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The experimental study of gamma rays following the capture of slow
neutrons is a very valuable tool for the investigation of nuclear structure.
This has been demonstrated by a large number of works during the past 20 years
or so, and will certainly continue to be the case for some years in the future.
In the present talk, I shall successively discuss : the types of informations
which can be obtained on the properties of nuclear energy levels from .such
experiments, especially when compared with other methods ; the historical
developments of this field ; the current experimental techniques i and some
suggestions concerning potentially interesting studies which can be carried
out with moderate flux reactors.

Slow-neutron capture produces a compound nucleus state with high
excitation energy, typically 8 to 10 HeV. The decay of the latter populates
a large number of levels between the neutron binding energy and the ground
state of the product nucleus by the emission of gamma rays (or conversion
electrons), either directly through the so-called primary transitions, or by
cascades with emission of one or several secondary transitions. The first
quantities to measure are thus the energies and intensities of these
capture gamma rays. The associated spectra are generally very complex in
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view of the large number of levels involved in the neutron-capture process ;
they extend between 0 and 8 to 10 MeV and include hundreds» if not thousands,
of lines. An example of such data is given in Figure 1 which displays the

47 48 I)gannna-ray spectrum following the Ti (n,v)-Ti reaction using an enriched
.47Tif target ; its complication is quite apparent and heavier nuclei are

still worse as will be shown by other examples later in this talk. A recent
investigation of this complexity of the slow-neutron capture gamma-ray spectra

2)has been carried out by von Egidy on a statistical basis ; one of his con-
clusions is that, if the sensitivity of the gamma-ray spectrometers is made
higher, the number of detected transitions will inevitably increase. This is
a very encouraging result because it means that there will almost always be
new lines to discover and experimental programme for the neutron-capture
gamma-ray specialists...

The next step is to include the measured capture gamma rays in a decay
scheme and to determine the spin and parity of the levels involved and the raul-
tipolarity of the transitions connecting them» This makes use of the following
techniques : coincidence experiments to establish the cascade relationships
between the various .lines ; angular correlations between successive gamma rays ;
measurements of internal conversion coefficients, absolute values or ratios i
circular polarization of .gamma rays following the capture of polarized neutrons i
investigations of the capture gamma rays at the various slow neutron resonances..
The resulting decay scheme is usually quite complex as exemplified by the one

47 48obtained from the spectrum of Figure 1, i,e. in.the Ti (n,Y)Ti reaction, and
'displayed on Figure 2.

The slow-neutron capture gamma-ray decay scheme should be as complete
as possible with respect to level positions and energies, their modes of decay,
spin and parity,,,the properties of the gamma-ray transitions... All these data
are then compared with the predictions of various nuclear models whose basic
hypotheses depend on the region of the periodic table which includes the final
nucleus ; such studies give informations on the validity of the model used, on
the various parameters ifc includes, on its limitations.;. I shall not deal with1
this aspect of the neutronrcapture gamma-ray field in the present talk since
nice examples of such comparison with nuclear models are given by Dr.Michaelis
in his lecture during the present meeting. However, I would like to compare
the kinds of nuclear energy levels which are excited in slow-neutron capture
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and by other» methods..
Ah old but 4till popular method to investigate nuclear energy

levels is to: study the decay scheme of radioactive isotopes or isomers. This
is limited., with respect to the excitation energy of the levels excited, by
the decay energy,' typically below 3 MeV. The neutron-capture process, on the
other hand, covers a wider energy range, below 8 to 10 IteV as pointed out
before.Selection rules are present in radioactive decays, imposing limitations
on the spin and parity of the levels which are populated to a measurable
extent. 'fher& are of course also selection rules in slow-neutron capture :
starting from the capturing state which has at most 2 possible spin values
(the target nucleus spin * 1/2), primary 'transitions are mainly of the El~»-
and, to a. smaller extent, of the Ml and E2-types. However» the limitations
they imply for the spin of the levels excited are to some extent relaxed by
the large number of cascades in the secondary transitions» As a consequence»
a wider range of level spins are attainable by neutron capture.

Other nuclear reactions involving charged particles or fast neutrons
can of coursé also be used to investigate nuclear energy levels with various
excitation energies and spins. They also have their own selection rules and
associated limitations on the type of levels excited» so that a more or less
complete picture of the nuclear level scheme can only be obtained through
studies of several complementary modes of level populations, including slow-

. - • - . . J. - . • !neutrorf capture when applicable. The latter> however, has the unique feature»
with respect to other nuclear reactions, that it is a very copious source of
gamma-rays : the cross sections are large and high neutron fluxes are availa-
ble. High-résolution, low-luminosity gamma-ray spectrometers can then be used
with the consequences that hisj,h accuracy can be achieved on the transition
energies to within a few eV and thereby on the levels excitation energies ;
also, modesof decay with very low relative intensity are likely to be detected.
It can thus be stated that, if one looks in the Nuclear Data sheets, the'most
accurate values of the levels energies and their most complete decay schemes
including their weakest modes of decay are generally derived from slow-neutron
capture gamma-ray experiments whenever they can be reached through this process.

Let me now briefly review the historical developments of .the slow-
neutron capture gamma-ray field. In view of the complexity of the capture gamina-
ray spectra, it was soon realized that high resolution spectrometers are
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necessary to study then». Instruments of this kind, in the first experiments,
mostly included magnetic spectrometers based on pair production» the Conipton
effect and the photoelectric and internal-electron conversion processes. The
former 2 types, pair™ and Compton-spectrometers were developed in the early fifties
Kinsey and Bartholomew in Canada and by Groshev and Demidov in the USSR,
respectively. They were mainly useful in the higher energy region of the

«
capture spectrum (above a)x>ut 3 HeV for the pair spectrometer and 1 4eV for
the Coropton spectrometer). An example of a spectrum obtained with a Compton

ISO 3spectrometer in the S (n,Y)S reaction ) is given in Figure 3. For lower
energies, crystal diffraction techniques were used, with flat crystal by
Knowles in Canada , and with curved crystals by IJamtnerraesh and Stnither in the
US and by Schult and his group working in Danemark. All these high-resolution,
low- luminosity gamma-ray spectrometers, especially the magnetic ones, required
rather large sources v so that , at the time these experiments were carried out
(between about 1950 and 1965)» mostly natural targets were used in The
neutron-capture reaction.

A major breakthrough in the slow-neutron capture gamma-ray field
occured when the Ge(Li) gamma-ray spectx-ometars wsre put into operation in 1963.
These detectors combine the advantages of high resolution (better then most
magnetic spectrometers, and competitive with crystal-diffraction spectrometers
above about iMeV), multichannel operation (allowing the registration of the
whole spectrum at the same time) and moderate efficiency. The latter property
is especially important when only small amounts of source material are available,
so that the use of Ge(Li) spectromers in the capture gamma -ray field allows
an easier study of enriched isotope targets. As a consequence of these advan-
tages, as soon as Ge(Li) detectors were available, they essentially replaced
all other types of spectrometers for the study of neutron-capture gamma rays,
except the curved-crystal diffraction spectrometers below about 1 HeV. Also,
as instruments of this kind are not too expensive and do not require years of
development , the number of groups all over, the world working in the field
increased suddenly since 1965 by a very large factor. At the same time» enriched
isotopes in larger and larger quantities were made available. As a consequence
of all these facts, it can safely be predicted that, within a small number
of years, all enriched targets which can be prepared in moderate quantities
and with reasonable neutron-capture cross sections will have been investigated
using Ge(Li)spectrometers.An example of aspectrum registered with a Ge(Li)
detector has been given in Figure 1.
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I shall now summarise what the situation is now with regards to the
current experimental techniques in the slow-neutron capture gamma-ray field.
First, there is the Ge(Iii) spectrometer. A variety of improvements for its
mode of operation have been developep, using it as central part of pair
spectrometers or in the anticoincidence Compton-suppression mode. Figures
4 and 5 display an example of how the spectrxan from the Ga (n,-y)Ga reaction
is somewhat simplified by the use of a pair spectrometer, when comparing the
data of Figure M- (straight spectrum) with those of Figure 5 (pair spectrometer).
The use of the anti-Compton technique is illustrated in Figure 6 which shows

G *7 fiPthe spectrum from the Zn (n»v)2n reaction between 850 and 1600 keV, with
a considerably reduced "background"' between the peaks. Large volume Ge(Li)
detectors are available, thereby increasing the efficiency. There seems to be a
limit, however, to the detector size : in large Ge(Li) spectrometers, each
gamma ray in the high- energy region of the neutron -capture spectrum gives rise
to 3 peaks, the photopeak, first- and double-escape peaks, with comparable
intensities, which increases the spectrum complexity. Smaller detectors essen-
tially display the second-escape peak and, of course, have a reduced efficiency.

2The best compromise in these regards seems to lie between 10 and 20 cm . Methods
have also been developed to increase the detector resolution and the accuracy of
the gamma-ray energy determination, to facilitate the analysis of the resulting
spectra with suitable computer programmes . . .
To summarize very roughly the present state of the art with respect to Ge(Li)
detectors used in the slow-neutron capture gamma-ray field, one can now register
the spectra of interest between about 1 HeV and the neutron binding energy with
about 0.1 % energy resolution, 0.1 to 0.5 keV energy accuracy and. 10 to 15 %
precision in the relative intensity determination. A recent example of such a
spectrum ' is given in Figure 7 j it concerns the M^CnsY^o reaction and
displays very good energy resolutions : 4.2 keV arour '' 5 KeV, 5.1 MeV around
7 MeV and 5.7 around 8 MeV

Below about 1 KeV, the best spectrometer with respect to energy resolu-
tion» energy accuracy and detection of weak lines in the neighbourhood of strong
ones still remains the curved crystal spectrometer. Rather few instruments of
this kind are presently operating ; in this respect, very promising devices
of this type are planned at the franco-gerroan high flux- reactor at Grenoble. These
spectrometers, when operated in the higher-order diffraction modes, are capable
to yield energy accuracy of a few eV and to resolve thousands of lines in the
low-enargy neutron capture spectra, especially for heavy elements.
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The availability of higher fluxes also allows the use of enriched targets,
although the lower limit of the cross sections which can. still be handled
is certainly higher than for the Ge(Li) detectors. Owing to these various facts,
there will probably still be quite a number of years before all practical
targets will have been studied with the desired amount of details using
curved-crystal gamma-ray spectrometers.

Let me mention in passing a region of potential interest in the capture
spectrum, the one between roughly 1 and !* MsV. This is somewhat high for curved-
crystal spectrometers. OR the other hand, the density of lines is usually quite
high in this energy region. This is very clearly shown in Figure 3. The complex
spectral response of Ge(Li) detectors makes then» rather unpractical for unra-
velling this 1~ to tj-MeV region, at least by straight spectroscopy. This is an
interesting part of the spectrum, though, because energy levels around 2 to 3 MeV
excitation energy in the product nucleus are generally not very well known and
are very interesting for the comparison with nuclear models. A possible way to
handle the capture gamma-ray spectrum in this neighbourhood is the use of ;
Ge(Li) detectors in pair- or Compton-spectrometers. This has been carried out
at several laboratories, including Dr. Michaelis and his group, arid-requires
great care... and patience.

To establish the decay scheme of the neutron-capture gamma-ray spectra
obtained with the instruments just described, a first method is to make use of
the high energy accuracy attainable with curved crystals and, to a smaller
extents with Ge(Li) detectors, and to construct the decay scheme with the Ritz
combination principle. This is often successfull and yields the desired result
with a reasonable degree of confidence and completeness. An example of a decay
scheme obtained with Ge(Li) data and the Ritz combination principle, and con-

47 !i-8 1)cerning the Ti (n»y)Ti reaction is shown in Figure 2. However, coincidence
experiments are always very welcome to confirm the results of the first method
and to raise some ambiguities it always leaves.These kinds of measurements
have first been carried out using Mal(TA) crystals with high efficiency but
low resolution ; although quite valuable in some cases, such coincidence expe-
riments suffer from' a lot of ambiguities. The next step has bees-'the Ge(Li) -
Nal(Tfc) combination with a moderate loss of efficiency and an appreciable gain
in energy 'resolution for one channel of the coincidence device with respect to
the NaI(T&) - NaI(T&) case. It now seems that Ge(Li) - Ge(Li) coincidence
experiments are quite feasible and should yield very valuable informations on
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the capture gamma-ray decay scheme 1 The reason is that» although the efficiency
of such apparatus is low, the few coincidence counts which are registered are
concentrated in narrow peaks standing clearly above the background, so that
the searched informations are obtained. Few studies of this type have been
carried out so far. They do not require especially high flux reactors. However.»
the technical complexities are rather high : there are problems when registering
fast coincidences between Ge(Li) detectors which, for efficiency reasons, are
large » the coincidence events should be stored in two -parameters multichannel
analysers with large numbers of channels in the 2 dimensions to take advantage
of the high resolution of the Ge(Li) detectors ; the counting times are long,
imposing severe stability conditions on the equipment ; the singles counting
rates in each of the detectors are high with the associated pile-up and drift
problems ; the analysis of the data is not simple and requires the use of
complex devices... All this makes experiments of this kind rather expensive
altogether. They yield very interesting results, however., as exemplified in
Figuré 8 where Ge(Li)-Ge(Li) coincidence measurements in the MO (n,
reaction are desplayed.

Let me now talk about the various methods mentioned before to obtain
informations on the spin and parity of the levels excited during the neutron-
capture process and on the roultipolarity of the associated transitions.
Angular correlation between successive gamma rays is a well known way to get
such informations in radioactive decays. It has of course also been applied
to neutron-capture gamma rays. Most of this work so far has been carried out
with Hal(Tfc) crystals, making the interpretation of the results often ambiguous
in view of the detector energy resolution and spectrum complexity. Other diffi-
culties arise from the large number of unknown involved in such experiments with
capture gamma rays, i.e. the spins of the initial, intermediate and final levels
of the cascade, and the multipole admixtures of the transitions, if any : quite
often, few of these quantities are known before hand, and the only two measura-
ble data are the A-Mo^na Aq/A<> coefficients in the angular correlation function,
so that unambiguous indications can seldom be obtained on the unknown ones* In
only one ease , is it very easy to get a clear-cut answer from this type of
, experiments : capture of thermal neutrons by an even-even nucleus gives rise
to a 1/2* capturing state which, by El primary transitions, populates 1/2" or
3/2 levels ; any angular correlation involving these primary transitions which
is anisotropic automatically selects 3/2*" as the intermediate state of the
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cascade. An example of some angular correlation results obtained in the
8? 68 6̂2n (n,v)2n reaction is given in Figure 9. The difficulty here does not

lie in the unknown spins(the intermediate and final states spins in the
cascades involving the 1077 keV line are knovm) but in the energy resolution .
of the Nal(TA) detectors used ; Figure 9 illustrates how this problem is
handled in practice.

Internal conversion measurements 0 Lso constitute a popular method in
radi.oactive decay studies for determining the transitions multipolarity, and
thereby informations on the levels spin and parity. These experiments have
successfully been carr-ied out with neutron-capture gamma rays. The problems here
are : high resolution in view of the spectral complexity ; utilization of
rather large targets as sources for the internal-conversion electron spectro-
meters, which implies difficulties to achieve the necessary resolution ; need
of thin targets to avoid spoiling the resolution, with the consequence of low
counting rates \ back-ground due to neutron capture and gamma ray scattering in
the shielding material giving rise to parasitic electrons... These problems
however have been largely overcome and some apparatus of this kind are now
working in the world on a somewhat routine basis. The results obtained from
them, combined with the data from other methods, yield very valuable informations
for the construction of the capture gamma-ray decay scheme.

A method for obtaining informations on levels spin and transitions
multipolarities which has no analog in decay scheme studies is the measurement
of the circular polarization of the gamroa rays following the capture of polarized
neutrons. The latter are obtained by diffraction of a reactor neutron beam on
a magnetized Co-Fe crystal or by reflection of very low-energy neutrons on a
magnetized Co-mirror ; the resulting neut; on polarization is usually high, 0.8
to 0.9. The circular polarization of the capture gamma rays is measured by
transmission through a magnetized iron core : one compares the counting rates
in a suitable gamma-ray detector for the 2 possible directions of the neutron
spin or for the 2 possible directions of the iron core magnetization. Informa-
tions obtained by.this method on levels spins and transitions multipolarities
are often less ambiguous than from gamma-gamma angular correlations experiments'
since only one transition, and consequently fewer unknown quantities, are in-
volved in such measurements. The problems arise from the gamma-ray spectrometer
behind the magnetized iron core. First experiments of the type have involved
Nal(TJt) crystals, and recent ones, Ge(Li) detectors, with the corresponding
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improvements in energy resolution. Here again, very high flux reactors are not
required and, in view of the value of the informations obtainable, such studies
are likely to become more and more popular.

The experimental study of the gamma rays following the capture of
epithermai neutrons at the various neutron resonances is a vast area of research
which is not treated in the present talk, in spite of its interest, because
of time limitations ; a review of the subject has recently been presented
I shall only mention one reason «among others vrhy such experiments can yield
supplementary informations with respect to those given by thsrtnal neutron captu-
re which vie have essentially dealt with so far. The intensity distribution of
the primary capture gamma rays starting from different initial states (i.e. those
corresponding to the neutron resonances) and ending to various final levels
of the product nucleus is governed by a statistical law, the so-called Porter-
Thomas distribution. According to the latter, the most probable value for the
relative intensity of a line starting from and ending to specified states is
zero, so that it is likely not to be observed. The reason why one can measure
any thermal-neutron capture gatnraa-ray spectra at all (i.e. with one specified
initial level, the one formed by thermal neutron capture) is that a large number
of final states are available, so that non-zero relative intensities nevertheless
appear. Similarly, one has a chance of detecting a transition ending to one
specified final level only if one tries to observe it for different (and as
numerous as possible) initial states, i.e. at various neutron resonances.
Consequently, a more complete picture of the slow-neutron capture gamma-ray
spectra is likely to emerge from a study at thermal neutron energies as well
as at the various neutron resonances.

These experiment 55 are complex and lengthy mainly because of the need
of tirae-of-flight techniques for separating the neutron resonances» and of the
low counting rates obtainable in view of the low resonance neutron flux. At
.least for the purpose just mentioned» i.e. to overcome the effects of the
Porter-Thomas distribution, such complications are unnecessary since one is
averaging the intensities of the various primary transitions over the different
resonances anyway. A simpler method of getting similar results is to study the
capturé of slow neutrons with a wide range of energies, including a large number
of resonances but excluding the thermal region which would otherwise dominate
the capture. This can be achieved by filtering the neutron spectrum from the
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reactor through various substances. The first of these which has been used is
boron, by Bollinger and CDworkers at Argorme. A very promising technique recently

8)initiated at Idaho Falls involves filters made of. scandium and iron which,
due to the peculiar structure of their total neutron cross section as a function
cf aiergy, are capable to yield neutrons with energies near 2 and 25 keV, respec-
tively, and with a few keV widths. Such experiments have already given very
interesting results and, as they do not require very high neutron fluxes, can
be performed on moderate flux reactors.

To summarize, I have tried, in the present talk, to present a
general and probably superficial and uncomplete view of the field of slow-neutron
capture garama.-ray spectroscopy as it stands today. I have shown illustrative and
recent examples of the kind of data obtained by such works. Let me finally
recall you the types of experiments which could be carried out with not too
high flux reactors, using not too involved and expensive equipments> with a
minimum of development time, and finally which are not likely to be exhausted in
the near future > these are : a detailed investigation of the slow-neutron
capture gamma-ray spectra between about 1 and 5 MeV with pair- and anti-Corapton-
spectrometers involving Ge(Li) detectors ; the circular polarization of gamma
rays following the capture of polarized neutrons using Ge(Iii) spectrometers,
possibly with the above-mentioned refinements $ and study of the gamma rays
following the capture of epithermal neutrons-obtained through the use of suita-
ble neutron filters»
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Figure Captions.
H 7 **8 . 1)Fig. 1 Thermal-neutron capture gamraa-ray spectrum in thé Ti (n,Y)Ti reaction

registered with a Ge(Li) detector. .
Fig, 2 Decay scheme of the thermal-neutron capture gaiama rays in Ti deduced

from the spectrum of Fig. JU using the Mtz combination principle.
150Fig. 3 Thermal-neutron capture gamma-ray spectrum in the Sm (n»v)Sm

3)re&crion registered with a magnetic Compton-spectrometer. Notice the
spectrum complexity betweer. I and 5 i-leV.

Fig. 4 Thermal-neutron capture gamma-ray spectrum in the Ga (n»y)Gaq)reaction registered with a Ge(Li) detector used in straight spectroscopy.
69 70 15Fig. 5 Thermal-neutron capture gamma-ray spectrum in the Ga (ns'y)Ga reaction

registered with a pair spectrometer using a Ge(Li) detector as central
part. The comparison with the spectrum of Fig. 4. shows the simplifica-
tions and"background"reduction achieved by the pair-spectrometer arrange-
ment.

Fig. 6 Thermal-neutron capture gamma-ray spectrum in the Zb (n9v)Zn reaction
registered with an anti-Compton spectrometer using a Ge(Li) detector.
Notice the very low ''background" bet ween the peaks.

Fig. 7 Thermal-neutron capture gamma-ray spectrum in the Ho (n,y)Mo reaction
registered with a Ge(Li) detector. The very good resolution achieved in
this spectrum is demonstrated by the width of various peaks indicated on
the figure.

Fig. 8 Gamma-gamma coincidences in the thermal-neutron capture gamma-ray
95 96 &}spectrum for the Mo (n,Y)Mo reaction registered with two Ge(Li)

detectors. The windows in one detector used for the coincidence spectra
a to d in the other detector are indicated in the insert. Notice that,
even for very low intensity coincidence peaks, the good resolution of
the Ge(Li) spectrometer allows to separate them from the "background41
between the lines.

Fig. 9 Gamma-gamma angular correlation in the thermal-neutron capture gamma-ray
spectrum from the 2n (n,v)2n ' reaction registered with flal(Tfc)
crystals. The window in one detector used for the coincidence spectra in
the other detector at various angles 6 s 90 to 180° is indicated in the
insert. Attempts to separate the 1261 and 1340 keV coincidence peaks in
spite of the low resolution of the HaI(T&) crystal are illustrated in part
c of the figure.
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