE OF
INDIVIDUAL HIGHLY EXCITED
NUCLEAR LEVELS

III.1 Introduction

Many investigations have been carried out on
- photonuclear reactions below 40 MeV. The cross sec-
tions for the (v, #) reaction in this energy region is
characterized by the giant resonance behavior. Gold-
haber and Teller (1948) explained this behavior in
terms of a dipole oscillation of the proton fluid of the
nucleus against the neutron fluid by using a collective
hydrodynamical model. The theory of the giant
resonance absorption process has been developed by
Wilkinson (1956) using the independent particle shell
model. This model and the derived statistical model
of photonuclear reactions can in fact be shown (Brink,
1957) to be equivalent to the Goldhaber and Teller
picture.

235

Nuclear elastic scattering of v rays offers an alterna-
tive method of studying this basic reaction. Early
studies were carried out by Gaerttner and Yeater
(1949) and Dressel et al. (1950) who used the wide
spectrum of betatron produced bremsstrahlung, and
by Stearns (1952), who made use of the (p, v) reac-
tion. The results showed that the cross section for
elastic scattering was of the order of a few millibarns
(in the region of the giant resonance).

Fuller and Hayward (1956) measured elastic
scattering of photons in the energy range 4-40 MeV
over a wide range of nuclei, using a NaI(Tl) scintilla-
tion spectrometer biased on the upper edge of the
bremsstrahlung spectrum. This gave an energy resolu-
tion of a few hundred keV. They found that the energy
dependence of the scattering cross section contained
two maxima, one corresponding to the giant dipole
resonance in the energy region of 15-20 MeV, and

-the second in the vicinity of, or just below, the (v, #)

threshold.

The giant resonance peak energy and maximum
cross sections were found to follow a smooth 4 de-
pendence consistent with the statistical theory. The
corresponding parameters for the lower energy peaks
were not consistent with this theory. Furthermore,
the derived average level widths and level spacings
were considerably larger than those found in studies
of radiative decay of neutron capture states.

Reibel and Mann (1960) carried out photon scatter-
ing experiments at about 7 MeV using a (, v) source,
with an energy resolution of about 100 keV. Their
results showed values of the elastic cross section con-
sistently below the earlier results of Fuller and Hay-
ward by a factor of 2 or more. This may be due to the
considerable difference in resolution between the two
experiments.

Badalyan and Baz (1961) explained this anomalous
behavior of the photonuclear reactions below 10 MeV
by assuming that a few single particle (threshold)
states contribute significantly to the photonuclear
cross section in this energy region. These states were
predicted by Baz (1959) assuming surface phenomena
of nuclei in energy regions where statistical behavior
is not yet fully developed.

However, Axel (1962) showed that the assumption
of a Porter Thomas distribution in the ground state
radiation widths at 7 MeV gave better agreement be-
tween the results of Fuller and Hayward, and Reibel
and Mann, and those obtained from neutron-capture
data. Furthermore, using this assumption Axel showed
that the photonuclear experiments in the region of 7
MeV were in agreement with a generalized extrapola-
tion of the giant dipole resonance. He concluded that
the remaining discrepancies with the statistical theory
did not justify the assumption of threshold states.

The above-mentioned experiments do not permit
studies of individual levels, but only of the average
properties over many levels, owing to the poor resolu-
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tion of the photon sources. In the unbound energy re-
gion, the methods of neutron resonance, and more
recent threshold photoneutron studies, have revealed
information on individual levels in a range up to
several hundred keV above the neutron threshold
(Bowman ef al., 1967, Baglan et al., 1971). Recent
studies of the fluctuations of the partial radiation
widths, and of the correlation between neutron widths
and the partial radiation widths, have shown discrep-
ancies with the statistical behavior expected from the
simple compound nucleus picture (see for example
Lone et al., 1968, Mughabghab et al., 1970). Lane
(1970) has explained these discrepancies in terms of
single-particle-type doorway states. These states were
also discussed by Bartholemew (1969) and Rimawi
et al. (1969) to explain the anomalous shapes found in
the spectra of neutron-capture v rays.

The discovery that thermal neutron-capture v rays
can excite individual energy levels was made inde-
pendently by Ben-David and Huebschmann (1962),
Fleischmann (1963), and Young and Donahue (1963).
Resonance fluorescence of this kind requires a chance
overlap between the energy of the capture v line and
that of the resonant level. This permits studying only
a random sample of levels, but over a fairly wide
energy range between 6 and 9 MeV. Although this
technique is useful mainly for bound levels, where
there is no competition from particle emission, in
favorable cases unbound levels can be excited. In
addition, there may be transitions from the resonant
level to low-lying levels which are not always reached

through other reactions. The methods used to study
the transitions from the resonant state are very similar
to those used in capture v spectroscopy. However, the
two methods are in fact complimentary since the stable
nuclei to which the v resonant technique is applicable
are not always accessible through the (%, ¥) reaction.

Recently, many level scheme derivations have been
reported using this (v, ¥’) technique, including deter-
mination of the various level parameters. The ac-
cumulated data also permit statistical studies of the
fluctuations in the partial level widths of transitions
to the low-lying levels, and comparison with transitions
from levels in the well known neutron resonance region.

The basic method described in this section relies on
a random overlap between the resonance level and the
discrete energy neutron-capture < line.  However,
several techniques exist for varying the energy of the
v line, thus increasing the range of levels accessible to
study. Two of these methods—mechanical variation
of the energy, and the use of a capture y-ray mono-
chromator—will be described below.

Mechanical variation of the energy may be achieved
by rotating the scattering target. With peripheral
velocities of the order of 450 m/sec, the photon energy
can be Doppler shifted by 12-15 eV with respect to
the target nucleus. This small energy variation is suf-
ficient to permit determination of the energy separa-
tion 6 between the y-ray line and the resonant level.
Arad e al. (1964b) have studied the well-known 7.28-
MeV resonance level in 2°Pb using velocities up to 150
m/sec and deduced the parameter 3. This energy varia-
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tion may also permit analysis of complex spectra in
which several elastic and inelastic components are
present.

The resonance scattering process itself can be used
to provide a high resolution variable energy source of
v rays [McIntyre and Randall (1965)]. By varying
the angle of the elastically scattered v ray beam be-
tween 0° and 180°, an energy variation of up to 1000
eV can be achieved with a resolution of a few eV. This
technique has been used by McIntyre and Randall
and by Kapadia ez al. (1968) to study the level param-
eters of the 7.277-MeV resonance level in 2%8Pb, and
by Moreh and Ben Yaakov (1967) in a search for new
resonance levels.

III.2 Experimental Facilities and Techniques

I11.2.1 General Scattering Facilities

Facilities installed at various reactors have utilized
either a thermal column access hole, or radial or
tangential beam tubes. A thermal column facility
provides a capture v beam almost free of fast neutrons
and core y rays, but rather low thermal neutron
fluxes have been reported (~10% cm™ sec™!). Both
the radial and tangential beam tubes offer the ad-
vantage of high intensity capture v sources, the
thermal neutron fluxes available being of the order
of 108% cm™ sec™ or higher at the source position.
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F1c. 3. Schematic representation of a scattering chamber used in
resonance fluorescence experiments. [Moreh and Nof (1969) .
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However, with a radial beam tube it is usually neces-
sary to place bismuth or lead shielding in the beam
to reduce the core ¥ rays, and there is high contamina-
tion from fast neutrons. The optimum arrangement
is therefore a tangential beam facility, with the use of
collimators to present “seeing” direct radiation from
the core.

A typical arrangement is illustrated in Fig. 2. The
v source is attached to a special beam plug in an 11 in.
tangential beam tube, permitting irradiation adjacent
to the core at a flux of 2X10%z cm2-sec’. The v
source is composed of several separated discs in order
to reduce the neutron flux depression. The main plug
includes lead collimators and borated aluminum and
paraffin shielding to reduce neutron contamination at
the exit of the beam. A 150-cm section of the beam
aperture is used as a water switch to cut off the major
part of the radiation when changes must be made in
the outside scattering chamber.

A general view of an experimental scattering cham-
ber is shown in Fig. 3. The chamber has lead, water,
and paraffin shielding to reduce v and neutron back-
ground. In order to reduce the additional neutron
background caused by the (v, #) reaction on lead,
the beam catcher is lined with materials having rela-
tively high (v, #) threshold energies, e.g. iron.

I11.2.2 Detectors and Beam M onitors

Large volume NaI(Tl) detectors have been used for
absolute and relative y-intensity measurements. How-
ever, Ge(Li) detectors (30 cm? or larger) are essential
for accurate energy determination of the scattered v
rays, and for studying the inelastic transitions from
the resonance levels.

For precise intensity measurements, such as are
required in self-absorption and angular distribution
experiments, it is necessary to monitor the incident
capture y-ray flux. This cannot be done accurately
by monitoring the over-all reactor power, since rela-
tive neutron flux changes of several percent occur
during long periods of reactor operation. Huebschmann
and Alterowitz (1963) have monitored the neutron
flux at the capture v source position using a Li-coated
surface barrier silicon detector. Another method de-
scribed by Shikazono and Kawarasaki (1968) involves
counting the low energy v rays produced in a thin
target placed in the y-ray beam. This method has the
drawback that the monitored beam includes a com-
ponent arising from radioactive decay of the (#, v)
source and from scattered fission v rays from the re-
actor core. During changes of reactor power the time
variation of this additional low-energy component
can be quite different from that of the capture y-ray
beam and cause errors in the measurement. Cesareo
et al. (1970) and Szichman ef al. (1970) have monitored
a high energy ¥ ray in the direct y-ray beam using a
NaI or Ge(Li) detector to an accuracy of 19%,.
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Fic. 4. Dependence of (o4,)/2(To/T)? on the separation
energy 8, for different values of I'. The energy of the v beam is
taken as 8 MeV and the source Doppler width 7.8 eV.

II11.2.3 Background Reduction

The nuclear resonant scattering process competes
with other processes, including pair production, and
Compton, Rayleigh, nuclear Thompson, and Del-
briick scattering. While the latter three processes
have negligible cross sections (except at very forward
angles), the first two give rise to a high background.
However, at angles greater than 90° to the incident
beam, the energies of the scattered vy rays are pre-
dominantly below 0.5 MeV. Hence measurements are
usually taken in the backward hemisphere, and the
“pile-up” due to the high intensity of low-energy «
rays is reduced by using suitable shielding in front of
the detector. When high Z targets are used the elec-
trons produced by the y-ray beam in the target gen-
erate a background of high-energy bremsstrahlung.

II1.3 Derivation of Level Parameters from Various
Types of Experiment

II1.3.1 Absolute Beam Intensity Measurements

The intensity of a resonantly scattered y-ray line
depends on the total level width T' of the resonance
level, on the partial ground state transition width T,

and on the energy separation §, between the peaks of
the resonance level and the incident +y ray.

Arad et al. (1964a) have expressed the measured
intensity in terms of the level parameters for a plane
target geometry. They show that the line shape of the
incident capture v line can be accurately expressed by
the pure Doppler form

F(E) dE=CA, " exp —[(E—E,+6)?/AZ]dE, (3.1)

where A, is the source Doppler width defined by Eq.
(2.6), E, is the resonance level energy, and § is the
energy separation between the source line and the
resonance level.

The incident beam is attenuated in the target by non-
resonant and by nuclear absorption. However, for
scattering angles greater than 15°, the recoil energy
loss is sufficient to remove the scattered photons from
resonance. Since measurements are usually taken at
scattering angles larger than 15° only nonresonant
absorption of the scattered beam is taken into account.
The special case of small-angle resonant scattering is
discussed separately in Sec. IT1.3.5.

The number of photons in the energy interval
[E—E+dE], resonantly scattered by a plane target,
and reaching the detector at angle 8 to the incident
beam, is given by

S(E,0) dE=DF(E)c,4(E)f(0) dE
X {1—exp—[Aa.(E)+Bo.]}/[Acn(E)+Bo.], (3.2)

where o,,(E) is the elastic cross section defined in Eq.
(2.3), f(6) is the angular distribution function for the
elastic transition, ¢,(E)[=T/Tq-0,,(E)] is the total
nuclear absorption cross section, and ¢, the total non-
resonant absorption cross section (essentially constant
over the resonance energy interval). The constants
4, B, and D include geometrical parameters, and the
atomic and isotopic properties of the target.

The count rate C(6) recorded by the detector is ob-
tained by integrating Eq. (3.2) over the total energy
region, and is given by

C0)=e f “ S(E, 0) dE, (3.3)

where € is the relevant detector efficiency.

In order to normalize the incident beam intensity it
is usual to place the detector in the incident beam
(using an appropriate absorber or a reduction in re-
actor power). The corresponding count rate in the
incident beam is then given by

Co=eo fo F(E) dF, (3.4)

where ¢ is the detector efficiency for the incident beam
geometry.
The solution of the integral Eqs. (3.1)-(3.4) gives
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an implicit relationship between the level parameters
Ty, T, g, and § in terms of the experimental quantities
C(6) and Co. In order to see the physical relationship
between the level parameters, it is instructive to con-
sider an approximation to Eq. (3.2) for the case where
the nuclear absorption is much less than the total non-
resonant absorption. In this case, the terms containing
o,(E) in the exponential term and in the denominator
of Eq. (3.2) can be neglected, and the solution of Egs.
(3.2)-(3.4) can be written as

C(O)/C‘]:Kf(ﬂ) <°"Y'y>y (3-5)

where K is a constant including the geometrical factors,
and (o,,) is the effective elastic scattering cross sec-
tion, averaged over the incident capture v spectrum

(01v)=[F(E)oy,(E) dE/[F(E) dE.  (3.6)

The measurement of the intensities of the scattered
and incident beams permits an experimental deter-
mination of the average cross section (o). This can
then be used to derive an implicit relationship between
the level parameters by using Egs. (2.3), (3.1), and
(3.6). Figure 4 shows the dependence of the ratio
(oy+)/[g(To/T)*] on T and §, over the range of values
of physical interest. The solution of the exact integral
equations (3.1)—(3.4) gives a similar relationship be-
tween the level parameters. The value of g can be
found from angular distribution measurements of the
scattered beam, discussed below, while the branching
ratio To/T can often be determined by analysis of the
spectrum of the scattered v rays. There then remains
an implicit relationship between I' and é. To deter-
mine I' and & separately we require an additional
measurement, giving a different relationship between
these parameters. Some possible types of measurement
are discussed below.

I11.3.2 Variation of Scattered v-Ray Intensity with
Target Temperature

An independent relationship between the level
parameters may be derived from the measurement of
the intensity of the scattered ¥ rays with varying
target temperature.

Inspection of Egs. (2.3) and (3.2) shows that the
temperature dependence of the scattered v intensity
comes from the Doppler broadening term A= Eg(2kT’/
Mc?)12, in the expression for the cross section a,,(E).
The experimental ratio C(8, T:)/C(8, T,) of the
scattered intensities at target. temperatures 7T; and
Ty—both measured at the same angle 6—thus gives
an additional relationship between the parameters
¢ and T'. Figure 5 shows typical values of this ratio as
a function of § for different values of 7" and I'. While
for a given temperature the ratio is in general a double-
valued function of §, a unique result can be found by
carrying out measurements at several temperatures.
Usually the larger value of 6 can be ruled out from

intensity considerations. This method of target tem-
perature variation is sensitive to the parameter 8, and
relatively insensitive to I'. This can be seen if we
consider the pure Doppler approximation which holds
for I'<A, and §<(As+A). Under this approximation,
the ratio C(6, T:)/C(0, Ty) can be written as

C,T:) (As2+A02)1/2
CO,Ty) \A2+AZ2

X exp {—[(A2+AP) = (A2+A2) ]2}, (3.7)

Since Eq. (3.7) has no dependence on T it can be used
to derive a first approximation to 4.

It is usually necessary to solve the exact integral
Eq. (3.3) to give the desired relationship between &
and T, of Fig. 5. The biggest uncertainty in these
calculations comes from the evaluation of the Doppler
widths, since these require a knowledge of the effective
temperatures. These have been shown by Lamb (1939)
to be dependent on the lattice Debye temperature.
However only a few measurements have been reported
of Debye temperatures for the wide variety of source
and target nuclei over the relevant temperature range.

I11.3.3 Self-Absorption Experiment

A self-absorption measurement is possible if the
total nuclear absorption cross section is not much
smaller than the nonresonant absorption cross section.
This type of experiment is shown schematically in
Fig. 6. A resonant absorber of the same material as
the scattering target is placed in the incident v beam
between the source and the target (position A). If
satisfactory geometry is used, ¥ rays undergoing
resonant or nonresonant absorption in the resonant
absorber are removed from the beam. The intensity
I(D) of v rays elastically scattered from the target
and reaching the detector with a resonant absorber
of thickness D is then given by

1(D)= / " exp — {[aon(E)+0,IND}S(E, 6) dE,
0

(3.8) '

where « is the isotopic fraction of the isotope with the
resonance level and the other parameters are as de-
fined above.

In order to subtract the effects of nonresonant at-
tenuation, the same absorber is now placed between
the scattering. target and the detector (position B).
At large scattering angles, the recoil energy loss is
sufficient to remove the scattered beam from resonance.
The intensity I’ (D) for position B is given by

I'(D)= / “exp [—0.NDIS(E, ) dE,  (39)

0
and the self-absorption ratio R, defined by

- R(D)=[I'(D)—1(D)}/T'(D) (3.10)
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can be shown to be given by

R(D)= { /0 ® S(E,6)[1— exp —aoa(E)ND] dE} /

/ " S(E,0) dE. (3.11)

0

This ratio can be measured as a function of D and
used to determine the various level parameters. Figure
7 shows the expected values of R for various values of
To/T, Ty, and §, for a typical experimental geometry.

The self-absorption measurement gives an additional
independent relationship between the level parameters.
However, owing to the experimental errors in the
measurement of R, this method is only practical for
relatively large values of T'.

I11.3.4 Mechanical Energy Variation of the Incident
Neutron-Capture v Rays

Direct variation of the energy separation § between
the capture vy-ray line and the resonant level permits
an accurate measurement of the original value of 4.

Mechanical rotation of the scattering target is the
most convenient technique for varying the capture
v-ray energy. With this method scatterer velocities of
up to 450 m/sec may be used to produce positive or
negative energy shifts in the range 12-15 eV for 6-9
MeV capture v rays. An alternate technique is to use
a capture v ray source irradiated with monoenergetic
epithermal neutrons. Theoretically this method has an
unlimited range for positive energy shifts [variations
of even keV have been suggested by Axel (1961)7],
although it permits negative energy shifts of only a
few eV. However, the available intensities of the v
rays available in this latter method are several orders
of magnitude lower than those attainable with the
rotating target method, which seems the only one of
practical interest at present. -

A convenient type of rotating target is a ring target

Scatterer

N
]

Interchangeable resonant
absorber in position A or B

Detector

F1G. 6. Schematic arrangement of the self-absorption experiment.
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Fic. 7. (a) The self-absorption ratio R: as a function of the
peak separation energy 4, for the various values of the branching
ratio T'o/T'; the ground state transition width I'y=1 eV. (b) The
self-absorption ratio R as a function of the total level width, for
various values of the separation energy §; the branching ratio=0.6.
The calculations were performed for the following parameters:
E=8 MeV, A=200, g=1, g,=16 b, scatterer and absorber thick-
ness 16 g/cm?.

mounted on a dynamically balanced high-speed rotor.
The energy of the v rays relative to the target is
shifted by an amount E(v/c), where v is the com-
ponent of the target linear velocity in the beam direc-
tion. The variation of the intensity of the scattered
beam with target velocity can be shown to be relatively
insensitive to T', but sensitive to values of §, and hence
the latter can be accurately determined in this type of
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Fi1c. 8. Energy variation of resonantly scattered photons as a
function of scattering angle for various photon energies and
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measurement. The use of a rotor target also permits
measurements at a reduced §, resulting in increased
intensities of the scattered y rays and hence greater
accuracy in measurement. In cases where more than
one resonant level is excited, variation of the incident
v energy may be used to disentangle the different in-
elastic components and assign them to the relevant
resonant levels.

I11.3.5 Energy Variation of Resonantly Scattered v Rays
with Variation of the Scattering Angle

The resonance fluorescence process following v ab-
sorption by nuclei can be regarded as a Compton-type
process in which the heavy free-recoiling nucleus plays
the role of the lighter electron. If the lifetime of the
resonant level is shorter than the mean collision time
of the recoiling nucleus, then the energy E’(6) of the
elastically scattered v ray is given by

E'(0)=E[1+4(E/p) (1— cos 6) I,

where E is the energy of the incident v ray, u the rest
mass of the scattering nucleus in energy units, and 6
the angle between the emitted v ray and the incident
beam. Thus the energy of the emergent v ray varies
with the scattering angle, and can be used as a variable
energy v ray beam, with very precise energy over a
limited range of energies.

The range of the energy variation is illustrated in
Fig. 8 for typical capture v energies and scattering
nuclei. Over a 180° angular variation this energy

(3.12)

range extends from several hundred to a few thousand
eV.

The energy dispersion as a function of angle is
given by

= (E?/u) sin 6 d8. (3.13)

This energy dispersion equals 5 sinf eV per degree
angular resolution for the 7.277-MeV « ray elastically
scattered from the resonant level in 2¥Pb. This is of
the same order as the Doppler width of the source line,
which limits the resolution attainable with this reso-
nance line to about 4 eV. The excellent energy resolu-
tion available with this technique, of the order of 1
part in 105, permits its application as a high-energy
v-ray monochromator.

The variable energy v-ray beam can be used for
total cross section measurements to study nuclear
levels in the available energy range, using any suit-
able target. At small scattering angles, where the
energy of the scattered beam is close to that of the
original resonance level, this technique may be used
to study the level parameters of the primary resonance
generating the variable energy beam. In this case we
use a second target having similar composition as the
primary target.

The experimental arrangement used in these meas-
urements is represented schematically in Fig. 9. The
incident capture vy-ray beam strikes the primary
resonance scatterer Si;, and the scattered beam is
suitably collimated and allowed to strike a second
target Sy at variable scattering angle . The latter
target may serve either as an absorber (detector
position Di) or a scatterer (detector position D).
For cross section measurements aimed at scanning for
new nuclear levels in the secondary targets, a wide
energy range and hence large angular variations are
required. The absorption configuration in Fig. 9 is
particularly suitable for these experiments. Where the
nuclear parameters of the primary resonance itself
are studied, measurements are needed at forward
angles to permit small energy variations within the
energy interval of this resonance. Studies of this type
have been carried out by McIntyre and Randall (1965)
using the absorption configuration. At extreme forward
angles, this configuration is impractical because of

F16. 9. Schematic representation of the v-ray monochromator;
Dy, detector in absorption geometry, D, detector in scattering
geometry.
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F1c. 10. Calculated line shape of 7.277-MeV v rays resonantly scattered from a 3-cm Pb target: 2=0°, pure Doppler approximation;
0=0° 5° and 10° exact equation.

interference from the forward Compton scattered
photons. The scattering configuration, on the other
hand, is not susceptible to such interference and has
been used successfully by Kapadia et al. (1968) at
forward angles down to 5°.

Analysis of the experimental data requires a knowl-
edge of the energy profile of the ¥ beam scattered from
the primary target. For the experiments carried out at
small forward angles, the difference in energy between
the resonantly scattered and incident beams is only a
few electron volts. Hence in correcting for the absorp-
tion of the scattered beam in the primary target it is
necessary to take into account resonant nuclear ab-
sorption in addition to nonresonant absorption. At
scattering angles greater than 20°, as used in the total
cross section work, the scattered beam may be con-
sidered to undergo only nonresonant absorption as it
emerges from the target.

Kapadia et al. (1968) have evaluated the line shape
of the scattered v beam in this type of experiment,
taking into account target absorption.

It may be noted that even at 0° scattering angle,
the peak of the scattered beam is displaced from the
incident capture y peak due to the effect of level
overlap. This can be seen if we consider the Doppler
approximation for the scattered beam, valid for
I'<A, 6<2A. In this approximation the spectra of the
scattered beam at 0° scattering angle is given by

S(E, 0) dE=K exp — (8/A)
X exp —[(E—E,—C)/AP dE, (3.14)

where the separation energy between the two maxima
is 5, A= (&AM, M=AA/A, C=8(A/A0)% A,
and A being the source and target Doppler widths,

and E, is the peak energy of the resonance level. The
first exponential term expresses the reduction in in-
tensity as the overlap between the incident beam and
the resonance level decreases with increasing 8. Since
C is always less than §, the maximum in the spectrum
given by Eq. (3.14) lies between that of the incident
beam and the resonance energy E.. In addition, the
definition of A; shows that the width of the scattered
line is less than either the incident line or the resonant
level. Figure 10 shows the line shape of the 7.277 MeV
line scattered from the resonance level in 28Pb accord-
ing to Eq. (3.14), compared with the result obtained
from integration over the exact level shape.

I11.3.6 Angular Distribution and Polarization
Measurements

The angular correlation between two v rays emitted
in cascade depends on the transition multipolarities
and on the level spins involved. In general the correla-
tion is given by an expansion in even Legendre poly-
nomials of the form:

W(G) =A0+A2P2(COS 0) + b 'Avms.vamax(cos 0) .
(3.15a)

The properties of this correlation have been discussed
extensively following the study by Biedenharn and
Rose (1953). The number of terms in this expression,
and the values of the parameters 4;, depend on the
properties of the transitions. The A, term is usually
the highest found in practice.

In the present case, the first transition is the incident
capture v line exciting the resonant level, and its direc-
tion is therefore that of the incident beam. The angular
correlation with respect to the exciting transition is thus
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TABLE II. A summary of highly excited levels and their parameters as derived by various authors.
Level Experirﬁental resonance level parameters Level
Scatterer energy scheme
(source) (keV) Ty (eV) T (eV) T,/T J= deduced? Reference Remarks
209Bj (Se) 7416 0.14+0.09 0.630.2 Ramchandran and
MclIntyre (1969)
208Ph (Fe) 271 0.78+0.03 1 1+ a
205T'1(Fe) 7646 ~1.0 0.85+0.17 1/2 Ramchandran and
McIntyre (1969)
205T] (Fe) 7646 0.98+0.09 0. 58:1:0’. 05 1/209 Yes Moreh et al. (1970b)
205T'] (Fe) 7646 0.62+0.09 1/2 Yes Cesareo et al. (1970)
23T (T1) 6418 0.3240.06 0.26 1/2 Yes Moreh et al. (1970a)
144S5m (Ni) 8997 0.0634-0.013 0.27+0.08 0.23+£0.05 1 Arad et al. (1972)
141Pr (Cr) 8883 0.55+£0.08 (5/2,7/2) Pavel et al. (1971)
1Py (Fe) 7632 0.0724+0.024  0.4630.04 5/2* Yes Moreh et al. (1970b)
141Pr(Cu) 7256 5/2 'Yes Pavel et al. (1971)
141Pr (Se) 7188 5/2- Yes Pavel et al. (1971)
uipr(Cl) 6115 0.13340.020 0.43 Fleischmann and Stanek
. (1963b) b
4Py (Cl) 6115 0.052+£0.010  0.56+£0.01 7/20 Yes Pavel et al. (1971)
141Pr (Co) 6111 0.48+0.11 (5/2,7/2) Pavel et al. (1971)
19La (Cl) 8582 Szichman et al. (1970)
1393 (N1) 8527 Szichman et al. (1970)
13,3 (Cu) 7637 Szichman et al. (1970)
1% a(Fe) 7632 Yes Moreh and Nof (1970)
13,3 (Fe) 7279 Yes Moreh and Nof (1970)
19La(Ti) 6760 0.060+£0.030 ~0.15+0.02 (7/2) Yes Szichman ef al. (1970)
18913 (T1) 6760 Yes Moreh and Nof (1970)
139 a (T1) 6418 0.045+0.009 <0.86+0.01 9/2¢) Yes Szichman ef al. (1970)
19 a (T1) 6418 0.081+0.010  0.78 9/2= Yes Moreh and Nof (1970)
139La (Cl) 6115 0.0794+0.017 <0.43+£0.01 9/2© Yes Szichman et al. (1970) c
19La (Fe) 6018 0.05+0.01 0.50+0.04 7/2- Yes Moreh and Nof (1970)
130T'e (Ni) 7538 0.2440.06 0.2440.015 1 Yes Schlesinger et al. (1969)
1205n (Ni) 7696 0.07+0.02 0.12+0.03 0.58+0.01 1 Schlesinger et al. (1970)
12Cd (Fe) 7632 0.24+0.02 0.114+0.06 1 Giannini ef al. (1964) d
12Cd (Fe) 7632 0.24+0.06 1.9+0.6 1 Giannini et al. (1965) d
12Cd (Fe) 7632 0.6+0.2 0.48+0.06 1 Yes Min (1966)
—0.1
12Cd(Fe) 7632 0.086+0.015  0.55+0.04 1~ Yes Moreh et al. (1970b)
12Cd (Fe) 7632 0.54+40.04 1+ Yes Cesareo ef al. (1970)
1A g(Fe) 7632 0.0024-0.001 0.70£0.06 3/2 Moreh et al. (1970b)
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TaBLE II (Continued)

Level Experimental resonance level parameters Level
Scatterer energy scheme
(source) (keV) Ty (eV) T (eV) Ty/T J= deduced? Reference Remarks
90Zr (Se) 8496 1.684-0.02 0.8+0.2 1 Ramchandran and
MclIntyre (1969) e
86Sr (Ni) 7820 0.03040.015 0.1040.05 0.304+0.01 1 Schlesinger et al (1970)
80Se (Ni) 7820 0.030=0.007 0.09+0.02 0.33+0.11 10 Schlesinger et al. (1970)
%As(Fe) 7646 0.041+0.011 0.36=0.10 0.11+£0.01 1/2 Moreh ef al. (1970b)
74Ge(Fe) 6018 0.0300.007  0.094-0.02 0.1940.02 - 1~ Moreh et al. (1970b)
%Zn (Ni) 7696 0.10£0.02  0.2140.04 0.48+0.01 1O Schlesinger et al. (1970)
6Zn (Pb) 7368 0.2240.02 0.71 1 Yes Shikazono and Kawarasaki
(1969)
Cu(Cr) 8488 5/2- Yes Cesareo ef al. (1969) f
85Cu(Cr) 7929 5/2(3/2) Yes Cesareo et al. (1969)
82Ni(Fe) 7646 0.077+0.016 1 Arad et al. (1964a) g
—0.012
82Ni(Fe) 7646 0.1540.02 0.71+£0.07 1 Giannini ef al. (1964)
62Ni(Fe) 7646 0.63+0.17 3.0+1.5 1 Giannini ef al. (1965)
82Ni(Fe) 7646 0.074:1:0.026 0.69+0.08 1 Estes and Min (1967)
82Ni(Fe) | 7646 0.48+0.05 0.64+0.05 1~ Yes Moreh et al. (1970b)
5%Cr(Fe) 8888 0.75+0.20 0.90+£0.07 1 Moreh et al. (1970b)

» See complete listing in Table III.

b The value of Ty was corrected using the g factor found by Pavel et al. (1971).

¢ The value of I' in Szichman ef al. (1970) was misprinted. The correct value is given in the Table.

d Originally assigned to 14Cd. Data corrected for the 12Cd isotope.

e Original isotope identification based on consistency reasoning. Confirmed by present authors who have observed weak transitions
to the first excited 1762-keV 0* level (3.49,40.5%,) and to the 2187 keV 2+ level (2.69,+0.5%) with a branchmg ratio of I‘o/ T'=0.94.

f Spin value corrected to 5/2~ (P. R. Oliva, private communication).

& Data corrected for the isotopic abundance and branching ratio taken from Moreh et al. (1970b).

found by measuring the angular distribution of the
secondary transition with respect to the incident beam,
using a single detector. This is considerably simpler
than the case for correlations in radioactive transitions,
or in (», ) transitions, which require a coincidence
measurement with two detectors, and two dimensional
analysis.

In all reported measurements of resonance fluores-
cence with capture vy rays, the exciting transition has
been found to have a dominantly dipole character. For
even—even nuclei this transition is pure dipole, and
the angular correlation is in general described by. two
terms only

W(O) = 1+A2P2(COS 0) . (3.15b)

Hence in this case measurements at two or three
angles are sufficient to determine the parameter A..

For odd-even nuclei, the primary transition may con-

tain a dipole-quadrupole mixture, and an 44 term in
the angular distribution cannot be ruled out if the
spin of the resonance level is 5/2 or more. Since many
of the secondary transitions from the resonant level
are also predominantly dipole, the measured angular
distributions can often be used to give unambiguous
values for the level spins.

However the angular distribution measurements do
not give information on the parity of the transitions.
In many cases measurement of the linear polarization
of the v rays can be used to determine the electric or
magnetic nature of the transitions, and hence the
parity of the nuclear levels.

Fagg and Hanna (1959) have reviewed the general
methods of polarization measurements of nuclear
rays. The linear polarization is closely related to the
direction correlation function W(6). If we define v as
the angle between the polarization (electric) vector
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and the normal to the scattering plane of the two ¥
rays, then the direction polarization correlation is
given generally by the form

W (6, v) =W (6)+D(8) cos 2v, (3.16)

where the expression D(8) depends on the parity and
multipolarities of the transitions and on the level
spins. The form of the D(#) term has been described
in detail in the review article of Devons and Goldfarb
(1957). For the particular case of a pure dipole transi-
tion we find a maximum linear polarization at §=90°.
The degree of polarization P can be defined by the
ratio of the difference and sum of the intensities for
the polarization parallel and normal to the scattering
plane;

P=(In—1.)/(In+1y). (3.17)

For a pure dipole transition, P is given by 34,/
(2—A4») where the upper + sign is taken for an M1
transition, and the negative sign for E1. For the case
of an elastic scattering process 0-1-0 we get complete
linear polarization perpendicular to the scattering
plane (P=—1) for E1 transitions, and parallel to
that plane (P=+1) for M1 transitions.

A convenient method of measuring the linear
polarization is by means of a Compton polarimeter,
which depends on the sensitivity of the Compton
scattering process to the direction of the electric
vector. The relevant Klein Nishina formula, averaged
over the polarization of the scattered photons is
given by

do B (ke &

E)0= Lre e (k—o + T —2 sin? ¢ cos? 4>>, (3.18)
where ¢ is the Compton scattering angle, ¢ the angle
between the polarization vector and the Compton
scattering plane, and %, and % are incident and Comp-
ton scattered photon energies, respectively, related by
the well-known Compton equation to the scattering
angle ¢. Equation (3.18) shows maximum Compton
scattering intensity in a direction normal to the
polarization vector and minimum intensity parallel

" to that vector. The polarization is measured by count-
ing the intensities of Compton scattered photons
No(¢=0) in the direction parallel to the first reaction
plane and Ng(¢=90°) normal to that plane at a
given Compton angle . It can be shown that

P=(R+1)(No—Nw)/(R—1) (No+Nw), (3.19)

where R is the asymmetry ratio of the polarimeter
defined as the ratio

do do
R= — —]).
dﬂ)go / dﬂ)o

It is clearly advantageous to have this ratio as large
as possible in order to permit an accurate determina-
tion of P. The asymmetry ratio has a maximum value
at an angle ¢ which depends on the incident energy

ko. At zero energy, the optimum Compton angle is
90°, and the theoretical asymmetry ratio (for perfect
geometry) is «. At 7 MeV (typical of these resonance
experiments) the optimum angle is about 50°, and the
value of R is 1.24.

Due to this low value of R, polarization measure-
ments of these high-energy v rays are difficult to
perform; nevertheless, several authors [Moreh and
Friedman, (1968); Moreh et al. 1970b; Oliva, (1970)]
have reported polarization measurements in transi-

“tions from levels excited by capture v rays. In each

case the polarimeter was composed of two scintillation
detectors (polarizer and analyzer) in sum coincidence,
similar to that used by Bartholomew et al. (1967), for
measuring the parity of levels populated in the (%, v)
reaction. However their polarimeter required a triple
coincidence, since it is necessary to determine the
direction of the first transition in the (#, v) cascade.
For the case of levels excited by capture v rays, the
direction of the first transition is again given by that
of the incident beam. In this case a double coincidence
experiment is sufficient, with a considerable increase in
the available counting rate.

III.4 Results and Discussion

Recent results show that nearly 509, of the source-
target combinations give a measurable resonance
scattering effect. However, not all of these have
sufficient intensities to permit accurate studies of
level schemes and resonance level parameters. Table
II gives a list of those resonances which have been
studied in detail.

Various assumptions are usually made in deriving
the level schemes. Where the resonance level de-
excites via a cascade of two or more transitions it is
assumed that the primary transition is that having
the highest energy—the same assumption that is
usually made in (#, v) spectroscopy. However, the
opposite relationship cannot be ruled out, especially
where the energies of the transitions are close. A second
assumption is that there are no unobserved resonance
levels present, i.e., that no inelastic transition are ob-
served where the corresponding elastic transition is too
weak to be observed. This assumption seems reason-
able in view of the fact that out of about 100 resonance
levels studied so far only a few showed inelastic transi-
tions stronger than the corresponding elastic ones,
which were always observable. Nevertheless one can-
not completely rule out the possibility of ‘“hidden”
resonance levels in the case of very weak transitions.
In view of the reservations regarding the above as-
sumptions, the assignment of new levels solely on the
basis of the energies of the observed transitions must
be regarded as tentative. However, the existence of
new low-lying levels may be taken as confirmed if
these levels are populated from different resonance
levels in the same nucleus.



B. Arap AND G. BEN-DAvID Nuclear Studies with Neutron-Capture v Rays

247

TasLE III. Values of Ty and § for the 7.277-MeV level in 208Pb as obtained by various authors, applying different techniques.

To* (eV) &b (eV) Technique Reference
0.8040.08 4.84+0.4 TP, SAd Fleischman and Stanek (1963a)
0.8040.03 8.0x1 CS,e TP,° SAd Arad et al. (1964a)
6.5+1 RT! Arad et al. (1964b)
0.860.06 5.0+0.5 CS,e TP, SAd Giannini ef al. (1965)
0.70+0.20 DSe McIntyre and Randall (1965)
0.56£0.08 7.5040.60 DS,& TPe Kapadia et al. (1968)
0.68+0.09 8.00+0.14 CS,e TP, SAd Ramchandran and McIntyre (1969)
0.78+0.06 7.1+0.3 CS,e TP, SAd Moreh et al. (1970b)

2 T0=0.78+0.03.
b §=7.42-4-0.43.

¢ TP—Temperature dependent intensity variation measurements.

4 SA—Self-absorption measurements.
e CS—Cross section measurements.
f RT—Rotating target method.

& DS—Double scattering or scattering-absorption measurements.

Where more than one resonance level is excited
using a given (#, v) source it is necessary to deter-
mine with which elastic transition each inelastic one
is associated. This can be done directly using a co-
incidence technique, or indirectly if the different sets
of transitions show a different temperature dependence.
Alternatively, the intensity changes obtained when the

4 Scatterer at rest
2000 ¢ Energy gain of 1.65 eV

x Energy gain of 2.57 eV

o Bismuth non-resonant scatterer
1500

1000

Counts

MeV

F1c. 11. Spectra of 7.277-MeV photons scattered from a
rotating Pb target for an increasing energy of the incident beam
as seen by the target. The curves show that the energy of the
incident line lies above the resonant energy.[Arad et al. (1964b) ].

target is rapidly rotated could be used to correlate the
associated elastic and inelastic transitions.

Where multi-isotopic targets were used, the isotope
containing the resonance level has been identified by
comparison with previously measured low-lying levels
in the individual isotopes. In some cases, the identifi-
cation was confirmed using enriched isotopes.

Some of the resonances listed in Table IT are dis-
cussed below as an example of the type of analysis
possible with these experiments.

I114.1 The 7277 keV Level in *®Pb

The spectrum of iron capture v rays scattered from
the 7277-keV resonance level in Pb gives a very in-
tense single line. This is one of the sources used for
the vy-ray monochromator discussed in Sec. ITI.3.5.

This resonance has been studied by several investi-
gators using various methods to determine the level
parameters, and permits an assessment of.the accuracy
and self-consistency of these methods. As there are no
observable inelastic components present in the scat-
tered radiation, the branching ratio can be taken as 1.
By using Pb and radio-Pb scatterers, Young and
Donahue (1963) and Arad et al. (1964a), were able
to identify the resonance isotope as 8Pb. The angular
distribution measurement shows clearly the dipole
character of the transition, which fixes the spin of the
excited state as 1, and the g factor as 3. The polariza-
tion measurement carried out by Moreh et al. (1970b)
revealed that this line is emitted in an M1 transition,
and hence the 7277-keV level has positive parity.

Table III summarizes the values of I'g and 6 obtained
by various investigators, together with the experi-
mental methods used. Since the effective cross section
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Fic. 12. Intensity of 7.277-MeV photons double scattered from
Pb targets, as a function of the shift in the separation energy (or
the ar;g]le of the primary scattered v ray). From [Kapadia ef al.
(1968

is large, ~4 b, the self-absorption measurements gives
accurate results, and most of the measurements used
this method together with the temperature effect to
derive these parameters. In addition, the rotating
target and double scattering methods were used.
Figure 11 shows the variation of the intensity as a
function of the scatterer velocity, found by Arad et al.
(1964b), which permitted an independent determina-
tion of 8. Figure 12 shows the variation of the intensity
of the double scattered beam with the angle of the
primary scattered v line obtained by Kapadia et al.
(1968) The values of T and § given in Table III are
in generally good agreement with the welghted averages
of I'=0.78+0.03 and §=7.440.4 eV.

There are two values of §, 4.8 and 5.0 eV, which are
outside the 959, confidence intervals around the mean
values, and one value of T', 0.56 on the edge of the
959, interval. These discrepancies are probably due
either to oversimplified approximations in the calcula-
tions or to underestimated systematic errors. If these

values are omitted the mean values are only slightly
modified.

II11.4.2 The 7646-keV Level in *°T1

The 7646-keV level excited by iron capture y rays
in natural Tl was designated by Arad et al. (1964a)
as a level of 22Tl rather than of 2°Tl. Since this energy
is about 120 keV above the threshold for the 2%Tl(y, %)
reaction, they reasoned that particle emission would
compete strongly with photon emission if the level
belonged to 2Tl. However, by using a 1-g sample en-
riched 929, in 2%Tl, Moreh and Wolf (1969a) were
able to show that this level is in fact an unbound
level of 2Tl having a large ground state radiative
width Ty. Figure 13 shows the spectrum of the reso-
nantly scattered y rays from a natural Tl target,
measured with Ge and Nal detectors. The bump in
intensity around 5 MeV can be compared with the
anomalous intensity bump observed in (%, y) and
(d, py) reactions in the mass range 180< 4 <208.
Angular distribution measurements showed the reso-
nant level to have a spin of 1/2. From absolute in-
tensity measurements of the scattered radiation,
temperature dependence, and self-absorption experi-
ments, the following parameters were deduced for the
resonant level: T'y=0.57240.06 eV, 6=9.3+0.3 eV, and
total level width I'=0.9340.09 eV. The branching
ratio I'o/T', was found to be 0.58, which is consistent
with T'XT,, and hence a small neutron width. Moreh
and Wolf have suggested that the low value for T,
may be explained in terms of the angular momentum
involved. From consideration of the measured strength,
they reasoned that the resonant level had a negative
parity and hence a spin and parity of 1/2~. Neutron
emission from this level leading to the 2%T1 2~ ground
state, would require the angular momentum of the
neutron to be /,=2, which may be strongly retarded
for a neutron of about 120 keV. It is also possible that
this level is a member of a group of levels combining a
doorway state, as discussed below.

111 4.3 The 8535-, 7538-, and 6838-keV Levels in
Tellurium

Schlesinger et al. (1969) measured the spectrum of
Ni- -capture vy rays scattered from a Te target. Three
lines in this spectrum (at 8535, 7538, and 6838 keV),
have energies identical to those of v rays in the inci-
dent spectrum, and hence were attributed to three
independent resonance levels in the target. The other
transitions were assumed to be inelastic de-excitations
of these resonance levels. Direct coincidence measure-
ments showed that the 6698- and 5960-keV lines were
due to transitions from the 7538-keV level to known
levels at 840 and 1588 keV, respectively, in *¥Te. The
intensities showed a pronounced temperature de-
pendence in the case of the 8535- and 6838-keV elastic
transitions, but none in the case of the 7538-keV
transition. By examining the temperature dependence
of the intensities of the inelastic transitions it was
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possible to assign another six of the lines to transitions
from the 7538-keV resonant level.

The derived decay scheme from the 7538-keV level
in ®Te is shown in Fig. 14. Angular distribution
measurements showed the strong transitions to be
predominantly dipole, with spin 1 for the resonant
level, and spin 2 for both the 840- and the 1588-keV
levels. There is disagreement with the results of Cook-
son and Darcey (1965) for the spin of the 1588-keV
level. They studied this nucleus by inelastic proton
scattering, and, using an empirical intensity rule,
deduced a spin of 4+ for the 1588-keV level. The
population of a 4% level from the spin 1 resonance
level is extremely unlikely and the spin assignment
can be regarded as 2*. In this case, spin determination
from the relatively simple angular correlation measure-
ment is preferable to the use of empirical rules deduced
for more complex particle reactions.

II1.4.4 Levels in Lanthanum-139

These levels have been investigated by Szichman
et al. (1970) and Moreh and Nof (1970) using various

capture y-ray sources. The level scheme of ¥La in-
cluding the transitions from the various resonance
levels is shown in Fig. 15. As can be seen, many levels
are populated from different resonant levels and
hence their existence is confirmed. The nuclear param-
eters of the various resonance levels are given in
Table II.

II1.4.5 Doorway States in (v, ') Reactions

In recent years nonstatistical effects have been
observed in photon spectra from both thermal and
resonance neutron spectra, which were explained by
the existence of doorway states. An example is the
observation of anomalous bumps at about 5 MeV
both in (%, v¥) and (d, pv) spectra for nuclei in the
mass region 180< A4 <208 (Bartholomew, 1969). Lane
(1970) has interpreted this phenomenum in terms of
the mechanism of doorway states following the sug-
gestions of Bartholomew and Rimawi ef al. (1969).

The similarity between neutron-capture vy spectra
and the v spectra following excitation of a y-resonance
level suggest that similar nonstatistical effects may
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F16. 14. Decay scheme of the 7.538-MeV level in 1%Te, excited by
Ni-capture vy rays. [ Schlesinger et al. (1969) J.

show up in the latter case. The spectrum of 7.646-MeV
v rays scattered from a Tl target (Fig. 13) does in
fact show an anomalous high concentration of v rays
at about 5 MeV. Moreh and Wolf (1969b) have re-
ported similar anomalous intensities from other reso-
nances in 2°T], W, and #*W. These anomalies are
very similar to those observed in the (%, v) and (d, pvy)
spectra, and show that doorway states may play an
important part in the transitions from these vy-reso-
nance states. Recently however, Loper et al. (1972)
reported studies of thermal and resonance (%, v)
spectra in Au. They observed the bump structure
in the thermal (#, v) spectrum but not in the resonance
capture, the latter being in good agreement with the
statistical model. They concluded that there is no
evidence for nonstatistical behavior in gold and that
the apparent bump in the thermal spectrum can be
explained in terms of a Porter-Thomas distribution of
individual transitions. This result throws doubts on
the existence of the 2p 1% doorway states at about
5.5 MeV and also has its implication on the (v, v’)
results which must be reevaluated and checked as to
whether they can be explained in terms of the sta-
tistical model and the Porter-Thomas distribution.

Some of the «y-resonance levels which show excep-
tionally large y-radiation widths may also be connected
with doorways.

Recently Berman et al. (1972) found a set of 1+
resonances in 2Pb using the threshold photoneutron
reaction (see Fig. 16). These resonances, which de-
excite via P wave neutrons, constitute at least half,
and possibly all, the total M1 strength calculated for
this nucleus, and may be the long sought M1 giant
resonance. The M1 strength in 28Pb arises from the
spin flip transition in the 4, neutron shell and the
by proton shell, and these particle-hole states form
the doorway through which the observed compound
nuclear states are reached. These authors pointed out
that the 7.277-MeV 1* level in 28Pb, excited by v
resonance fluorescence (Sec. III.4.1), may be one of
the lowest members of this group of doorway states.

The 7.647-MeV level in 2T1 (Sec. I11.4.2) was
observed to have an anomalously large value of T,
and low value of T',. This may also be associated with
a collective doorway. The (v, %) cross section of
25T1 obtained by Antropov et al. (1971) shows in
fact an intermediate structure at about 9 MeV which
was interpreted in terms of the threshold states sug-
gested by Baz (1959). This structure may represent
an M1 or E1 collective doorway, similar to that ob-
served for 28Pb. The 7.647-MeV resonance level may
belong to this doorway state although, due to the
small neutron width, it could not have been seen by
Antropov et al.

111.4.6 Radiative Widths and v-Ray Transition Strengths
of the Resonance Levels

The random nature of the resonance fluorescence
method discussed in this section may give a nontypical
selection of levels in this energy region. It is therefore
of interest to compare the properties of these levels
with the well known behavior of the radiative transi-
tions from neutron resonance levels. Table IV lists the
measured radiative parameters for some 20 levels
excited by capture v rays. The fourth and fifth Columns
show the total radiative width T' and ground state
radiative widths T, respectively.

The total radiative widths can be seen to be in the
range 40 meV to 2 eV, compared with the range
30-200 meV, for neutron resonance widths [see, for
example, Lynn (1968)]. The spread in values of T
in Table IV seems to be somewhat wider than that
for the neutron data. However, it should be remembered
that the former are measured for individual levels,
while the latter are usually averaged over many levels.
Since the nuclei studied by the vy-fluorescence method
could not normally be reached in neutron-capture
reactions a direct comparison is possible only for
8La and 12Cd. For ®¥La, the value of T from neutron-
capture studies is 994-6 meV at the neutron binding
energy of 8.78 MeV compared with an average of 604
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Fic. 15. Highly excited and low-lying levels of %*'La populated in various (y, v) reactions. The exciting (%, v) source is indicated under each partial level scheme. [Szichman et al.
(1970) and Moreh and Nof (1970)].
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TasLe IV. Total and ground state radiation widths of the resonant levels, together with the reduced widths of the ground state
transition. The values of Ty were taken from Table II and the various references are given there.

Energy of Ground state Level Reduced width
resonant Total transition spacing
level width T width T D Ky K ¢
Nucleus J* (MeV) (eV) (eV) (eV) (eV-MeV™4) X103 (X108)
200Bj 7.416 0.2340.17 0.144-0.09 250 39.0 1373 1.97
208Ph 1+ 7.277 0.7840.03 0.780.03 1900 29.4 1030 4.89
20571 1/20 7.646 0.98+0.09 0.5740.08 470 78.0 2713 3.83
203T] 1/2 6.418 0.3240.06 0.08+-0.02 425 21.0 710 1.5
44Sm 1 8.997 0.2740.08 0.0634-0.013 110 28.6 786 5.67
41py 5/2+% 7.632 0.07240.024 0.03340.011 60 47.7 1280 4.76
4Py 7/20) 6.115 0.052+0.010 0.029-0.006 175 26.8 722 5.84
18] 720 6.760 0.060-+0.030 0.010=0.005 145 8.2 222 1.14
139 9/20) 6.418 0.045+0.009 0.038-0.009 160 33.4 898 6.33
139 g 9/20) 6.115 0.07940.017 0.034-£0.008 210 26.5 707 5.47
18] 7/20 6.018 0.0540.01 0.0254-0.005 218 19.6 526 3.38
130T'e 1 7.538 0.2440.06 0.06=0.01 300 18.1 465 6.88
1208n 1 7.696 0.124-0.03 0.074-0.02 165 38.2 930 16.20
m2Cq 1- 7.632 0.0864-0.015 0.047+0.008 130 35.4 822 17.34
109Ag 3/2 7.632 0.0024-0.001 0.0014-0.0005 37 2.7 61 .93
NZr 1 8.496 2.10+£0.53 1.68+0.02 1280 106.0 2141 66.00
8Sr 1 7.820 0.1040.05 0.0304-0.015 980 3.2 64 2.64
80Se 1 7.820 0.09+-0.02 0.030=+0.007 680 7.4 138 4.55
BAs 1/2 7.646 0.364-0.10 0.0414-0.011 350 14.8 263 2.70
"Ge 1- 6.018 0.120+0.015 0.023-0.004 3293 . 1.8 32 3.32
$Zn 1 7.696 0.214+0.04 0.10+0.02 2100 6.4 104 8.95
%Zn 1 7.368 0.3140.03 0.2240.02 2600 12.8 210 19.83
62Ni 1 7.646 0.48+0.05 0.31+0.03 4000 11.3 178 17.83
50Cr 1 8.888 0.75+0.20 0.68+0.19 2500 28.5 387 52.33

15 meV at about 6.3 MeV for the four ¥ resonances.
The corresponding values for 2Cd are 12020 meV
at 9.48 MeV (neutron threshold) and 86415 meV at
the 7.632-MeV v resonance. After correcting for the
predicted energy dependence of the total radiative
width (Cameron, 1959) one finds good agreement
between the two types of experiment for both nuclei.
It can be concluded that the total radiative widths
found for vy-resonance levels are in agreement with
the radiative widths found in neutron resonance data.
These present results are in disagreement with those
obtained by Reibel and Mann (1960) discussed above,
who reported total radiative widths several times
larger than would be expected from neutron data.
The transition strengths in this energy region can
be described in terms of the reduced partial widths,
Km and K. Following the notation of Bartholomew

(1961), Kz and Kn may be defined as follows for
E1 and M1 transitions
Tons(E1) Tons (M1)

En= panp > 0T Tpp
where T'gys is the measured E1 or M1 transition width
in eV, E is the transition energy in MeV, 4 is the
mass number, and D the level spacing in MeV in the
neighborhood of the resonance level. Compilations of
known E1 and M1 reduced partial widths for transi-
tions following neutron capture have been given in
the review article by Bartholomew (1961) and by
Carpenter (1962) and Bollinger (1968). The sys-
tematics of the compiled data show a considerable
spread of reduced widths, in the range 0.1-40X1073
eV-MeV™ for Kg; values, and 0.1-100X 103 eV-MeV™
for K values.

(3.20)
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Evaluation of the reduced widths for the resonances

listed in Table IV requires knowledge of the values of -

D, which have not been measured experimentally for
most of these nuclei. The theoretical values of D
shown in Column 6 have been calculated using the
formula of Cameron (1959). This formula usually
gives agreement to within a factor of 3 to the measured
values where these are available, although discrep-
ancies as high as a factor of 6 in the region of closed
shells were pointed out by Cameron. Since the electro-
magnetic nature is unknown for most of these reso-
nances, the widths listed in Columns 7 and 8 were
calculated assuming an E1 or M1 character, respec-
tively. It can be seen from Column 7 that the Km
values are in the upper range of those observed in
neutron resonance reactions. This suggests that these
transitions may be predominantly electric dipole, in
general agreement with the direct measurements of
Moreh et al. (1970b). It should be noted that ex-
tremely large M1 strengths are found for the 7.277-
MeV resonance level in 28Pb (1030X 1072 eV MeV™),
and for the 7.632-MeV level of 'Pr (12801073 eV
MeV—). However, the theoretical values of D used in
Table IV could greatly underestimate the true values,
especially for the double magic nucleus 28Pb. Moreh
et al. used larger values of D, 25 KeV for 2%8Pb, and
700 eV as an upper estimate for “'Pr. Even with these
larger values they still found the M1 radiation strengths
some five times higher than the average M1 strengths
reported by Bollinger (1968). As discussed in Sec.
II1.4.5, Berman et al. (1972) have suggested that this
7.277-MeV level in 2%Pb is in fact a part of the M1
giant resonance in this nucleus. Since the polarization
measurement on the 7.632-MeV transition in “Pr re-
quires determination of a 1.59% asymmetry it would
seem worthwhile to repeat this measurement to con-
firm this rather interesting enhanced M1 strength. A
confirmation of this M1 strength may indicate that
this level belongs to the M1 giant resonance reported
by Pitthan and Walcher (1971). These authors found
broad resonances having magnetic character at about
9 MeV in La, Ce, and Pr, using inelastic electron
scattering. It should be noted that while an M1 assign-
ment is probable, an M2 cannot be ruled out. It is
therefore worthwhile to carry out more polarization
measurements on the (v, v’) resonances of ¥La and
4Py to clarify this problem.

It is interesting to compare these results with the
ground state strength predicted by extrapolation of the
giant electric dipole resonance. Axel (1962) has shown
that in this case (T'o)/D is given by
(Ty)/D=3.4X10"%(4/g)

X[ET,/(Er*— E?)2+E2T 2], (3.21)

where Eg and T, are the peak energy and level width
of the electric giant dipole resonance, 4 is the mass
number, and g the spin factor (2I.+1)/(2I,+1).
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F16. 16. Values of I'y for 1* resonances in 28Pb, which de-excite
by p-wave neutrons. The level at negative neutron energies
1(519%};3 ]7.277-MeV (v, ¥) resonance in 28Pb. [Berman et al.

Using the empirical expression Er=804"13, the ap-
proximate formula in the energy region around 7 MeV
can be expressed in the form:

(To)/D=c(E/T)*(4/100)*(3T,) (3/g), (3.22)

where ¢=2.2X10"% and E and T, are measured
in MeV.

Equation (3.22) can be used to find empirical values
of the constant ¢ from the experimental data. The
results are summarized in Column 9 of Table IV. It
can be seen that the values obtained are in most cases
higher than the predicted value of 2.2)X1075, The
average value of ¢ from Table IV is 11X10~% which
can be compared with the experimental mean value of
3.5X107® obtained by Baglan et al. (1971). This can
be explained by the experimental cutoff involved in
the v resonance fluorescence method, since scattering
from small ‘resonances cannot be distinguished from
background. This therefore gives a bias towards
higher values of T.

It should be emphasized that one expects fluctua-
tions in the individual results as they are based on
individual levels, whereas the Axel formula (3.22)
applies to the average value of the strength.

I11.4.7 Fluctuations of Partial Radiation Widths From
v-Resonance Levels

Very large variations have been observed in the
intensities of the partial radiation widths from the
resonance levels to different low-lying levels. Estes
and Min (1967) have pointed out that for both the
7.632-MeV levels in 2Cd and ®Nij, the first phonon
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F1c. 17. Integral distribution of the ratios 7 of the transition intensities to the two lowest excited states: (a) For 14 resonance levels
obtained in (v, ') experiments. [Schlesinger et al. (1970)]; (b) For 20 neutron resonance levels in 1%Pt. [Samour ef al. (1968) 7.

2+ state is strongly populated from the resonance
levels. However, while the Ot member of the two-
phonon triplet is strongly populated in both cases,
the 2+ member is very weakly populated. They at-
tributed this effect to very different components of the
wave functions of the 0t and 2+ members of the two
phonon triplet in each nucleus. On the other hand,
Shikazono and Kawarasaki (1968) pointed out an
opposite effect for the 7.368-MeV level of %Zn, where
the 2* component of the two-phonon triplet is popu-
lated preferentially compared with the 0*.

Schlesinger et al. (1970) have pointed out that these
striking differences in intensity of the low-lying levels
are in fact compatible with a Porter-Thomas distribu-
tion of partial radiation widths from these resonance
levels. Porter and Thomas (1956) have shown that
the complexity of the wave functions describing the
highly ‘excited nuclear levels leads to a normal dis-
tribution of the matrix elements describing transitions
from these levels to a given final state. The distribu-
tion of partial radiation widths can then be shown to
follow a x? distribution with » degrees of freedom. The
Porter-Thomas distribution is defined for »=1 where
one reaction exit channel is open.

The distribution in partial radiation widths from
the neutron resonance levels to low-lying states has
been shown to follow a Porter-Thomas distribution
for a wide variety of nuclei. Samour et al. (1968)
carried out an analysis of the fluctuation of partial
radiative widths in %Pt. They measured transitions
from 24 neutron resonance levels to the ground state
and first two excited 2* states, and obtained a value
of » of 1.25 (40.35, —0.27).

For the case of the v resonance levels, it is not
possible to carry out such a direct measurement of
the fluctuations in radiative widths to low-lying levels
in a given nucleus, since very few resonance levels
have been found in a single nucleus. Schlesinger et al.

studied the fluctuations in the ratio » of intensities of
transitions from the resonant level to the first two 2+
states in 14 even—even nuclei. The ground state transi-
tions were not included in this analysis owing to the
experimental bias for detecting y resonances with
large values of the ground state branching ratio.
Figure 17 shows the observed integral distribution in
7 (defined always greater than 1) for the 14 y-resonance
levels studied by these authors. For comparison, the
corresponding distribution in 7 for 20 of the %Pt
neutron resonance levels measured by Samour et al.
(1968) is shown. If the distribution in relative partial
radiative widths for each of these nuclei is taken as a
x? distribution with » degrees of freedom, the dis-
tribution in 7, the ratio of two partial widths, can be
shown to follow a Fisher Z distribution [see, for
example Cramer (1959) ] given by

P(r,v)=B1r(v/2,7/2) /B (v/2,7/2), (3.23)

where By, and B, are the incomplete and complete

TABLE V. Values of » for four resonance levels. From Moreh
and Wolf (1972).

Resonance
energy Number of
Nucleus (MeV) final states v
62N1i 7.646 16 0.440.9
—0.2
6Zn 7.368 10 1.140.9
—-0.3
75As 7.646 15 1.0+0.5
—0.5
uCq 7.632 18 1.040.5
—0.4
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TaBLE VI. Measured differential cross sections (ub/sr) for nuclear elastic and nuclear Raman scattering from an uranium target.
For comparison, the cross sections calculated using the giant dipole parameters deduced by Hass and Salzmann (1973) are also shown.

Elastic cross section

. Inelastic cross section

(ub/sr) (ub/sr)
Energy
(keV) Angle Ref. Experiment Calculated Experiment Calculated
8 535 140° a 8+3 13.4 8+3 8.9
8 998 140° a 2746 28.2 1844 15.9
9 298 140° a 4249 43.8 2717 23.7
10 830 70° b 31030 267 180420 200
10 830 90° b 23020 209 200420 198
10 830 120° b 250420 265 210420 201
10 830 150° b 390440 370 200420 209

2 Hass ef al. (1971).
b Jackson and Wetzel (1972).

beta functions, respectively. These theoretical distribu-
tions in 7 are shown in Figs. 17(a) and 17(b) for values
of v of 0.6, 1, and 2. The maximum likelihood fit on
the y-resonance data gives a value of »,=1.06. A
Monte Carlo calculation shows that the probability
of finding a value of », below 1.06 from a distribution
with »=1 is 0.35, while for »=2, the probability is
0.06. The observed fluctuations in partial radiation
widths are thus fully compatible with a Porter—
Thomas distribution for all the observed nuclei. How-
ever, this analysis by Schlesinger et al. is based on the
rather stringent assumption that the fluctuations in
partial radiation width follow the same statistical law
for all the nuclei studied.

Moreh and Wolf (1972) studied this distribution by
a different approach for four different resonance levels
in %Ni, %Zn, ®As, and "2Cd. In each case they con-
sidered dipole transitions of a given parity to between
10-18 known lower levels. The statistical distribution
of reduced partial radiation widths in each case was
investigated, using the maximum likelihood method;
the results are shown in Table V. The values of » are
again consistent with a Porter-Thomas distribution
for all these nuclei although in the case of ®Ni and
%Zn, values of »=2 cannot be ruled out. However,
this method of analyzing radiation widths can intro-
duce a bias in the observed distributions which has
not yet been taken into account. This includes the
effect of the ground state radiation widths considered
in the analy31s and the possibility of missing levels of
appropriate spin and parity.

I11.4.8 Elastic and Inelastic Scattering of Capture v
Rays in the Continuous Region—Observation of
Nuclear Raman Scattering

The over-all width of capture vy rays from light
nuclei is some 15 eV for energies in the range 8-10

MeV. This is considerably larger than the average
level spacing for heavy nuclei in this energy region,
and the effect of individual levels can be assumed to
be insignificant. The scattering of high-energy capture
v rays from heavy nuclei such as U and Th can there-
fore be expected to be given to a good approximation
by the giant dipole resonance theory.

Fuller and Hayward (1962) measured the total
scattering cross section for photons on Er and Ho,
using bremsstrahlung radiation. They found agree-
ment with theory only if a tensor scattering term was
included, corresponding to the so-called nuclear
Raman scattering to the first excited state. However,
owing to the finite resolution (some 300 keV), they
were not able to resolve experimentally the Raman
scattering from the nuclear elastic scattering.

Knowles (1970), Wetzel and Jackson (1971), Hass
et al. (1971), and Jackson and Wetzel (1972) have
reported measurements of nuclear elastic and nuclear
Raman scattering in targets of #?Th and ®U, using
capture y-ray sources of Ni, Fe, and N. The use of
these monoenergetic sources permits discrimination
between the elastic and Raman scattering peaks,
which are separated by some 45 keV.

The nuclear Raman effect is closely connected with
the splitting of the giant dipole resonance in highly
deformed nuclei. Fuller and Hayward (1962) have
shown for a classical anisotropic oscillator that the
elastic cross section for photons of energy E is given by

(do/dQ),= | [(@42®)/3]+D [ (14 cos? 6) /2].
(3.24)

The tensor scattering term, corresponding to Raman
scattering to the first rotational level of even—even
nuclei, is given by

(do/dQ) = | 3(G—@®) P[(13+ cos*0)/40], (3.25)
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where @ and ® are the intrinsic scattering amplitudes
associated with the major and minor axes, respectively,
of the nuclear ellipsoid. They are given by expressions
of the form

_ @ NZ _ Er—E+ilE
T Me A Y (Ei—E)HTR’

where E, and T, correspond to the major axis (and
E;, and T, being used in the similar expression for ®),
« is the dipole sum enhancement term resulting from
nuclear exchange forces, and D is the Thomson scatter-
ing amplitude at E=0, given by D= —Z2/AM .

It is clear that the Raman scattering cross section
vanishes for nondeformed nuclei, since in this case
G=G3.

The experimental measurements of the three groups
using capture vy radiation were in principle similar.
Large Ge(Li) detectors were used to measure the
scattered radiation at angles of 70° or more. Special
care was taken to shield the detectors from the large
numbers of photoneutrons produced in the targets.
~ The experimental results of Hass et al. (1971) and
Jackson and Wetzel (1972) for 28U are summarized
in Table VI.

Jackson and Wetzel (1972) have reported a ratio
of Raman to elastic scattering of 0.8 for 10.8-MeV
photons scattered at 90° from #%U. A similar ratio of
0.740.1 was obtained by scattering from #?Th.

They showed that these results are in disagreement
with the value of 1.3 predicted both by the Danos-
Okamoto theory (Danos, 1958; Okamoto, 1958), and
by unpublished calculations of Arenhével based on
the dynamic collective model. Jackson and Wetzel
used the giant dipole resonance parameters deduced
by Hass et al. (1971) from similar measurements at
9.3, 9, and 8.5 MeV. They obtained a ratio of 1.1 at
the energy of 10.8 MeV which is still some 309, higher
than their experimental results. Jackson and Wetzel
concluded that these discrepancies can be explained by
assuming the existence of a direct nonresonant process
of some 159, in the elastic scattering.

Hass and Saizmann (1973) reanalyzed their own re-
sults as well as those obtained by Jackson and Wetzel.
Using seven results (see Table VI) they performed a
least-square-fit procedure to Eqs. (3.24) and (3.25)
to obtain the giant dipole resonance parameters. In
the calculation of the theoretical cross sections, they
included the coherent contributions of Delbriick and
Thompson scattering. Comparison of the experimental
cross sections with the calculated ones based on the
adjusted giant dipole resonance parameters shows
good agreement, and hence Hass and Salzmann con-
clude that there is no need to include a direct reaction
component in the elastic scattering.

Further measurements on other elements and at a
higher energy (11.38 MeV obtained from neutron
capture in the radioactive isotope %Ni) are under
progress (Bar-Noy et al., 1972). These measurements

(3.26)

undoubtedly will help to decide whether a direct com-
ponent is present and the accuracy to which giant
dipole resonance parameters can be deduced from this
kind of experiment.

III.5 Future Studies

With the experimental techniques described in this
section a great deal of spectroscopic data can still be
obtained through the de-excitation of single levels
excited by capture y rays. However, owing to the
limited availability of separated isotopes in ~100 g
quantities, the technique will probably find practical
applications only for nuclei having a reasonably large
natural isotopic abundance (>109%,). It is somewhat
easier to study odd-Z than even-Z nuclei, since the
former have fewer isotopes, facilitating identification
of the isotope having the resonant level.

Systematic measurement of the level widths, coupled
with polarization measurements of the elastically
scattered component, will permit a study of the electric
and magnetic dipole strengths in this interesting
energy region. In addition, as more partial widths are
measured in individual nuclei, it will be possible to
improve the study of fluctuation properties, and the
correlations between the partial widths in individual
nuclei.

Doorway states have aroused great interest in
recent years. These states have shown up clearly in
the resonance scattering experiments via the anomalous
bump at about 5 MeV in the mass region of 180-208.
It therefore seems worthwhile to study resonance
scattering of individual levels in this energy region,
which is the lower limit of the resonances studied so
far. Another way in which doorway states were ob-
observed was, for example, the existence of positive
correlations among similar y-ray transitions originat-
ing in different neutron resonances. As more and more
v resonances in the same nucleus are found it will be
possible to look for correlations similar to those found
in resonance neutron capture studies.

While the majority of studies of individual levels
have so far been concerned with bound levels, interest-
ing results have been reported in the unbound region.
Nuclear Raman scattering has been measured and
parameters of the giant dipole resonance have been
deduced. It seems worthwhile to extend these studies
to other heavy deformed nuclei. It may be possible to
carry out similar measurements in the rare earth re-
gion—despite the smaller cross sections and possible
involvement of several isotopes.

IV. NUCLEAR PHOTOEXCITATION WITH A
VARIABLE ENERGY COMPTON
SCATTERED (7, v) SOURCE

IV.1 Introduction

The methods described earlier for studying level
widths by the resonance fluorescence technique are
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somewhat limited in their applications. As pointed out
in Sec. II, the recoil energy compensation needed to
achieve resonance conditions in low-lying levels can be
obtained only in special cases. The resonance fluores-
cence of highly excited levels discussed in Sec. IIT is
also restricted since it depends on an entirely chance
overlap between particular nuclear levels and capture
v lines. In order to study average level properties of a
nucleus over the whole energy range it is useful to
have a continuously varying vy-energy source with
high-energy resolution. Seppi e al. (1962) have de-
scribed a crystal photon monochromator using an
x-ray tube as the source. This gave a well defined
beam with energy resolution of 0.02-1 keV over the
range 40-280 keV. McIntyre and Tandon (1963, 1968)
and Mouton et al. (1963) extended the energy range
up to 1.3 MeV by using scattered ®Co radiation.
The continuous variation of energy was achieved ex-
ploiting the angular dependence of the energy of the
Compton scattered photons. In the higher energy
range, as mentioned earlier, electron bremsstrahlung
radiation has been used, with rather “poor” resolution
by Fuller and Hayward (1956), Rabotnov et al. (1965),
and many others. While recent bremsstrahlung studies
have achieved a far more accurate “end-point” energy
(Rabotnov et al., 1970), the actual energy spectrum is
extremely broad, and the cross section analysis criti-
cally depends on an unfolding procedure. O’Connel
et al. (1962) used a bremsstrahlung coincidence mono-
chromator, achieving moderate resolution of some 19,
with however severely reduced intensity. Fultz et al.
(1962) used monoenergetic photons from the annihila-
tion in flight of fast positrons (obtained from a linac)
with an energy resolution of some 39%,. This method
also gives very low intensities below 10 MeV.

Knowles and Ahmed (1966), Hall et al. (1970), and
Fagot et al. (1971) have described variable photon
energy ‘‘monochromators” using Compton scattered
(n, v) radiation. These combine the advantages of
relatively high intensities with moderate energy
resolution (about 29,) over the energy range 0.5-9
MeV. They have been used for resonance fluorescence
and photofission experiments. The resonance fluores-
cence experiments are discussed in detail in this chap-
ter, while the photofission experiments are discussed
in detail in the next chapter. Table VII compares the
intensities and resolutions obtained by the different v
sources.

IV.2 The Variable Energy Source

If a v ray of energy E, undergoes Compton scatter-
ing into an angle 6, the scattered photon has an energy
E given by

E=Ey/[14a(1— cos )], (4.1)

where a is the ratio of E, to the electron rest mass.
Variation of the Compton scattering angle between
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TaBLE VII. Comparison of photon beams in the energy range
of 5-9 MeV used for photonuclear experiments.

Effective photon
intensity at target
position in
eV cm™2 sec™?

Energy
resolution

Photon source (AE/E in %)

Bremsstrahlung ~(0.05—1) X103 1d
monochromator®

Microtron 1 3die
(bremsstrahlung)®

Electron Linac

Bremsstrahlung? 10 3de
Positron time of flight 1072 4d
(n, v) reaction® followed 1 2dwe

by Compton scattering
(n, v) directe 108 10—

# The photon intensity at the target is limited by the high
random counting rate. The lower limit of 0.05X 1072 eVt cm™2-
sec™! corresponds to high-Z targets.

b The accelerators cannot be used at their full intensities for
(v, v) experiments because of pile up.

¢ Estimates of intensity assume 3X10%x sec™! absorbed in a
Ti source 12m from the target.

d4In (v,v) experiments, the resolution improves to the in-
herent resolution of the detectors used [~7 keV for Ge(Li)].

e The resolution is determined mainly by the uncertainties in
the spectrum shape and the unfolding techniques involved.

0° and 90° results in an energy variation from the full
energy E, down to below 0.511 MeV.

We will here consider the external scattering geom-
etry v monochromator described by Knowles and
Ahmed as typical of these Compton scattering (%, v)
facilities. This facility was set up in a 12-in. tangential
beam tube of the NRU reactor, in Chalk River Ont.,
with the v source located near the center of the tube.
The experimental geometry is shown schematically in
Fig. 18. The source S, the Compton scatterer C, and
target T lie on a focusing circle F. This arrangement
has the property that all the photons from the source
S are Compton scattered toward the target with the
same angle 8. The Compton scatterer C has a curvature
matching that of the focusing circle. The source and
pivot are fixed while the target is constrained to move
along a straight line at a fixed angle of 67° with re-
spect to the beam tube axis. At each Compton angle,
the curved scatterer is arranged to coincide with the
changing focusing circle by appropriate rotation about
the pivot P. Since all the converging v rays at the
target are scattered at the same angle 6, they have the
same energy E, as given by Eq. (4.1).

Figure 18 shows the scatterer geometry for a scatter-
ing angle of 6°. At small angles the v radiation is
incident on the full length of the curved scatterer. For
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p— 75— | /

Fic. 18. Schematic represen-
tation of the scattering geom-
etry for a Compton angle §,=
6°: p, pivot; T, target; F,
focusing circle; Qgc, constant
solid angle subtended by the

larger angles, the target is moved linearly away from
the beam axis while the scatterer length is reduced,
in order to keep constant the solid angle Q. subtended
by the scatterer at the source. At large scattering
angles, only 209, of the scatterer is utilized. For
good resolution the focusing conditions of this geom-
etry require a thin source (ideally a line source as
viewed from the scatterer position), hence a source
with an appreciable (%, v) cross section is needed. In
addition it is desirable that the source emit a simple
spectrum of a few intense lines. Nickel and titanium
fulfill these requirements, and therefore both were
used in a combined double source. This source could
be rotated about a vertical axis presenting to the
scatterer C either the titanium or nickel plate as an
effective line source of variable width. The nickel
source (having lines at 8.526 and 8.998 MeV) was
used for high-energy experiments, while the more
intense Ti source (having lines at 6.753 and 6.413
MeV) was the more convenient for low-energy ex-
periments.

The v radiation from the source emerges as a beam
with an angular divergence of 1.4-3° and is Compton
scattered from the variable length sectioned aluminum
scatterer approximately 60-cm high and 6-m long (at
maximum length).

In resonance fluorescence experiments, the resonant
scatterer is held at the target position 7. For photo-
fission experiments this is replaced with either fission
foils or fission chambers. A variety of detectors can be
positioned inside the target chamber, including Ge(Li),
NalI(Tl), and plastic film (for fission track detection).

As the capture vy spectra of both the Ni and Ti
sources have two strong lines separated by only a few
hundred keV, the Compton scattered beam at any
angle will include two main energy components.
However, other components are also present, due to
weak source lines, reactor background, and brems-
strahlung, and all these components must be con-
sidered in evaluating cross sections as a function of
energy. Figure 19 shows the typical energy distribution
of photon beams produced by Compton scattering at
the Ames facility (Hall ef al., 1970).

Compton scatterer C at the
source S. [Knowles and Ahmed
(1966) 7.

IV.3 Data Analysis and Results

When the method of Sec. III is followed, an ef-
fective cross section (s) can be defined as in Eq. (3.10) :

(0)=[F(E)o(E) dE/[F(E) dE. (4.2)

Since the photon spectrum is “white”” it can be repre-
sented by F(E)=C in the interval [E, E,+AE].
However, as there might exist more than one level in
this energy interval one has to write

o(E)= Y ¢/(E).

i

(4.3)

Inserting these expressions for F(E) and ¢(E) into
Eq. (4.2), one obtains

(0)=>"fdi(E) dE/AE. (4.4)
It has been shown by Metzger (1959) that
Joi(E) dE=nR2gi(T,T';/T), (4.5)

where the parameters are defined in Eq. (2.4). Assum-
ing » levels in the energy intervals AE, one then ob-
tains from Eqgs. (4.4) and (4.5)

(0)=7*R*(g(ToI'/T) )/D, (4.6)

where D= AE/n is the average level spacing, and the
brackets “( )” indicate the arithmetic average over
the energy interval AE.

By measuring {(¢) for both elastic and inelastic
scattering and making appropriate assumptions re-
garding g, one can obtain the values of

)/ 2w )/ P

respectively. Self-absorption measurements similar to
those discussed in Sec. III can be used to obtain
information on the average radiation width (T',) and
the average level spacing D. A detailed analysis of
these self-absorption experiments has been discussed
by Axel (1962), who assumed either a pure Doppler,
or a pure Lorentzian shape for the resonance levels.
The photoexcitation technique described in this
chapter has been applied by Knowles and Ahmed
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(1966) and Khan and Knowles (1967) to study the
resonance fluorescence of various materials. Table
VIII gives the energies and widths of levels in 28Pb
photoexcited by this technique. From this Table, is
seen that the level energies are stated to an accuracy
of a few keV despite the fact that the incident spectrum
is about 100-keV wide.

The double closed shell nucleus 2®Pb is a very
interesting one and has also been studied via the
(d, py) reaction (Earle et al., 1970) and compared to
theoretical predictions.

From the levels populated in the (d, pv) reaction,
six were observed to decay to the ground state and
were assigned as 1~ levels. Only two of these levels
at 5288 and 5943 keV were populated strongly (10
times stronger than the other levels). The 5288-keV
level is actually a part of the SysPi2~' doublet. The
0~ member of this doublet was also observed and,
from the (d, p) spectroscopic factor, it was concluded
that this doublet has almost all of the strength of the
S12P127! configuration. Of the photoexcited levels
observed by Khan and Knowles, only those at 5294
and 5512 keV can be identified with 1~ levels observed
in the (d, py) reactions. However, the level at 5294
keV has a width of only 5 eV, less than that of all
the others. Furthermore, the 5943-keV level which
according to the (d, p) spectroscopic factor contains

Beam energy - 7.8 MeV
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F16. 19. Typical energy distribution of beams produced by
the Compton scattering facility at various angles. [Hall et a/.
(1970) 1.
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Tasre VIII. Photoexcited levels in 2%Pb (from Khan and
Knowles, 1967).

Level energy Level width
E (keV) T, (eV)
529446 5
551246 15
671715 15
7052+3 15
70743 15
732542 35

most of the DsPypp~! strength was not photoexcited
(an upper limit to its width was given as 0.5 eV).

From their results, Earle et al. concluded that the
S12P15 ! and DjjpPys! strength below 7.3 MeV in
28Ph is concentrated in two states and not fragmented
into many states as predicted by Lane (1970) and
Kuo et al. (1970). In addition, in this energy region,
Py, hole components do not account for the major
part of the E1 photo excitation cross section in contra-
diction to the predictions of Pal et al. (quoted by
Lane, 1970). The origin of the strong photoexcited
resonances is so far unexplained.

In the low-energy region the widths of individual
levels can be measured directly, since the sum in Eq.
(4.3) and the succeeding equations can be replaced
by a single term representing the energy interval
covered by the resolution of the detector. However,
there seems to be no advantage to this method over
the resonance fluorescence of low energy bremsstrah-
lung (Seward, 1962).

IV.4 Conclusions

The Compton scattered (#, v) and bremsstrahlung
techniques seem to compliment each other. The latter
method—using a microtron or linac as the brems-
strahlung electron source—has the advantage of
higher intensities and .covers a wider energy range
than available with the Compton scattering method.
However, severe pile up problems due to low-energy
photons prevents using the electron machines at their
full capacities for resonance fluorescence experiments.
For this type of experiment the available intensities
per energy interval are actually higher in the (#, v)
Compton scattering arrangements in the energy range
6-9 MeV.

The intrinsic energy resolution of the Compton-
scattering technique is about 29%,. However, for reso-
nance fluorescence experiments in the vicinity of the
(v, n) threshold, the energy resolution is limited only
by that of the Ge(Li) detector (~7 keV). The photo-
excitation may in general still cover many levels. In
order to simplify interpretation of the results, it is
therefore desirable to use monoisotopic targets. For
the Compton scattering facilities at present available
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at medium power reactors, the quantity of target
material required for photoexcitation is of the order
of a few hundred grams, which restricts the experi-
ments to a few targets. The target size could be greatly
reduced if such facilities were installed at high flux
reactors. This would make it feasible to use separate
isotopic targets and thus open a wider range of stable
nuclei for study.

V. PHOTOFISSION REACTIONS

V.1 Introduction

The photofission reaction can contribute to the
understanding of low-energy nuclear fission, especially
near the threshold energy. This is because the photons
are absorbed by heavy nuclei either with E; or E,
multipolarities resulting in compound nuclear states
with a small selection of momenta. The general picture
of the fission mechanism developed over three decades
ago by Bohr and Wheeler (1939) is still believed to
have general application. In this picture, the heavy
nucleus goes through a quasiequilibrium saddle con-
figuration, which represents a minimum potential
energy pathway towards actual scission. There is a
rapid transition from the saddle point to the scission
point, where the nucleus splits into two large frag-
ments, which then gain kinetic energy due to mutual
Coloumb repulsion.

Simple liquid drop calculations predict a single
potential barrier with respect to nuclear deformation,
with a maximum corresponding to the saddle point.
Strutinsky (1962) showed that the addition of shell
correction terms to the liquid drop deformation energy
can cause the appearance of a second minimum in the
potential energy curve. This has permitted an inter-
pretation of many structural phenomena observed in
near threshold and subthreshold fission.

Bohr (1955) has pointed out that, despite the very
high excitation energy of the fissioning nucleus, most
of this energy is in deformation energy. The transition
states near the saddle point therefore represent quite
simple collective excitations of the nucleus which can
be described in terms of the quantum number K, the
component of angular momentum along the symmetry
axis. Low-energy photofission is an excellent means of
studying these transition states, since the electric
dipole or quadrupole absorption involved can only
excite low order levels. For example, for even—even
nuclei, dipole absorption gives values of K=0 or
K=1 for the saddle point configuration. On the other
hand, fission induced by charged particles or neutrons
gives a large variety of momentum states. Photofission
is particularly useful for studying the shape of the
potential barrier below the neutron threshold, which
of course cannot be studied with neutron induced
fission. Measurements of the photofission cross sec-
tions and of the fragment angular distributions permit

the determination of the relative contribution of the
various fission channels at different excitation energies
[see, for example, Huizenga (1972) 7. ,

Early photofission studies on heavy elements were
carried out by several groups using betatron brems-
strahlung. These have been summarized by Xatz
et al. (1958).

Bowman et al. (1964) studied the photodisintegra-
tion of U using nearly monochromatic photons
obtained from the annihilation in flight of fast positrons.
This technique gives an energy resolution of 39, in
the region of the resonance peak of about 13 MeV.
However, owing to the reduced yield of low-energy
annihilation photons, they were not able to extend
their measurements below 9 MeV, and so also used
bremsstrahlung measurement in the region of the
fission threshold.

More recently Rabotnov et al. (1970) have reported
measurements using microtron bremsstrahlung. The
(v, f) yields, as well as the angular distribution of the
fission fragments, were measured as functions of the
v energy. The general form of the fission cross sections
as a function of energy is shown in Fig. 20. The curves
are typical of a photonuclear process, with a threshold
energy in the region of 5-7 MeV, a broad resonance
peak at about 14 MeV, and a quite rapid drop above
20 MeV. The peak cross sections are in the region of
one hundred to a few hundred millibarns, and vary
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F1G. 20. Photofission cross section of various fissionable materials
versus photon energy. [Katz ef al. (1958)].
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approximately as Z?/A, the fissionability parameter.
Some secondary minima were reported just above
threshold for several of the nuclei, but the positions
and amplitudes of these minima remain uncertain. In
even—even nuclei the angular distribution of the fission
axis with respect to the photon beam was found to be
anisotropic, of the form a+4b sin? 6+4c sin? 26. The
degree of anisotropy decreases by some three orders
of magnitude between threshold energy and an energy
20 MeV above threshold.

Although the end point bremsstrahlung energies in
the above studies are usually known to better than a
few hundred kiloelectronvolts (and approaching 25
keV in the more recent work), the differential cross
section is given with far less precision. This is because
the bremsstrahlung energy spectrum f(E, Emax) is
very broad, with minimum intensity at the maximum
energy Emax. The cross sections are obtained from the
integral yield curves ¥V (Emax) by solving integral
equations of the form

Emﬂx
¥ (Emex) =C / (E)f(E, Emes) dE.  (5.1)
0

However, as Rabotnov et al. pointed out, the deter-
mination of ¢(E) from this equation is in fact an
improperly formulated problem, and is subject to
“swinging” of the solutions. This makes it difficult to
study detailed structure within an energy interval of
less than 100 keV. Due to the exponential nature of
the low-energy cross section and the shape of the
bremsstrahlung spectrum, the most reliable cross sec-
tions from the bremsstrahlung data are those in the
vicinity of the fission threshold.

Since the characteristics of the photofission phe-
nomenon near threshold are of great importance in
elucidating the mechanism of nuclear fission, it is
clearly worthwhile to carry out additional measure-
ments in this energy region. Khan and Knowles (1972)
have studied the photofission of #?Th, #8U, and U
near threshold using the variable energy Compton
scattered (#, v) source mentioned in the previous
chapter. Although this method also requires an un-
folding procedure to unravel the cross sections, there
is the advantage that the Compton scattered v spec-
trum is peaked at the maximum energy. This method
can therefore be used to compliment the bremsstrahlung
data.

In order to resolve the inherent uncertainties in-
volved in the unfolding procedure, there is need to
carry out photofission measurements at discrete
photon energies. De Carvalho et al. (1962, 1963, 1965)
and Manfredini et al. (1965, 1966, 1969a, b) have
carried out photofission studies using direct beams of
capture v rays. The use of capture v rays in studying
photofission permits measurements at precise energies;
however, there are considerable limitations both in
that the choice of energies is restricted and that usually
several lines contribute to the photofission yield.
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Lindner (1965) used a similar technique to study the
competition between neutron emission and fission in
28U as a function of photon energy. He showed that
this ratio is consistent with a constant value T',/T;~4.0
in the energy range 6-9 MeV, but with experimental
errors of the order of 509.

V.2 Photofission Cross Section Measurements

Khan and Knowles (1972) measured the fission
cross sections of #?Th, 28U, and #U near threshold
using a variable energy beam of 4 rays obtained by
Compton scattering of capture v rays. The. Compton
scattering monochromator is described in the previous
chapter. The fission cross sections were measured
using ion chambers coated with the fissionable mate-
rial at the beam target position. The energy resolution
of the beam was some 49,-5%, for this target geom-
etry. The derived fission cross sections for #*Th and
287 are shown in Fig. 21. The errors shown are the
relative errors due to the unfolding procedure, and do
not include a 4229, error due to uncertainty in the
absolute beam intensity measurements. The results
are compared with similar measurements of Yester
et al. (1972) and the bremsstrahlung results of Katz
et al. (1958) and of Rabotnov et al. (1970). The cross
section of 28U shows peaks at 5.2, 5.7, 6.2, 7.1, and
7.8 MeV, which are not well resolved in the brems-
strahlung studies. The *?Th cross section shows peaks
at 5.5 and 6.4 MeV.

De Carvalho ef al. (1962) measured the photofission
cross sections at precise capture v energies at a reactor
tangential beam hole facility. Special care was taken
to remove neutrons from the beam to reduce the com-
peting (%, ) reaction.

The fission targets were prepared from uranium or
thorium acetate loaded nuclear emulsions. They were
irradiated with the emulsion normal to the beam; be-
cause of the photofission asymmetry, this arrangement
gave a concentration of fission tracks in the emulsion
plane. The emulsions were processed to give Vvisible
tracks only for fission fragments and scanned manually
with a microscope.

The initial experiments were carried out with a
titanium capture v beam having three prominent lines
at 6.753 MeV (41%), 6.550 MeV (6.29,), and 6.413
MeV (29.59,). These experiments were extended by
Manfredini et al. (1965, 1966, 1969b) using a series of
12 capture v sources to measure the photofission cross
sections of 2*Th and ?**U in the energy region 6-9 MeV.
The cross sections were evaluated from the photo-
fission yields by an iterative process assuming a smooth
curve for the fission cross section as function of energy.
Usually the second iteration was sufficient, giving
cross sections within 19 of the final values. The experi-
mental error in the cross sections includes a contribu-
tion of 39, due to statistical and observer errors in
counting the fission tracks, an error of 6% in the
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target mass, and an error of 7%, in relative v flux
measurements. There is an additional 109, error due
to the uncertainty in the absolute v flux determination.

The cross sections obtained by Manfredini ef al.
(1969b) are also shown in Fig. 21. These show con-
siderable fluctuation about the results of Khan and
Knowles. The increase at 6.8 MeV for ??Th and #8U
has been confirmed in similar studies by Mafra e al.
(1970) who measured relative photofission cross-
sections using a fission chamber.

The discrepancies between the results of Manfredini
et al., and those of Khan and Knowles may be due to
the fact that the former are picking out individual
levels in the cross sections.

Khan and Knowles estimated the photofission
transmission factors from the ??Th and 28U cross
section results. Using a phenomenological model they
give a qualitative description of the shape of these
transmission factors—but not of the narrow widths
observed. They suggest that such structure could be
accounted for using the second minimum in the fission
potential well. Huizenga (1972) has analyzed the
cross section data of Khan and Knowles in terms of
the penetrability through a single humped fission
barrier and obtains the following parameters for the
fission barrier, B(J=1, K=0) 6.3 MeV, B(J=1,
K=1) 6.75 MeV, %w (describing curvature of barrier)
0.535 MeV.
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V.3 Angular Distribution of the Fission Fragments
from Photofission

De Carvalho et al. (1963) measured the angular
distribution of the fission fragments in the fission of
22Th and #®U induced by 6.61-MeV Ti capture v
rays. The measurements on *¥U and *?Th were ex-
tended using many capture v sources by Manfredini
et al. (1969a, 1971) with a similar experimental pro-
cedure as for the cross section measurements discussed

above. The nuclear emulsions were exposed to the

collimated y-ray beam at a grazing angle, and proc-
essed to give minimum distortion and shrinkage. The
emulsions were then scanned for fission events, meas-
uring for each event the fission track orientation, with
corrections made for scanning efficiency. If we assume
that the photofission reaction takes place only through
dipole and quadrupole absorption, the angular dis-
tribution can be shown (e.g., Huizenga, 1972) to be
generally of the form

W (6, E)=a(E)+b(E) sin? 0+c(E) sin? 26, (5.2)

where a and b are mixed coefficients (arising from both
dipole and quadrupole fission), ¢ is entirely due to
quadrupole fission.

The experimental data were analyzed by least
squares and by Fourier analysis, permitting inde-
pendent evaluation of the parameters a, b, and ¢. The
values of b/a and ¢/b for 28U are shown in Fig. 22 and
compared with the bremsstrahlung data of Rabotnov
et al. (1970) and the results of Knowles et al. (1970).
The results for the ratio b/¢ are in general agreement
above 5.6 MeV. Below this energy no data are avail-
able from the capture v studies.

The high values of (b/a) at low energies shows the
dominance of the 1=, K=0 state at the saddle point.
This ratio decreases with increasing energy as 1-,
K=1 states contribute to the fission process. The
energy variation of 5 and ¢ permit an evaluation of
the relevant barrier parameters for the 17, K=0 and
17, K=1 levels. The fission cross section formula near
threshold has been given by Halpern (1959) and
Kivikas and Forkman (1965) in the form )

o exp (—Uy/T)
o 1+ exp[(B—U;)/E,]

Manfredini et al. fitted the parameters of the above
expression to their experimental results. They found
values for T—the nuclear temperature of 0.547 MeV,
B—the barrier height of 5.6 MeV, and E,—the pene-
trability factor of 0.126 MeV for the 1, K=0 state.
The corresponding values for the 17, K=1 state were
T=0.642, B=6.57, and E,=0.162 MeV. These are in
good agreement with the values found by Kivikas and
Forkman, and Rabotnov et al. (1965).

Both Rabotnov et al. and Knowles et al. found a
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maximum in the (b/a) ratio in the region of 5.5 MeV.
This can be explained qualitatively by the fact that
the two fission barriers corresponding to the I=1-,
K=0 and I=1", K=1 states differ only near the top
of the barrier. In this case the ratio of penetrabilities
becomes equal to unity both at high energies and in
the deep subbarrier region and has a maximum at some
intermediate energy. Rabotnov ef al. showed that a
detailed analysis of the position of this maximum was
inconsistent with a single peaked potential barrier,
but could be interpreted in terms of the double-humped
barrier.

The results of Rabotnov et al. (1970) below 5.5
MeV show an increase in ¢/b showing the increased
relative importance of quadrupole fission in the sub-
barrier region. The results of Knowles e/ al. (1970)
for this ratio show resonance structure with peaks
about 200 keV wide at 6.9, 6.5, and possibly 6.0 MeV.

V.4 Discussion

The results of the total photofission cross sections
and angular distribution results show inconsistencies
between the bremsstrahlung, the variable energy
Compton scattering method, and the direct (7, v)
technique. It is clearly of importance to resolve these
outstanding differences in the different methods. In
comparing the results, however, it should be remem-
bered that in the first two methods the cross sections
at each energy are averaged over many hundreds of
levels in the target nucleus, and hence represent the
gross energy dependence. In the case of capture v
beams, the narrow lines may overlap with individual
nuclear levels of the target nucleus to give an ac-
centuated cross section, or they may be in a region of
fewer nuclear levels and thus give a reduced cross
section. Without further experimental investigation it
is difficult to say whether these effects are responsible
for the discrepancies between the two methods. The
method using direct capture v rays could be improved
using more accurate methods of beam intensity nor-
malization and by using additional neutron shielding
to reduce the competing (%, f) reaction. In particular,
the rather sharp discontinuity in the cross section
observed at 6.8 MeV for both »8U and 22Th may be
in part due to an incorrect subtraction of the neutron
background. The Ti and Be targets responsible for the
above mentioned discontinuity can be expected to
scatter reactor neutrons in a different manner than
the heavy Bi target used for background correction.
The use of calibrated mica or glass fission detectors
may permit more accurate measurements of the fission
yields and angular distribution. Manfredini et al.
(1971) reported b/a values for 22Th photofission an
order of magnitude less than the results of Rabotnov
et al. (1970). Since clearly a systematic error is in-
volved, it would seem advisable to repeat these meas-
urements.

The interpretation of the angular distribution data
and comparison with the Strutinsky model is de-
pendent on the details of the b/a ratio at low energies.
Since, however, there are significant differences in
the results of Rabotnov ef al. and Knowles ef al. in the
subbarrier region it would seem important to recheck
this ratio. The method using discrete capture vy rays
would not be useful in this low-energy region since
the low level density would make overlap effects
predominant.

VI. PHOTONEUTRON CROSS SECTIONS

VI.1 Introduction -

The photoneutron reaction was first studied using
bremsstrahlung produced at electron accelerators, for
example by Fuller and Weiss (1958). Similar work has
been done using positron annihilation vy rays by
Bramblett et al. (1963) and Bergére ef al. (1968).
These techniques have the advantage of giving intense
and stable y-ray beams, with energies variable over a
wide range. However, they have the drawback of poor
or moderate energy resolution, of the order of some
hundreds of keV in the earlier work and some tens of
keV in recent studies. Hence the experimental (y, #)
cross sections are averaged over a broad energy re-
gion, and precise determination of the threshold energy
of the reaction is difficult. The monoenergetic line of
the Li(p, v) reaction has been used to study (v, %)
cross sections by Hartley et al. (1956). The results are
restricted to energies in the vicinity of 17 MeV, which
lies in the giant dipole region, far above the threshold
of (v, n) reactions. Recently the powerful threshold
photoneutron -technique has been developed (see, for
example, Bowman e al., 1967). This technique per-
mits studying photoneutron cross sections to about 1
MeV above the (v, #) threshold, with a resolution
several orders of magnitude higher than was possible
with previous techniques. Baglan ef al. (1971) have
reported measurements on over 200 resonances. The
results yield interesting information on the E1 strength
function, analog states, doorway states, and the M1
giant resonance.

The availability of a wide variety of lower energy
monoenergetic capture v lines offers the possibility of
checking photoneutron cross sections at discrete
energies in the threshold region. In addition, accurate
measurements of the threshold energies can be made.

Eriksen and Zaleski (1954) made early measure-
ments of the photoneutron cross section of Be using
capture v sources of Fe, Ti, S, Cu, and Al. Owing to
the poor quality of the data then available on capture
v intensities, their results, which were estimated to
have an accuracy of about 209, showed discrepancies
of as much as 509, when compared with the accelerator
data.

In recent years, several studies on the photoneutron
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Tasre IX. Summary of measured cross sections in millibarns [Welsh and Donahue (1961) ].
y-ray source energy (MeV)
Co Fe Al Cu Ni Fe Cr Fe N

Reaction 7.49 7.64 7.73 7.91 8.56 8.997 9.30 9.72 10.16  10.83
81T (y, #)80Tam 0+0.05 0.5+1 4.8%+1.6 1445 32416 44+15 83+33 120-+48
¥ Au(y, n)%Au oo eee 02 3417 44411 6430 8030
165Ho (-y, ) ¥Ho oo cee oo 040.1 29415 30-£18 64+21 86+31 26093
%Nb (v, #)2Nb 0.008£0.005 1.0+0.4 2.440.7
107Ag(y, n)%Ag 0+0.1 4.441.5 22416 23+7.5

reaction have been carried out using capture v rays.
Two methods for determining the reaction yields were
used, one being measurement of the v activity follow-
ing the (v, n) reaction, and the other being direct
photoneutron counting.

VI.2 Experimental Results and Discussion

Welsh and Donahue (1961) measured (v, #) cross
sections indirectly by measuring the v activity which
followed the (v, #) reaction. Since this method proved
to be inaccurate Green and Donahue (1964) and
Hurst and Donahue (1967) directly measured the
neutrons emitted in the (v, #) reaction.

Table IX summarizes the (v, #) cross section found
for different targets and v ray sources by the method
of v activity measurement. Where a capture ¥ source
emitted more than one v line above the threshold

o (y,n) (mb)

MeV

Fi16. 23. (v, n) cross section of 8'Ta. [J, Fuller and Weiss
(1958) ; O, Bramblett et al. (1963); @, Green and Donahue
(1964); A, Bergére et al. (1968); X, Ishkhanov et al. (1969).
The solid line is a smooth curve drawn through the results of
Green and Donahue.

energy for neutron emission, a smooth relationship
between cross section and energy was assumed. For
example, in order to measure the (v, #) cross section
of Ta at 9.00 MeV, a Ni source was used. However,
in addition to the 9.00-MeV line, Ni also emits vy rays
of 7.82 and 8.53 MeV, both above the (v, #) threshold
for Ta. Thus the (v, #) yield from Ta was measured
first using an Al (u, v) source, having a v energy of
7.72 MeV. In this case it is the only v ray above
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Fic. 24. Photoneutron cross section as a function of target
mass for y-ray energies at 9.0, 9.72, and 10.83 MeV. The solid
lines are the giant dipole extrapolations. [Hurst and Donahue

(1967) 1.
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Tasre X. Summary of directly measured photoneutron cross sections (millibarns). [Green and Donahue (1964) ].
Targets
Energy
Source (MeV) 181 Li Li BC B

Aluminum 7.72 4.140.4 0.063;0.01 1.1340.12 1.7+0.2

Copper 7.91 10.8+1.0 0.07+0.01 1.1+0.2 0.9740.13

Chlorine 8.56 29+6 0.1740.12

Nickel 9.00 44+6 0.16+0.06 1.6+0.3 0.60.1 0.11+0.01

Nitrogen 10.83 121412 1.07+0.25 442 0.9+0.2

Chromium 9.72 84425 0.5540.25 0.23+0.05

Iron 7.64 0.0+0.9 0.07940.014 1.340.2 0.2340.05

Iron 9.30 0.094-0.03

Lead 7.38 0.068+0.035 1.240.2 0.3+0.3

Sulphur 5.43 0.42+0.07

Sodium 6.41 0.63-0.1

Titanium 6.75 1.3+0.2

Titanium 6.612 0.324+0.04

Manganese 7.16° 0.9+0.1 0.4+0.1

Zinc 7.88 1.0+0.2 1.24+0.2

@ Weighted average of 6.75-, 6.55-, and 6.41-MeV ~ rays.
b Weighted average of 7.26-, 7.15-, and 7.05-MeV + rays.

threshold and is close to the 7.82 MeV line of Ni.
Next, a Cl source was used, having v rays at 7.77 and
8.56 MeV. If one assumes a smooth variation of cross
section with energy, these results permit evaluation
of the 7.82- and 8.53-MeV contributions for the Ni
source, and hence determination of the 9.00-MeV
cross section. The contribution of the two lower
energy lines of Ni is 259, of that of the 9-MeV line
for the Ta (v, #) reaction.

As already mentioned, the y-activity method intro-
duced considerable errors in evaluation of photo-
neutron cross sections. Although the capture v yields
and energies are now known to much better accuracy
than previously, determination of absolute v activities
can involve errors of the order of several percent.
Where more than one capture + line contributes to the
activity the corrections needed are also uncertain,
since it is not known to what extent the photoneutron
cross section is indeed a smooth function of energy in
the region concerned. In addition, with the close
proximity between sample and source, the photo-
induced activity contains a contribution from Comp-
ton scattered vy rays which is difficult to evaluate
accurately.

Direct counting of the photoneutrons, on the other
hand, avoids many of the above difficulties and permits
direct comparison of the results with those obtained
by other methods. Table X shows the (y, #) cross

sections of ¥'Ta, 7Li, SLi, BC, and B as determined
by photoneutron counting. The chief source of errors
given in the Table is an uncertainty of some 109, in
the v intensities. The cross sections obtained for Ta is
also shown in Fig. 23, together with the earlier brems-
strahlung measurements of Fuller and Weiss (1958)
and the more recent measurements of Ishkanov et al.
(1969). The positron annihilation data of Bramblett
et al. (1963) and Bergére e al. (1968) are also shown
in this Figure. There is satisfactory agreement be-
tween the capture v method and the bremsstrahlung
measurements, though there seems to be disagreement
with the positron annihilation data near threshold.
The value obtained for the (v, #) threshold in Ta is
7.644£0.04 MeV, in excellent agreement with the
value of 7.64£0.1 obtained by Mattauch et al. (1965)
and of 7.6424-0.02 obtained by Geller ef al. (1960).

In some cases, such as the one discussed above, the
assumption of a smooth cross section curve is justified
by the good agreement with the bremsstrahlung re-
sults. Indeed, this seems to be a good method for
checking the smoothness of the energy dependence.
However, if there are deviations from the smooth
curve this method cannot be used to study fine details
of the energy dependence of the cross section.

The cross sections for the (v, #) reactions have been
measured by Hurst and Donahue (1967) for a number
of target nuclei with mass numbers between 59 and
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209 at photon energies of 9.00, 9.72, and 10.83 MeV,
using capture v sources of nickel, chromium and
nitrogen. The results are shown in Fig. 24. The good
agreement between the photoneutron cross sections at

10.83 MeV and those predicted by the Lorentzian .

energy dependence of the giant resonance (Axel,
1962) is of interest and shows the absence of structure
effects at this energy. However, there seem to be some
discrepancies at 9.72 and 9.00 MeV. In view of the
recent improvement in the accuracy with which the
energies and intensities of capture v rays have been
determined it would be worthwhile to repeat these
measurements with higher precision to see whether the
remaining discrepancies can be resolved.

As both the bremsstrahlung and positron time-of-
flight methods have inherent uncertainties in deter-
mining beam energies and intensities, the capture v
method discussed here offers the advantage of abso-
lute normalization at precise energies.

VIL. DELBRUCK SCATTERING USING
CAPTURE  RAYS

One of the important developments of quantum
electrodynamics is in the field of nonlinear electro-

CHANNEL NUMBER

magnetic effects in vacuum. The lower-order predic-
tions of the theory, including second-order shifts in
hydrogenic atoms, and the anomalous magnetic
moment of the electron, have been extensively checked
against experiment and confirmed to an accuracy as
high as one part in 10%.

The scattering of photons in the nuclear -Coulomb
field, first predicted by Delbriick, is a fourth order
nonlinear process involving virtual creation and
annihilation of electron pairs. Delbriick scattering
can be regarded as a radiative correction to nuclear
Thomson scattering. The imaginary part of the Del-
briick scattering amplitude corresponds to scattering
by the real electron pairs produced in the Coulomb
field, and can be used, through the well known rules of
dispersion relations, to calculate the real part of the
amplitude, which is related to the vacuum polarization.
Thus, precision measurements of Delbriick scattering
could be used to confirm the use of dispersion relations
in quantum electrodynamics.

Delbriick scattering is coherent with other elastic
scattering processes, namely Rayleigh, nuclear Thom-
son, and nuclear resonance scattering. Fortunately,
however, in a certain range of forward scattering
angles, and at higher energies, the Delbriick effect
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1.72£0.17 1.91
097+0.12 0.70
0.23+0.04 0.23
0.19+0.04 0.6
0.33+0.07 0.29

F1c. 26. Differential elastic scattering

cross sections for 10.83-MeV photons.
Points, experimental; solid curve, cal-
culated; dashed curve, values calculated
neglecting Delbriick scattering. For
scattering angles greater than 90°, the
contribution from Delbriick scattering is
negligible. [ Jackson and Wetzel (1969) ]

has a reasonably high cross section and can be sepa-
rated from these competing processes. Early experi-
ments carried out at energies in the region of 1 MeV,
using strong radioactive sources, did not succeed in
identifying Delbriick scattering conclusively, owing to
the predominance of Rayleigh scattering at these
energies. In fact, Standing and Jovanovich (1962)
showed that all the studies reported prior to 1962
were in fact consistent with the calculated Rayleigh
scattering amplitude.

Since the Delbriick scattering amplitude increases
with energy while the Rayleigh scattering amplitude
decreases, it is clearly of advantage to study the
former phenomenum at higher energies. Moffat and
Stringfellow (1960) found conclusive evidence for the
imaginary part of the Delbriick scattering amplitude
using 87-MeV bremsstrahlung, and Stierlin e al.
(1962) obtained similar results using 17-MeV Li(p, v)
radiation. However, due to the broad energy range of
the incident v beam and the poor resolution of the
detectors, it was not possible to resolve the elastic
from inelastic processes.

Capture vy rays in the energy region 7-12 MeV are
particularly suited to the study of Delbriick scatter-
ing. Rayleigh scattering is small at these energies
except at extreme forward angles, while nuclear
resonance scattering is dominant only at large scatter-
ing angles in the backward hemisphere. Observation
of the interference effects between Delbriick, Rayleigh,
nuclear Thomson, and nuclear resonance scattering
can thus be used to measure the contribution of the
imaginary and real components of the Delbriick
scattering amplitude.

Bosch et al. (1963) carried out measurements with
9-MeV Ni(#n, v) radiation, using NaI(Tl) detectors.
Because of the poor resolution of these detectors they
were unable to separate the elastic from the Compton

scattering at forward angles. However, from a study
of the angular distribution of the scattered radiation
from Pb and U targets they were able to obtain con-
clusive evidence for the imaginary part of the Del-
briick scattering amplitude.

Jackson and Wetzel (1969), and Moreh et al. (1971)
used capture y radiation of 10.8 MeV (nitrogen
source) and 9 MeV (nickel source), respectively, and
measured the scattered radiation with Ge(Li) de-
tectors. Jackson and Wetzel used a melamine sample
(CsH;3NG) as the (n, v) source. The incident spectrum
and the spectrum of v rays scattered at 30° from Pb
and U targets are shown in Fig. 25. The combined use
of the high-resolution Ge(Li) detector and the mono-
energetic (#, v) beam permits the resolution of the
elastic peak from the general background even at
forward angles. The angular distribution of the scat-
tered radiation in the range 20°-150° are shown in
Fig. 26, where they are compared with theoretical
distributions including the Delbriick amplitudes calcu-
lated by Ehlotzky and Sheppey (1969). The results
provide an excellent confirmation of the contribution
of the imaginary part of the Delbriick scattering
amplitude, which is predominant below 40°. Between
40° and 100° there is strong interference between the
real part of the Delbriick scattering amplitude and
nuclear resonance scattering. Above 120° the results
could be used to evaluate the real part of the Delbriick
scattering amplitude, but more accurate measurements
are required for this purpose.

The results of Moreh ef al. are shown in Fig. 27. The
angular distribution was measured between 8° and
20°, thus extending the earlier work of Bosch to smaller
angles. The theoretical curves show the influence of
the contributions of the different coherent effects.

The solid curves represent the values of the upper
and lower limits of the Delbriick amplitudes of Ehlotzky
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Fic. 27. Differential scattering cross —
sections for 9-MeV photons. The solid w
curves represent the calculated values of a 10
the upper and lower limits of the Del- E
briick amplitudes including Thompson ®
and nuclear resonance scattering only. vls

The dashed curves represent the cal-
culated values if Rayleigh scattering

(according to Bethe’s form factor
formula) is included. [Moreh et al. 1
1971) 1.

and Sheppey. They also include the contribution of the
Thomson and nuclear resonance scattering amplitudes,
without however the Rayleigh amplitudes. It is clear
that the solid curves are in much better agreement
with experiment than the upper dashed curve, which
includes the Rayleigh amplitudes obtained from the
Bethe form factor formula. The contribution of the
Rayleigh amplitudes is considerably reduced if a cor-
rection factor taken from the low energy calculations
of Brown and Mayers (1957) is applied.

These results again give conclusive evidence for the
imaginary component of the Delbriick scattering
amplitude. The existence of the real part, however,
cannot be unambiguously confirmed from these re-
sults, since the theoretical scattering cross sections
are sensitive to the Rayleigh scattering amplitude,
which has not been calculated in this energy range.

To sum up, the use of capture v rays has given con-
clusive evidence for the imaginary component of
Delbriick scattering to an accuracy of about 10%,. By
repeating the measurements, it should be possible to
improve the accuracy to about 3%, and permit the
verification of the existence of the real component.
However, this will require more accurate calculations
of the Rayleigh and Delbriick scattering amplitudes
at these energies.

VIII. FUTURE RESEARCH USING NEUTRON
CAPTURE y RAYS

The capture y-ray techniques described in this re-
view have proved their versatility and achieved
definitive results in a wide variety of applications.
The great advantage and disadvantage of these cap-
ture y-ray beams is that they are limited to discrete
source energies. As such they are ideal for precision
measurements at the discrete energies, which can be
used for calibrating the results of the more versatile
bremsstrahlung and positron annihilation techniques.
As an example, precision measurements of total at-
tenuation coefficients have been carried out at discrete
energies of the capture v rays (Bartlett and Donahue,
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1965; Moreh et al., 1969). Such measurements can be
extended to cover a full range of nuclei.

In some of the applications, the scope for further
exploration would seem limited, but there is consider-
able scope for additional research in the remaining
fields.

The Mossbauer studies reported using on-line
capture v rays have established useful nuclear param-
eters for several nuclei. This on-line technique is
however difficult to apply and, if available, a conven-
tional radioactive Mdssbauer source is to be preferred
for studying a given element. On the other hand, there
may be special cases, where, for example, it is required
to work with Mossbauer source and absorber of identi-
cal chemical composition, where the capture v tech-
nique may find application. In addition, it can be used
to study the radiation damage caused by the (#, v)
reaction itself in various source materials. In one case,
that of the K source, there is no alternative radio-
active source available. However, the very small
changes in the mean square nuclear radius between
the ground and excited states and the properties of
the strong potassium binding have not permitted us
to obtain much useful information from experiments
with this nucleus.

The recoil compensation resonance fluorescence
method of measuring level widths using the (#, «)
cascade itself can be applied only in a few isolated
cases. This is because there are stringent conditions on
the properties of the (u, ¥) cascade permitting recoil
compensation; the requirement of a reasonably high
neutron cross section of the lighter isotope; and the
availability of at least 100 g quantities of the two
adjacent stable isotopes. Both the bremsstrahlung
method and the variable energy Compton scattering
(n, v) source seem to be more suitable for the reso-
nance fluorescence of low-lying levels. While these two
latter techniques involve an incident photon spectrum
with relatively poor energy resolution, the use of
Ge(Li) detectors permits identification of transitions
from the individual levels.

The photoneutron and photofission studies carried
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out using direct capture ¥ beams can supplement the
bremsstrahlung work. The capture v method is ideal
for normalizing the data of the bremsstrahlung tech-
nique, which require an unfolding analysis to obtain
the relevant cross sections. The discrepancies in the
photofission cross sections near threshold show that
it is important to carry out these measurements to a
higher degree of accuracy. Unfortunately, most capture
« sources have more than one line above the particular
reaction threshold. Thus the minor line contributions
must be evaluated to extract the contribution of the
dominant v line. This is usually performed by assuming
a smoothly varying cross section without the presence
of sharp resonances. Where there are deviations from
a smooth cross section due to overlap with individual
nuclear levels, it will generally be difficult to evaluate
accurately the contributions from the different source
lines. For this reason it would not be feasible to study
subthreshold photofission using discrete capture «
beams, since at these energies the effect of the overlap
with individual levels will predominate. In certain
cases the structure of the cross sections near specific
v lines could be studied using the high resolution vy
ray monochromator discussed in Sec. ITI.3.5, or using
the rotating target method of Sec. II1.3.4. These
methods give a ¢ beam having a width of several
hundred eV, or some ten eV, respectively. Both these
methods would be limited from intensity considera-
tions to reactions with cross sections of at least some
tens of millibarns. There would be obvious advantages
in carrying out such experiments using capture v
beams from a high flux reactor.

The variable energy Compton scattering capture vy
source provides a promising means of studying the
photofission reaction over a broad energy band with
a resolution of about 100 keV. Such studies are of
special interest in the near-threshold region, where de-
tailed angular distribution measurements have shown
effects due to the double-humped potential barrier.
This method may have some advantages over the
bremsstrahlung experiments since the photon spectrum
includes a prominent peak at the upper end of the
spectrum, and the unfolding procedure may therefore
be less subject to “swinging” of the solutions. Since
the resolution attainable with this technique is limited
mainly by intensity considerations, it would also be
advantageous to'install this type of facility at a high
flux reactor.

By using the two complementary methods of excita-
tion—namely, chance overlap of the capture v lines
with individual levels, and the variable energy Comp-
ton scattering (or bremsstrahlung) source—it should
be possible to make a comprehensive study of the
ground state transition strengths in the interesting
energy region between the pigmy resonance at about
5 MeV and (v, #) threshold. This would yield values
of (I'v)/D and (T'), and hence D, throughout this

energy region. The excitation of individual levels can
be expected to give additional spectroscopic data on
the level schemes of stable nuclei, both in the low-
lying region and in the energy region up to 10 MeV.

The measurements of elastic and inelastic scattering
of high-energy capture v rays from heavy nuclei have
permitted the direct observation of both Delbriick
and nuclear Raman scattering. In the former case,
more accurate measurements are required in a variety
of target nuclei to permit verification of the imaginary
and real components of the Delbriick scattering ampli-
tudes. The extension of the nuclear Raman scattering
to other deformed nuclei in the heavy and medium
mass region will permit an independent evaluation of
the giant dipole parameters.
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