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FOREWORD

Experimental capabilities in the field of neutron capture gamma-ray
spectroscopy have expanded greatly in the last few years; this has been due
in large part to the advent of high-quality Ge(Li) detectors, improvements
in electronic data processing, and improvements in bent-crystal spectro-
meters. Previously unsuspected phenomena, such as the '5. 5-MeV'anomaly, -
have appeared and new research tools, such as neutron guide tubes, have
been brought into use. Equally exciting developments have occurred in the
theory of neutron capture. Complex spectra have yielded to analysis after
account had been taken of such effects as vibration, rotation and Coriolis
forces, and the theoretical prediction of capture spectra seems to be a
future possibility.

In view of the International Atomic Energy Agency's close interest in
this subject and the need for an international exchange of ideas to analyse
and study the latest developments, the Agency was very pleased to accede
tothe request of the Institute of Physics, Chalmers University of Technology
and the University of Gothenburg, to support the Studsvik international
meeting of 11-15 August and to publish the proceedings.

INTRODUCTION BY THE CHAIRMAN
OF THE SYMPOSIUM

The International Symposium on Neutron Capture Gamma-Ray Spectro-
scopy was heldon 11-15 August 1969 at the Swedish Nuclear Reactor Centre,
Studsvik, organized by Chalmers University of Technology and the Uni-
versity of Gothenburg and supported by the International Atomic Energy
Agency and AB Atomenergi. The holding of the Symposium was made pos-—
sible by the financial support of the International Atomic Energy Agency,
The Swedish Atomic Research Council, AB Atomenergi and the town of
Nykoping. The excellent facilities provided by AB Atomenergi were of
great benefit to the smooth running of the Symposium.

The organizers of the Symposium felt that work on neutron capture
gamma-ray spectroscopy had achievedsuch valuable and significant results
that the time had come for this information to be presented, examined and
discussed internationally. This kind of spectroscopy has permitted the
study of nuclear level systems up to very high excitation energies. An
important aspect of the work is the rapidly advancing study of the de-excita-
tion of resonance states, which promises to become a most valuable method
for elucidating the nature of higher excited states. Investigations of neutron



resonance capture have also proved very effective in, and convenient for,
the understanding of the slow-neutron capture mechanism itself. The lines
of research on these and other aspects of neutron capture gamma-ray spec-—
troscopy which were revealed by the participants at the meeting will doubt-
less stimulate many ideas for future studies leading to a deeper comprehen-
sion of the nuclear processes involved.

The Advisory Committee consisted of Dr. G.A. Bartholomew, Chalk
River; Dr. H.H. Bolotin, Argonne; Prof. L.V. Groshev, Moscow; Prof. H.
Maier—Leibnitz, Grenoble; Dr. H.T. Motz, Los Alamos; Prof. N. Ryde
(Chairman), Gothenburg; Dr. O.W.B. Schult, Munich; and Dr. J. Vervier,
Héveilé-Louvain. The Organizing Committee responsible for the running
of the Symposium and the scientific program consisted of Dr. S.E. Arnell,
Dr. I. Berggvist, Dr. P.H. Blichert-Toft, Dr. L. Broman, Dr. A. Backlin,
Dr. R. Hardell, Dr. L. Jonsson (Secretary), Dr. S. Nilsson, Dr. R.
Pauli, Prof. N. Ryde (Chairman), Dr. E. Selin, Dr. O. Skeppstedt (As-—
sistant Secretary), Dr. N. Starfelt and Dr. T. Wiedling. I am grateful to
the members of both committees for their helpful suggestions and efforts.
On behalf of the Organizing Committee, I wish to thank all the participants,
the session chairmen and the service staff for helping to make the Sympo-
sium a success.

The Organizing Committee is also very grateful to Prof. Maier—-
Leibnitz for his willingness to act as President of the Symposium; the parti-
cipants will especially remember his excellent summing-up of the Sympo-—
sium with valuable pointers to future developments.

The Symposium, being the first international meeting on this important
topic, aroused great interest: a total of 117 invited scientists from 21
countries attended the meeting and 77 papers were contributed. These Pro-
ceedings contain the papers presented, together with seven invited talks;
papers published or intended for publication elsewhere have been presented
by abstract only. The publication of the Proceedings has been made possible
through financial support from the International Atomic Energy Agency and
the Swedish Research Institute of National Defence, and the Organizing Com-
mittee wishes to acknowledge the effective help of the Agency in editing
the Proceedings. .

Nils Ryde
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Invited talk

VIBRATIONAL FIELDS AND
NUCLEAR DIPOLE MODES*

A, BOHR

The Niels Bohr Institute,
University of Copenhagen,
and |

B.R. MOTTELSON
NORDITA,

Copenhagen, Denmark

Abstract

VIBRATIONAL FIELDS AND NUCLEAR DIPOLE MODES, The vibrational field in isovector modes is esti-
mated on the basis of the symmetry potential., The estimate yields a frequency for the dipole mode in agree-
ment with the observed photoresonance frequency in heavy nuclei, The effect of the neutron excess on the
dipole modes with and without charge-exchange is also discussed.

VIBRATIONAL FIELDS

A basic property of a vibrational mode in a system with independent-
particle motion is the field it generates. The vibration involves a coherent
motion of particles giving rise to variations in the nucleonic density with
respect to the equilibrium distribution and these density variations generate
corresponding variations in the average potential.

To leading order in the vibrational -amplitude, «, the variations in the
. nuclear potential can be expressed in the form

6V = k F(x)a ’ (1)

where F(x) describes the dependence of the potential on the nucleonic
variables (space, spin, isospin), while the coupling constant k is a measure
of the strength of the coupling between density and field.

The field (1) acts on the individual particles in the nucleus and can be
observed in inelastic scattering of nucleons (Fig.la), in the decay of a
quantum into a particle-hole pair (Fig.1b), and in many other processes
involving particle-vibration coupling (see, for example, the interaction
between a particle and a quantum and the polarization charge, represented
by diagrams such as those in Fig.lc and Fig.1d, respectively). One also
expects the field coupling (1) to play a decisive role in the structure of the
quanta, by organizing the collective motion of the particles (see Fig.1le).

* A more detailed discussion of the topics considered in the present article, as well as references to the
earlier developments of the subject, will be given in the forthcoming Vol. II of the monograph "Nuclear
Structure” (W, Benjamin Inc., New York) by the present authors,
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(@) (b} {c)

—-EA

(d) (e)

FIG.1. Examples of processes associated with the field 'coupling.

The vibrational field is a result of the nucleonic (and mesonic) inter-
actions. The relationship is similar to that of the static nuclear potential
to the two-body forces, which is known to be a subtle one and in which
many correlation effects are involved.

The point to be emphasized is that the vibrational field is a quantity
with which we deal very directly in a variety of phenomena associated
with vibrational excitations., It is thus of significance to explore this
quantity by the various tools available including direct experimental study,
the application of general theoretical relationships and deductions based
on the underlying nucleonic interactions.

SHAPE OSCILLATIONS

Among the best studied nuclear vibrations are the quadrupole and
octupole modes that are a prominent feature of low-energy nuclear spectra.
These excitations can be approximately described as shape vibrations,
by which the variations in the nucleonic density and field are obtained by
deforming the known static density and field

ror(it) YE (9,9, )
m

(2)

av «
6V ~r or Y)\”Q/A#

The central static potential is denoted by V; an additional, smaller term
in 6V arises from the deformation of the spin-orbit potential. (In a more
detailed description it may be necessary to consider the variation of «
with r.)
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Evidence in favour of the field coupling (2) comes from the observed
cross-sections for inelastic nucleon scattering exciting the collective 2+
and 3- levels. In particular, these experiments yield values of the defor-
mation parameter ¢ in approximate agreement with those obtained from
determinations of the multipole moments of the charge distribution.

A favourable opportunity for a quantitative study of the particle- -
vibration coupling is provided by the octupole excitations in the nuclei
adjacent to 28Pb. The evidence appears to be consistent with the coupling (2)
and detailed tests may soon be expected.

The coupling (2) also appears to account qualitatively for the structure
of the quadrupole and octupole quanta (frequencies and transition amplitudes).
Quantitative analysis is beset with the difficulty that, for many nuclei,
the nuclear shape is near instability with respect to quadrupole defor-
mations and that the vibrational spectra therefore exhibit large an-
harmonicity effects.

ISOVECTOR MODES

The shape oscillations involve a symmetric motion of neutrons and
protons and are thus isoscalar. In the isovector modes, neutrons and
protons move with opposite phase. A variety of such modes may occur,
but at present the only isovector mode that has been systematically identi-
fied in nuclear spectra is dipole oscillation, known as giant resonance in
photo-absorption.

The relation between the density and field oscillations in isovector
modes may be estimated from the nuclear symmetry potential. The
dependence of the nuclear potential on the isospin variable t, (=+3 for
neutrons, -3 for protons) is usually expressed in the form

_ 1 N-Z
V—Vo +5 VltZ—A_
(3)
p
=Vo+3 Vit ob
Py

The last term is the isovector potential which describes the potential
produced by a small isovector density p; =p;- Op superposed on the 1so—
scalar density pg = Pn TPp - The empirically determmed value of V, is .
~100 MeV. Thus, if the density variation in an isovector v1brat10nal
mode is of the form

sp1=1f(r)a : B (4)
we may expect the associated potential to be

vy o
6Vw—2p—o (r)t, o o (5)
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DIPOLE MODE

For the dipole mode we shall assume that £(7) is approximately pro-
portional to ¥, as indicated by the fact that the mode is known to approxi-
mately exhaust the classical dipole sum rule. If we normalize the vi-
brational amplitude, such that

2 .
‘_A (th )k

o=

agls

=1

1
=~Ak/‘6p1x‘d3r

for the motion in the x-direction, it follows that

=

(6)

— pO
f =
(r) 2> X
5 (7)
2P
= szx

where {x%) is the mean value of x? for a particle in the nucleus, whichhas
been expressed in terms of the radius parameter R. The potential (5) can
thus be written C )

: 2
6V=sztza (8)

with the coupling constant
. 9V A
4R?

K

In terms of this coupling one can determine the eigenfrequency of
the collective mode by the standard methods of the microscopic theory
of vibrations (Fig.1d). In the present case the problem is especially
simple since the one-particle excitations produced by a field proportional
to x have frequencies clustering around the frequency wy of the representa-
tive oscillator potential (hw,~41 N MeV). The coupling between the
one-particle excitations produced by the field (5) is large compared with
the separation between the one-particle frequencies, and one may there-
fore treat these as degenerate. In such a situation the collective frequency
w can be obtained by an elementary calculation yielding (with V1 = 100 MeV
andR=1.2A%fm) '

b
o =twg (1 +—5—) =737 Mev (10)
A]V[t.u0
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in rather good agreement with the observed giant resonance frequencies
in heavy nuclei (A>40). (A more detailed estimate of w, .based on the
available information of the one-particle dipole excitation spectrum and
the coupling constant (9), yields values very close to (10); see Ref.[1].)
The isovector modes are basically of volume type, as distinct from
the shape oscillations, which may be characterized as surface modes,
but the role of the surface region in the isovector modes needs further
investigation. This uncertainty, however, hardly alters the conclusion
that the observed properties of the dipole mode are consistent with the
empirical evidence on the symmetry potential. Estimates of the dipole
resonance frequency on the basis of effective interactions derived from
nucleonic two-body forces have tended to underestimate the value of w
(see Ref.[2]); it appears likely that these effective interactions would
also fail to reproduce the observed strength of the symmetry potential.
The essential element in the above description of the dipole mode
is the strong isovector field. This field can be probed by various
phenomena involving the particle-vibration coupling. Thus, the field
is directly involved in the excitation of the dipole mode by inelastic
nucleon scattering (see Fig.1la), but the evidence so far is very limited.
The decay of the dipole state with the emission of fast nucleons
(see Fig.1b) may also be a valuable source of information. Furthermore,
the field coupling gives rise to a renormalization of the effective charge
for E1 transitions, which is estimated to be

.. ) . <(hw0)2—(AE)2>
el Bl AF) =~ et (e Ty

etz (‘- 0.7 (‘hw)z - (AE)2>

where AE is the transition energy. For AE<<hw, estimate (11) implies
a reduction of the effective charge by a factor of about 0.3, as a conse-
quence of the coupling to the dipole mode.

Expression (11) applies to nuclei with N = Z. In nuclei with a neutron
excess the effective charge receives the additional contribution

2
_ N-2Z (hw)
6eeff(El)—e‘?A—<1-p0.7m—E~)§> (11a)

The first term is the isovector part of the centre-of-mass correction,
while the second term arises from the isoscalar component in the field
produced by the dipole mode. This field is expressed in the form of
expression (8) with t, replaced by (t,- [(N-Z)/2A] p). " The value of the
parameter p is not known empirically; for p=1 the coupling is such that
a probe with a charge-to-mass ratio equal to that of the target does not
excite the dipole mode. (For the analysis of low-energy El transitions
in 209Bi an effective charge for protons of 0.2 to 0.25 units has been
deduced [3], which may suggest a rather small value of p. A sensitive
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test of p would be provided by a measurement of the effective charge
for a neutron in the region around Pb.)

For high-energy transitions, AE 2hw, one obtains from expression(11)
an enhancement of the E1 strength, for which there is evidence from the
direct capture of fast neutrons ([4, 5); the direct capture with the in-
clusion of the polarization effect has been referred to as 'semi-direct'
capture).

In lighter nuclei (A <40) the resonance energies observed in
photo-absorption are smaller than estimate (10), but the oscillator
strength is found to be appreciably less than the classical sum rule value.
It appears possible that a significant dipole strength may lead to excitations
in the energy region beyond that so far studied.

ISOSPIN OF DIPOLE EXCITATIONS. CHARGE EXCHANGE MODES

For an isovector mode each quantum of excitation carries unit isospin,
7=1. The classical dipole mode has isospin component u =0, but further
opportunities to explore nuclear dipole motion are provided by a study
of the charge-exchange components (u,= +1). In a nucleus with isospin
Ty=0 the charge exchange modes excite the isobaric analogues of the
photonuclear resonance, while in a nucleus with neutron excess (T #0),
the excitation of an isovector quantum leads to states with T =Ty-1, T,
T,+1, as illustrated schematically in Fig.2. (The dipole modes in a
nucleus with neutron excess have been considered in Refs [1, 6-8].)

If we neglect the effect of the excess neutrons on the dipole modes,
the matrix elements of an isovector dipole operator for exciting the
different dipole states in Fig.2 are proportional to the vector addition
coefficient {TyTy 1u, |TMy,. Thus, for Ty>> 1, the dominant transitions
are those leading to the fully aligned states with My =T (indicated by arrows
in Fig.2). The excitations to the isobaric analogue states, with M <T,
are weaker by inverse powers of T,. The strong transitions can be approxi-
mately described in terms of particle-hole excitations of the type illus-
trated in Fig. 3.

My =To=1  Mi=To=%(N-2) M;=To+1

FIG.2. Schematic illustration of pattern of states involving the excitation of an isovector quantum. The
dashed lines connect isobaric analogue states; the dotted lines represent ground states of neighbouring
nuclei with same value of A,
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FIG,3. Single-particle excitations associated with dipole modes with different AT in a nucleus with large
neutron excess.

The interaction between the excess neutrons and the dipole motion
gives rise to a splitting between the excitations with different T. For not
too large values of the neutron excess the interaction energy is proportional
to T, and of the form

a(T(T+1) - Ty(Ty +1) - 2) (12)

The coefficient a receives contributions partly from the monopole part

of the symmetry potential, which favours states of low T, and partly from
the coupling between the excess neutrons and the dipole mode (as in the
diagrams in Fig.1lc); this coupling is given by expression (8) generalized
to form a charge-independent expression by inclusion of the charge-
exchange components. These two contributions give the estimate

Vo, k<x2) -1
amK-Z—ATz4OA MeV (13)

where {x2) refers to the excess neutrons.

In a similar manner the matrix elements of the multipole moment
for the excitation of a quantum, with the inclusion of terms linear in Ty,
have the form

{(rT)T MTIZ (xtur)k |T0 L M =T, D
K (14)

={T, Ty lu, | T My DFy [1+B(T(T+1) - Ty(T, +1) - 2)]

as follows from arguments of invariance in isospace. The microscopic
analysis leads to the parameters

pol(ma\
0 2 \2Mw

R

2
8F7

(15)

~-0.6 ot

B:
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The term proportional to § in expression (14) — which implies a re-
duction of the transition strength for AT =T-T, =+1 and a corresponding
increase for AT = -1 - reflects the fact that the presence of the excess
neutrons blocks p-n transitions and leads to new n-p transitions (see
Fig.3).

The total number of single-particle transitions contributing to the di-
pole mode corresponds to the number of particles, S, inamajor shell., The
effect of the neutron excess on the dipole modes may therefore be cha-
racterized by the parameter [7, 9] '

N-2Z ki 3 N-Z
3 = (3N) -(32) =0.76 —— (18)

At

V=

Expressions (12) and (14) are valid for v <<1.” For larger values of v
one can determine the three eigenmodes with AT =-1, 0and +1 in terms
of the single-particle excitations in Fig.3 and the coupling (8) in the charge-
independent form. The frequencies as a function of v are illustrated in
Fig.4, and the transition amplitudes exhibit a similar behaviour. The
frequencies represent excitation energies in the final nuclei with Mt = T;
for beta-stable nuclei this energy corresponds approximately to the dif-
ference in binding energy. For v > 1 there is no mode in Fig.4 with AT = +1,
buttwo modes with AT = -1, However, inthe determinationofthe eigenmodes in
Fig.4 the finite spread inthe dipole excitation frequencies has beenignored.
Thus, for example, for 28Pb, with v =1, there remains aweak AT =+1 mode,
mainly associated with the transition (hjy/ )P—>(g9/2)n. (For a more de-
tailed analysis of the spectrum of dipole excitations with different AT -
see Ref.[1].)

1
05 1

FIG.4. Frequencies of dipole excitations with different AT, For AT=0, #, =0, the frequency is given
by expression (10). .

At present the evidence for the expected AT =% 1 dipole modes is
meagre. Search for the T = +1 mode has been made in the study of the
nuclear photo-effect where it is expected as a weak satellite; thus, for
example, tentative evidence has been reported for such a satellite in the
E1l strength function of 90Zr [10], and the energy separation from the
main photo-absorption peak (AT =0) corresponds rather well to esti-
mate (13). A test of the field coupling in the AT =+1 channel can also
be obtained by the study of E1 gamma radiation from isobaric analogue
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states. These El transitions are expected to be retarded by polarization
effects similar to those leading to the effective charge (11). Recent
evidence on the proton capture in '23Ceg, [11] indicates such a reduction
of the E1 matrix element by a factor of about 0.3, corresponding to the
magnitude of the expected effect.

The strongest transitions exciting the AT =+1 modes are the charge-
exchange processes, such as (p,n), (®He, t) and their inverse, but there
appears at present to be no evidence on dipole excitations in these pro-
cesses. The AT=+1, u,=+1 mode may also play a role in the capture
of u-mesons as well as in the beta-decay of neutron-deficient nuclei with
large Qg values. In the study of these various charge-exchange processes
it is usually necessary to consider additional couplings to spin-dependent
excitation modes, which may also exhibit collective properties. Rather
little is known at the present time about the spin-dependent fields, but the
exploration of these modes represents an important problem in the future
study of nuclear dynamics.
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Abstract

THERMAL-NEUTRON CAPTURE GAMMA-GAMMA COINCIDENCE STUDIES AND TECHNIQUES.
The advantageous use of gamma- gamma coincidence techniques in slow-neutron capture gamma-ray
spectroscopic investigations is examined and the unique information derived from such studies is compared
with that obtained by more conventional spectroscopic methods. The feasibility, practicality, and value
of gamma-gamma coincidence studies performed with the exclusive use of Ge(Li) detectors are clearly
demonstrated. It is shown that the clarity of the data and the unequivocal information gleaned from the
use of this technique are clearly superior to previously employed Nal(T1)-Ge(Li) coincidence systems.
Salient details of the method are described, Several examples of data obtained with the use of the
Ge(Li)- Ge(Li) coincidence method are presented. It is concluded that widespread use of these coincidence
techniques should provide a significant contribution to the understanding of the level structure of nuclides
studied in slow-neutron capture gamra-ray reaction experiments.

1. INTRODUCTION

The field of slow-neutron capture gamma-ray spectroscopy has de-
veloped and matured enormously over the past four or five years due to
significant developments and improvements in experimental techniques.
The most outstanding technical advance has been brought about by the use
of solid-state high-resolution detectors — principally the Ge(Li) gamma-
ray spectrometer. This, of course, is well known to all of you, but par-
ticularly for those who had been working in this field prior to the Ge(Li)
detector age (i.e. in the Nal(T1l) scintillator and magnetic Compton spectro-
meter era) it is abundantly clear that the Ge(Li) detector has not only en-
larged the scope, accuracy and quantitative significance of studies in the
(n,v) field but has effectively resurrected to full vigour a potentially vital
area of investigation that appeared to have one foot in the grave.

The use of high resolution Ge(L1i) detectors has supplanted virtually
all gamma-ray spectroscopic instruments previously used for the investiga-
tion of neutron-capture gamma-ray spectra above a gamma-ray energy of
~ 500 -600 keV. Even in the earliest stages of the development of these
detectors the high-resolution properties of these devices allowed the de-
tection and separation of individual high-energy gamma-ray transitions to
a degree not achieved earlier, and in many cases even the relatively low
detection efficiency of the earlier versions of these detectors was superior
to many of the highest-resolution spectrometers in use at the time these

*¢ Work performed under the auspices of the US Atomic Energy Commission.
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16 BOLOTIN

solid-state devices were initially developed. Significant subsequent improve-
ments in resolution, detection efficiency (detector volume) and associated
electronics have made the use of Ge(Li) gamma-ray spectrometers the
standard in virtually all (n, v) investigations for the study of gamma-ray
transitions more energetic than ~500 keV, to the extent that I cannot recall

a single experimental paper on the programme of this Symposium that does
not make use of solid-state detection devices for high-energy gamma-ray
studies.

Despite parallel improvements in bent-crystal spectrometers, whose
energy resolution is superior to that of Ge(Li) detectors, the fine resolution
capabilities of the latter devices, coupled with their superior gamma-ray
detection efficiency, has led to their widespread use in studies of low-
energy gamma-ray spectra. Thus, many investigations, of which we shall
hear several at this Symposium, have employed Ge(Li) devices in singles-
and pair-spectrometer investigations of high-energy gamma-ray spectra,
as well as in singles and Compton-supression spectrometers for low-energy
gamma-ray work below an energy of ~1 MeV. Recent improvements in
these instruments will be described in several papers presented here and
I need not touch upon them in this presentation. Instead, I will concentrate
upon the use of Ge(Li) detectors in another area of investigation that has
not received universal adoption and recognition, but has been brought to
a state of significant sophistication and usefulness that merits serious
consideration for widespread utilization in the field of slow-neutron capture
gamma-ray spectroscopy — i.e. the use of Ge(Li)-Ge(Li) spectrometer-
systems in y-v coincidence studies.

2. RATIONALE FOR GAMMA -GAMMA COINCIDENCE STUDIES

Singles high-energy Ge(Li) studies usually permit the delineation of
individual primary transitions associated with the gamma-ray decay of
the capture state populated in thermal- or resonance-neutron capture.
Except in the cases of the lighter nuclides, gamma-ray transitions following
slow-neutron capture that have energies 2 70% of the neutron-binding energy
can be reliably attributed to primary events proceeding from the capture
state to individual low-lying excited states in the product nucleus. Thus,
the determination of the energies of these transitions {(often to a precision
of ~0.5-2,0 keV when viewed with a Ge(Li) spectrometer), coupled with
the previously known or simultaneously determined neutron-binding energy,
leads to the definition of the excitation energies of many of the low-lying
excited states. However, since these primary transitions are predominantly
of dipole character, only those excited states whose spin differences from
that of the capture state allow dipole transitions to proceed, are likely to be
populated directly from the capture state. In addition, the bulk statistical
character of the capture states is such that at any particular incident neu-
tron energy the Porter-Thomas fluctuations governing the decay of each
capture state favour primary transitions of relatively small partial widths,
and many 'allowed! primary dipole transitions may be so weak as to elude
observation. Thus, many low-lying excited states of spins differing by more
than one unit of angular momentum from that of the capture state may not
be represented in the primary gamma-ray spectrum and in addition the
presence of some low-lying states of spins conducive to primary dipole
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population may not be observed in the high-energy spectrum due to statistical
effects. Further, if primary gamma-ray population of the ground state is
not observed, and/or the neutron-binding energy is not known to sufficient
precision, the excitation energies of the low-lying states directly populated
may be ambiguous.

Despite the somewhat limited direct population of low-lying excited
states, the multiplicity of the gamma-ray decay pattern from the capture-
to-ground states endows the (n,y) process with a catholic nature — i.e.
subsequent low-energy gamma-ray decay of levels populated directly from
the capture level can be expected to proceed to low-energy states of either
parity having spins significantly different from that of the capture state,
without regard to their detailed microscopic structural configurations.

This feature not only affords the opportunity for population of levels not
serving as terminal states of primary events and/or not seen in (d, p) or
other charged-particle reactions because of restrictions based on angular
momentum, spin etc., but also allows population of virtually all levels

that are observed in thése other studies. Therefore, the combined study
of both low- and high-energy gamma-ray transitions following slow-neutron
capture can provide a valuable complement and extension of the information
gleaned from studies of other reactions.

The outstanding precision and wide dynamic range of bent-crystal
spectrometers provides a most valuable tool for the study of the low-
energy secondary transitions. It allows the observation of more, and
weaker, low-energy gamma-rays than does the Ge(Li) detector. How-
ever, many instances arise in which, despite the precise high-resolution
determination of a wealth of low-energy gamma-ray information, the data
obtained with this instrument, even when combined with those of the less
precise high-energy primary gamma-ray information of Ge(Li) spectro-
meters,are still not sufficient to determine the level structure and decay
pattern of the low-lying excited states as completely and unambiguously
as could be hoped. As is unavoidable, the use of these instruments in the
construction of the level scheme of the low-lying states often must depend
upon confidence that the statistical expectation for accidental energy balances
is extremely small. However, since the (n, v) process populates a myriad
of low-lying excited states, there are often several pairs of levels between
which a given low-energy transition might be placed. This is not a fault
of the bent-crystal spectrometer, since the high-resolution of this device
is supreme in the ability to minimize such accidental energy balances.
Indeed, it is the plethora of excited states and low-energy gamma-rays
that is at fault. In other words, the nucleus itself is the guilty party.

Although not blessed with the energy resolution necessary to resolve
all of the transitions observable by bent-crystal spectroscopy, Ge(Li)
detectors do possess energy resolution characteristics that are otherwise
unrivalled. Some material advantages possessed by Ge(Li) detectors that
are not shared by bent-crystal spectrometers are: (a) superior gamma-ray
detection efficiency; (b) multichannel characteristics (i.e. detection of
effectively all gamma-ray spectral energy ranges simultaneously); (c)
ability to view gamma rays from samples placed in external neutron beams;
(d) mobility and ease of operation; (e) monetarily less costly; and (f) the
ability to be used in y-v and v-electron coincidence studies and lifetime
measurements of excited states.
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Indeed, the sole shortcomings of the use of Ge(Li) detectors for low-
energy gamma-ray spectra compared to bent-crystal spectrometers lie
in poorer energy resolution and dynamic range. However, these detectors
are capable of defining many of the stronger low-energy transitions which
often carry the bulk of the low-energy transition intensity present in the
decay. In many cases, though by no means all, these transitions form the
majority of those low-energy events successfully placed into a level and
decay scheme even when bent-crystal data areavailable. Let me, however,
" point out that it is an extremely rare situation when the bent-crystal does
not supply more precisely measured low-energy transition data. Thus,
except in the case of relatively low-cross-section targets not available
in sufficient quantity (principally separated isotopes), the low-energy data
obtained by means of Ge(Li) spectrometers is primarily of a complementary
nature and serves as an extension of the information gleaned from the high-
resolution bent-crystal spectra.

However, this is just the main point of the present discussion and as
you will hear in later papers, as well as in the present talk, much new,
complementary, and at times otherwise previously unreported data have
been obtained from the use of Ge(Li) detectors viewing low-energy se-
condary transitions.

If the above considerations appear overstressed, it is due to the fact
that, in my opinion, there has been a decided lack of such an exposition
presented in the literature or at symposia such as this one.

The coincidence technique can provide unequivocal data concerning the
sequential time ordering of transitions, information on the lifetime of some
excited states, y-v and y-electron angular correlations and directional
polarization correlations. Gamma-gamma coincidence studies between
high-energy primary and low-energy secondary transitions permit a rela-
tively simple study of the depopulation of particular states populated by
the high-energy event and the subsequent population of states at lower ex-
citation not populated by direct transitions from the capture state. As such,
in certain cases, these studies can establish the neutron-binding energy
and thus provide the necessary energy calibration required to interpret
the high-energy data. Coincidence studies among the low-energy secondary
transitions can complement and extend our knowledge of the low-lying level
structure provided by the 'high-low' coincidence data. At times, andl
shall present such an example later, coincidence data have provided the
missing link in the interpretation of the combined data of bent-crystal
spectrometers, conversion-electron studies, high-energy primary transi-
tion investigations, and charged-particle data that allows all of the pre-
viously recorded information to fall quickly into place to establish a rather
complete understanding of the level scheme.

Presumably the above is not unfamiliar to any of you. In fact, Nal-
Ge(Li) coincidence studies of the (n,v) reaction have been reported in the
literature by several groups around the world, some of whom are present
at this Symposium. The main aim of this talk is not only to present data
that show the feasibility of Ge(Li)-Ge(Li) v-v coincidence studies, but
further to demonstrate that the use of a two Ge(L1i) detector coincidence
system can provide fruitful information of such high quality that Nal-Ge(Li)
coincidence studies are obsolete.
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3. GAMMA-GAMMA COINCIDENCE TECHNIQUES

I am aware of only two groups involved in slow-neutron capture
gamma-ray spectroscopy studies that have developed and are utilizing
v-v coincidence systems that exclusively employ Ge(Li) detectors. These
groups are at Argonne National Laboratory and L.os Alamos Scientific
Laboratory. If any other workers in this field are using such a system
at present, I have not been informed. Therefore, in the balance of this
presentation I will draw exclusively upon the work of E.B. Shera at
Los Alamos and my own work at Argonne. Both coincidence systems’
are similar and I shall present illustrations of these systems
and data obtained with their use in an interchangeable manner., All
examples will be drawn from thermal-neutron capture gamma-ray
studies. '

An external neutron beam, necessary for coincidences studies, is
employed. Figure 1.shows a schematic representation of the thermal-
neutron beam extracted from a modified thermal-column at the Argonne
National Laboratory CP-5 reactor and is typical of many external beam
arrangements. A highly collimated external beam of thermal-neutrons,
effectively free of fast neutrons (Cd ratio = 570) and pile gamma rays,
impinges on a target positioned between two Ge(Li) detectors. The neutron
beam at the target has a flux of ~2 X 107 n cm-2sec’1, a height of ~2 em
and a width of ~ 0.5 ¢m and is defined by apertures of éLi F enriched to
95.5% in 8Li. This beam is more than ample to allow y-v coincidence
studies using as little as 100 millibarn-moles of isotopically separated
target material.

A block diagram of the electronic components of the Argonne Ge(Li)-
Ge(Li) coincidence system is shown in Fig.2. The data are stored on
a two-parameter magnetic-tape storage unit in a 1024 X 1024 -channel
pulse-height array. A 4096-channel ADC is employed in each arm of
the coincidence system in order to obtain the pulse-height resolution of
the large ADC's while any desired 1024-channel segment of each 4096-
channel spectrum is selected for storage. The storage capacity of each
magnetic tape is ~2.75 X 108 event-address pairs. This system is pre-
sently being modified to store ~ 7X 10% coincidence events in a 2048 X 2048-
channel representation on a single reel of computer-compatible magnetic
tape.
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FIG.1. Sschematic representation of Argonne external thermal-neutron beam facility,
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A time-to-pulse-height converter [1]. serves as the basis of the fast
coincidence timing unit. The outputs of two highly stable single-channel
pulse-height analysers — one set on the prompt time pulse-height distri-
bution and the other set on the chance portion of the distribution — are
recorded on the magnetic tape as fast-coincidence 'total' and !'chance!
labels for each recorded event which satisfies the triple fast-slow coin-
cidence requirement. Thus, the total and chance coincidence spectra are
simultaneously registered and are separately scanned during the tape-
searching process with the aid of these tag bits. (This system is being
modified to allow the time-to-pulse-height information corresponding to
each coincidence event to be stored on tape together with the two normal
pulse-height addresses of the linear signals.)

Digital zero and gain shift stabilization is employed in each arm of
the coincidence system with the aid of two highly stable dual pulse-
generators (2] . Coincidence studies lasting several weeks have been
made with no noticeable line shift or broadening.

High count-rate electronics is used throughout this system and permits
a detection rate in each detector of ~50 000 events/sec with little or no
line broadening. A fast-slow coincidence resolving time of from 60 to
100 nsec is employed, depending upon the gamma-ray energy range se-
lected. Usually, total singles counting rates of ~ 12 000 events/sec are
employed with an overall attendant true-to-chance coincidence ratio of
between 5 and 10. '

4, EXAMPLES OF GAMMA-GAMMAA COINCIDENCE DATA

L.et us regress and present some old Nal-Ge(Li) coincidence work
that resulted from an earlier collaborative investigation of the low-lying
excited states of the odd-odd Cu isotopes performed by Shera and myself
[3] at Los Alamos. This will provide an adequate starting point from

18 2 63Cu(n.y)s"(:u
3mm Ge(Li)
L ANTICOINCIDENCE MODE

RELATIVE INTENSITY

ENERGY (keV}

FIG.3. Low-energy portion of the gamma-ray spectrum from the $3Cu(n,y)®Cu reaction obtained with
a Ge(Li) detector. The detector was operated inside a large anti-coincidence Nal(T1) annulus,
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FIG.4, .Representative low-energy spectra from the 3Cu(n,y)®Cu reaction, as recorded by the Nal
scintillator in coincidence with particular high-energy gamma rays viewed by the Ge(Li) detector.
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which fo draw some illusirative comparisons with the later all-Ge{Li)
work. .

As was stated earlier, the Ge(Li) detector is capable of resolving
individual primary high-energy transitions, each signaling the population
of a particular low-lying excited state, Therefore, a Ge(Li) detector
was used to view the high-energy events, With this selectivity available
a Nal(Tl) scintillator recorded the low-energy secondary gamma rays.
Although the energy resolution of Nal is far too poor to allow the separation
of individual low-energy events in the singles spectrum, when these events
are recorded in coincidence with individual primary transitions, the spec-
trum of low-energy gamma rays is greatly simplified as it contains peaks
due solely to the depopulation of the terminal level of the primary event.
However, even so the coincidence spectra are extremely difficult to analyse
in an unambiguous manner and the analysis depends heavily on the exact
sequence of steps used to unfold these data.

The low-energy gamma-ray spectrum of the 8cu(n, ) **Cu reaction
obtained with a small Ge(Li) detector placed in an anticoincidence Compton-
suppression annulus spectrometer is shown in Fig.3. Many transitions
have been resolved, but there are clusters of gamma-ray peaks that could
not be resolved had Nal been used. Figure 4 displays some typical high-
low coincidence data obtained using the Nal-Ge(Li) system. These spectra
represent the low-energy data recorded in the Nal detector in coincidence
with the designated high-energy primary transition. These are examples
of particularly good coincidence data and yet it is obvious that the Nal
detector is not really equal to the task when compared with the quality
of the low-energy Ge(Li) spectrum of Fig.3. Nevertheless, utilizing these
coincidence results in combination with the high- and low-energy Ge(L1i)
singles spectra and complementary (d, p) data {4], a lengthy and tedious
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analysis allowed a fairly compleie level scheme (Fig. 5) of the low-lying

states to be constructed. Similar high-low Nal-Ge(Li) coincidence data

BOLOTIN

recorded for other nuclides have not yielded spectra of this quality and
have not always contributed as much in the way of new or additional in-

formation — principally because of the poor Nal resolution and the com-
plexity of the low-energy gamma-ray spectrum. Even for the Cu isotopes

the low-low Nal-Ge(Li) coincidence data were only of limited aid.

At about this time it became evident that if (n,v) coincidence spectros-
copy was to be of more general utility and significance, the severe limita-

tion imposed upon these data by the use of Nal(Tl) would have to be re-

moved.

This requirement stimulated the first (n,v) Ge(Li)-Ge(Li) coinci-

dence system 1o be developed at Argonne. At that time, only small (~4 cm?)

Ge(Li) detectors were available and the first investigation suffered from
the lack of larger, more efficient detectors.

Nevertheless, the initial

study of the 455e(n, y)4GSc [5] reaction was an unqualified success and

demonstrated not only the feasibility of the technique but its practicality
Figure 6 displays a portion of the high-
energy singles spectrum. The cross-hatched peaks are those that served
as coincidence gates for the low-energy spectra viewed by the second Ge(Li)

even with small Ge(Li) detectors.

detector. Typical high-low coincidence spectra so obtained are shown in
Fig.7. Although the low-energy spectrum is not quite as complex as was
M T T M T M T T M T T T T
-2
28x10 ~ —
I 8.18 Mev ]
24l Sc‘s(n.y)Sc“ c |
HIGH - ENERGY
- DIRECT SPECTRUM
20 -
L s ]
7.64 MeV .
o e D 8.54 MeV -
e A
2
=4 - 4
o
: |
12 8.32 MeV
| B ]
4 %
8 -
J .
ﬁ A
¢ ) N\ '.0‘ ¢ & 0 ® 1
*
“ i
o [ N IR | 1 i I [ S
440 480 520 560 600 .640 680 720 760 800
PULSE - HEIGHT  CHANNEL
FIG. 6,
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low-energy coincidence spectra shown in Fig.7. The double-escape peaks are labelled with their respective

gamma-ray energies,
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the case in the Cu isotopes, still several clumps of low-energy transi-

tions are present that could not have been resolved nor successfully
analysed had Nal(Tl) been used in the low-energy arm of the spectro-
meter, Although the total number of recorded coincidence events is not
large, the high-resolution of these detectors presents spectra with high
peak-to-Compton ratios and the coincident lines are readily evident and
easily recognizable. Figure 8 shows some representative low-low coin-
cidence obtained in this investigation. Had a Nal scintillator been used

in either arm of the system, individual peaks could not have been selected
as gates and/or resolved in these coincidence spectra. In this case, the
use of two Ge(Li) detectors in these low-low coincidence studies provided
new and indispensable information on the coincident relationships among

the low-energy transitions, as opposed to similar studies using a Nal-Ge(Li)
system that rarely provide significant new data in most low-low coincidence
studies.

The total experimental running time of these two sets of coincidence
investigations was ~ 140 hours. The high quality of these data, taken
months after the Nal-Ge(Li) study of the Cu isotopes, allowed analysis
and construction of a detailed level scheme of 4%Sc to be completed (Fig. 9)
somewhat earlier than that of the %%:%8Cu study. This was due principally
to the clarity and simplicity of the Ge(Li)-Ge(Li) coincidence spectra.

As apparently successful as this initial Ge(Li)-Ge(Li) study appeared,
it was evident that larger, more efficient detectors were needed to im-
prove the quality of these data further and reveal the coincident relation-
ships of some of the weaker transitions. Immediately upon the acquisition
of larger detectors, the Argonne system was up-dated and the Los Alamos
Ge(Li)-Ge(Li) system was put into operation, both yielding (n,v) coincidence
data on particular nuclides.

The Argonne system now employs a 20 and a 30 cm?® detector combina-
tion, while the Los Alamos arrangement utilizes a 15 and 30 ecm3 pair of
Ge(Li) detectors for the high-low studies and a 45 and 30 c¢m® pair for low-
low work. . . ’

Before I present some examples of the more recent Ge(Li)-Ge(Li)
coincidence data obtained at these laboratories, it must be stated that,
just as in any other experimental investigation, some nuclides present
themselves as better or worse candidates for these coincidence studies.

No experimental facility provides data that is universally of the most
superior quality. In the present case the greater number of strong transi-
tions the better. However, even if an exceptionally poor case for coin-
cidence studies presents itself and the sole contribution of the spectra so
obtained is merely corroborative of the sequences of transitions inferred
from other data, the coincidence information is of great value in that it
removes some uncertainties and/or ambiguities that might otherwise be
present. That is, coincidence data can at least provide positive unequivocal
results on which one can hang one's hat.

The next illustration concerns coincidence data obtained from a study
of the reaction®W(n, y)!87W by D.A. McClure and myself at Argonne taken
with the larger set of Ge(Li) detectors. At first sight these data do not
appear to be quite asrevealingaswas the case for 4635¢c. However, these
data were crucial in the establishment of the level scheme of 187W (to be
discussed in detail in a later paper at this Symposiuml).

! 4 .H. Bolotin and D.A. McClure, "Level structure of low-lying excited states of 18Tywn, these Proceedings.
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Typical high-low and low-low y-y coincidence data on 187\ are shown
in Figs 2 and 3 of our later paper!. The complexity of the low-energy spec-
trum is more severe than in earlier examples, but these data definitely
establish many particular coincident relationships that, together with the
high- and low-energy singles data, lead to the final detailed level scheme
shown in Fig. 4 of the later paper.

The next set of figures represents a true tour-de-force of the coin-
cidence method and is representative of the excellent work of Shera of
L.os Alamos. The reaction studied was that of 209Bi(n,'y)21013‘.i. Bismuth
has a thermal-neutron capture cross-section of only ~ 32 millibarns,
much smaller than the usual cross-sections encountered in thermal-capture
work, and is the smallest cross-section of any nuclide studied with the
coincidence technique. The high Z of bismuth and its small cross-section
severely limit the size of the target sample used, as self-absorption of
the low-energy gamma rays prevents use of arbitrarily large quantities
of target material. Thus these coincidence studies required 30 days of
experimental running time., The digital zero and gain stabilization
employed prevented line broadening over the duration of this investigation.
Figure 10 is a portion of the total coincidence high-energy primary spec-
trum obtained during this run and displays rather weak, but well-resolved
transitions. Figure 11 shows a portion of the low-energy spectra in coin-
cidence with each of four high-energy v-rays and is impressive in its
quality. Figure 12 is the new level scheme of ?1°Bi deduced from these
studies and is an enormous contribution to the elucidation of the level
scheme and the properties of the low-lying states of this nuclide.

The final examples also come from the work of Shera and are con-
cerned with his work on the 175Lu(n,q()”eLu reaction. Prior to these
coincidence studies, high-resolution (n,v) singles data (both high-energy
Ge(Li) and low-energy bent-crystal work) and (d, p) data were available,
but a level scheme that united these data could not be established. The
coincidence work of Shera quickly resolved the difficulties and a com-
prehensive level scheme of the "8 Lu nuclide was established that incorporated
all of the existing data. Much of the low-low coincidence data that served
to clarify the situation are shown in Figs 13-15. These spectra speak for
themselves and clearly demonstrate the success, virtuosity, and indispensa-
bility of the Ge(Li)-Ge(Li) v-v coincidence technique.
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5. SUMMARY

The above examples of the new Ge{Li)-Ge(Li) gamma-gamma coin-
cidence systems and spectra were presented to demonstrate the quality
and usefulness of the data obtained with their use. The more widespread
availability of the larger Ge(Li) detectors has endowed these coincidence
studies with greater selectivity and resultant data of unrivalled quality
and clarity. Despite the higher detection efficiency of a Nal{T1l)-Ge(Li)
coincidence system, the inherently poor resolution of the scintillator so
seriously minimizes its value that the all-Ge(Li) system is still im-
measurably superior. The high peak-to-Compton ratio of the Ge(Li)
spectra affords clear-cut interpretation of data recorded over an experi-
mental time that is of much shorter duration than would be suggested
from a comparison of the relative detection efficiencies of Nal{Tl) and
Ge(Li) alone. In fact, as was shown in the 483 study, the use of even
relatively small Ge(Li) detectors provided data of easily interpretable
quality in a relatively short time that could not be obtained in a much
longer experimental running time had a Nal{T1) scintillator been employed.
The relative simplicity of the Ge(Li)-Ge(Li) coincidence system, the un-
rivalled character of the data obtainable with its use and the reasonable
running times required lead to the conclusion that, by comparison, the
use of a Nal(T1l)-Ge(Li) system is a waste of valuable experimental time
and presents an unrewarding burden of data analysis to the experimenter,
Thus, it is hoped that the preceding exposition has not only gone far to
convince you of the unquestioned value of the coincidence technique, but
has stimulated an early burial of Nal{Tl)-Ge(Li) coincidence systems.

The present Ge(Li)-Ge(Li) coincidence method has now reached the
stage at which it is not limited to only the valuable y-v coincidence ex-
periments designed to provide data used in the establishment of (n,v)
level schemes. Indeed, v-v angular correlation experiments, y-vy
polarization-directional correlation studies [6] , ¥-conversion electron
coincidence work [using a Ge(Li)-Si(Li) combination], etc. are now
practical. Some of these studies, now being planned, should open a
new era of more detailed parameterization of the level structure of
nuclides populated by the (n,v) reaction that rival the sophistication of
experimental work of less complex nuclear spectroscopic investigations.

The 219Bi work of Shera clearly demonstrated that within reason
the available external-beam neutron flux and/or the neutron capture
cross-section of the target nuclide under investigation do not necessarily
preclude (n,v) all-Ge(Li) v-v coincidence studies at resonance. I par-
ticularly have in mind neutron-diffraction spectrometers of the Brook-
haven type that can concentrate all of the available diffracted flux into a
single low-energy resonance in which the capture cross-section can be
quite sizeable.

The feasibility and practicality of the use of a Ge(Li)-Ge(Li) coin-
cidence system in other particular (n,y) studies is best judged by the
experimenter and the experimental situation. However, it is hoped that
the above exposition will stimulate workers in this field to seriously con-
sider its use in a variety of other possible (n,v) experimental studies that
may not have been touched upon in this paper. ‘
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Abstract

HIGH-PRECISION NEUTRON CAPTURE GAMMA-RAY SPECTROSCOPY USING GERMANIUM DETECTORS
IN COMPTON-SUPPRESSION TECHNIQUE. The use of lithium-drifted germanium detectors in Compton-
suppression technique will play a very important role in future neutron capture gamma-ray spectroscopy.
Over a broad range of energy these devices are superior to all other instruments. High-precision measure-
ments require a favourable peak-to-background ratio and reliable methods in spectrum stabilization,
spectrum analysis, calibration and non-linearity correction, The paper reports the procedures that are
applied at Karlsruhe and gives some results to demonstrate the efficiency of this technique, Conclusions
are drawn on the future potential in neutron capture spectroscopy.

1. INTRODUCTION

Over the last years in gamma-ray spectroscopy increasing attention
has been given to the application of lithium-drifted germanium counters
since the energy resolution of these devices considerably exceeds that
of conventional scintillation detectors. It is understandable that very
soon germanium diodes were also being applied to studies of the radiative
neutron capture process where spectra with several hundreds of gamma-
ray lines have to be analysed and in fact a notable amount of the available
data has been accumulated with these instruments. The potential was
further increased by operating the detectors in the Compton-suppression
mode. In this technique the germanium counter is surrounded by a Nal(T1),
a plastic or a liquid scintillator and Compton events are eliminated to a
large extent by means of an anticoincidence circuit. Usually the range of
application is between 100 keV and 3 MeV.

In the upper part of this energy range the anti-Compton spectrometer
is superior to all other sophisticated instruments both in resolution, pre-
cision and sensitivity. For low energies (< 500 keV) a competitive instru-
ment is provided by the coherent scattering spectrometers which possess
uncontested characteristics at very low energies. The boundary in the
optimum resolution between crystal diffraction and anti-Compton spectro-
meter is not fixed. Due to the very different sensitivity, it greatly de-
pends on the cross-section of the material under study. For targets with
very high cross-sections (> 1000 b) the boundary may be at energies above
500 keV, while for materials with low cross-sections (< 100 b) the semi-
conductor system provides the superior instrument over nearly the whole
range of application. In this connection it is useful to realize that about
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60% of the natural elements have capture cross-sections below 10 b, The
correlation between energy resolution expressed in FWHM and precision
in energy determination may be quite different for the two devices. In
the coherent scattering instrument the energy precision is limited by the
optimum resolution in scattering angle, while for the semiconductor
spectrometer, in principle, the peak position can be determined to an
infinitely small fraction of the line width. Gamma-ray intensities are
obtained in a more direct way from semiconductor measurements.

These considerations lead to the conclusion that in spite of the ex-
cellent characteristics of the diffraction instruments, the use of germanium
detectors in Compton-suppression technique will play a very important
role in future neutron capture spectroscopy. However, for obtaining op-
timum precision with these devices several essential requirements must
be fulfilled:

(1) The noise performance should ensure a line width close to the
statistical limit; counting-rate effects must be negligible

(2) The peak-to-Compton ratio should be as high as possible or,
in other words, the background under the full energy peaks
should be low and smooth

(3) The instrument must have ahigh stability and linearity

(4) The peak positions have to be determined very accurately

(5) The spectra must be carefully calibrated and a suitable non-
linearity correction has to be applied to the channel-energy
relationship.

The first topic is a general problem in semiconductor spectroscopy
and is treated extensively in the literature. Thus we need not discuss it
here in detail. The purpose of this presentation is to provide a brief
summary of the procedures applied at Karlsruhe on topics (2) to (5) and
to draw conclusions from this work on the future potential of anti- Compton
devices in neutron capture spectroscopy.

2. PEAK-TO-BACKGROUND RATIO

The anti-Compton instrument, installed in 1966 at the Karlsruhe
reactor FR-2, at present consists of an unencapsulated 5-cm?® Ge(Li)
diode, a 50-cm diam, X 40 cm plastic scintillator (NE 102 A) with the
germanium counter in its centre, and a 4 in. diam. X 6 in. NaI(T1) detec-
tor placed within a well directly behind the vacuum chamber of the semi-
conductor diode (for a detailed description see Ref.[1]). The spectro-
meter is used in external target geometry and is one of five instruments
installed at one output of a tangential beam hole which passes through the
heavy water of the reflector. A schematic drawing of the arrangement is
shown in Fig. 1.

The design of the spectrometer offers the following advantages:

(1) The Nal(Tl) counter ensures a strong absorption of gamma rays
scattered in the forward direction. This reduces very effectively the con-
tribution of the ever present intense high-energy radiation to the back-
ground under the peaks.
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(2) The plastic scintillator can be used unencapsulated and the re-
flector, in the form of a water-based emulsion paint, can be kept very
thin. Thus the harmful absorption of backscattered soft gamma rays
between germanium detector and anti- Compton shield can be minimized.
The solid angle for photons escaping out of the anticoincidence shield is
very small and is certainly negligible,

(3) The spectrometer is less expensive than other devices which use
large NalI(Tl) shields.

A disadvantage of the plastic scintillator is the lower light output
compared to Nal(T1) and the necessarily larger volume of the detector,

The present performance of the system is illustrated in Fig.2. For
the 137Cs 661.595-keV gamma ray the ratio of photopeak to total height
of the background is 73 : 1 at the Compton edge and about 150:1 in the
minimum of the Compton distribution. The energy resolution including
long-term instabilities is 1,62-keV FWHM. In the inset of Fig.2 the drift
geometry of the diode is shown. The absence of a dead layer on the de-
tector front face minimizes the amount of absorbing material for the
backscattered soft gamma rays.

The performance of an anti-Compton spectrometer for neutron capture
spectroscopy is not only determined by the peak-to- Compton ratio for
gamma rays possessing energies within the range being measured (100 keV
to 3 MeV), but also by the effectiveness in suppressing the background
caused by the high-energy transitions above 3 MeV. Here we have to deal
mainly with events from photons scattered in the forward direction and
high-energy electrons which deposit only part of their energy in the sensi-
tive volume of the detector. The first component is strongly suppressed
by the NaI(T1) detector, while for reduction of the second component it was
found useful to apply a pulse-shape discrimination method to the pre-
amplifier signals of the germanium detector. A detailed description of this
circuit has been given elsewhere [2]. To demonstrate the actual perfor-
mance of the spectrometer a sectional display of a typical capture spectrum
is shown in Fig.3. The spectrum was obtained from a sample of natural
erbium (capture cross-section 160 b). Above the energy interval displayed
in Fig. 3 more than 300 gamma-ray lines have been detected in the total
spectrum. All these lines contribute to the background under the peaks
in Fig.3. The yet excellent peak-to-background ratio clearly illustrates
the efflclency of the applied method. Another example is given in the
paper on %8 zn presented at this Symposium [3].

Several decisive improvements of the system are still feasible. In
single mode the present diode exhibits a peak-to-Compton ratio of ap-
proximately 10: 1 for 137Cs, When the detector was installed, planar
diodes were superlor to coaxially drifted devices with respect to energy
resolution. Thus postulate (1) in section 1 was the dominant criterion,
Meanwhile large-volume coaxial detectors with comparable resolving
power have appeared on the market. The peak-to-Compton ratio of these
devices is considerably higher; values up to 30:1 for B7cs are obtainable.

Other possible improvements concern the detection threshold of the
plastic scintillator, The present photomultipliers (EMI 9618B) may be
replaced by tubes with photocathodes of higher sensitivity. Furthermore,
it would be useful to mount additional tubes on the scintillator, in particular
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in the backward direction. Finally, coincidence techniques and cooling of
the tubes may improve the signal-to-noise ratio.

We thus can conclude that without sacrifice in energy resolution peak-
to-Compton ratios of 250:1 for 137Cs are now quite realistic. Suitable
modifications of the system will be tackled in the near future.

3. SPECTRUM STABILIZATION

Depending on the cross-section of the sample under study, the measure-
ment of a capture spectrum may cover a period of days or even weeks.
Therefore digital stabilization of the amplifier chain and the analog-to-
digital converter is a basic requirement for obtaining high precision. This
includes both zero drift and gain stabilization. In neutron capture spectra
the intensity is distributed over a large number of gamma rays. Thus
in most cases no well-isolated natural line with sufficient peak counting
rate is available. The presence of an isolated and intense line, however,
is very important, if all instabilities independent of their time behaviour
are to be eliminated. An alternative procedure is to use an ultra-high
precision pulse generator. Here an adequate peak counting rate is attained
without producing any additional background outside the full-energy line.
Storage of the pulses can easily be prevented by means of an inhibit circuit.

Exceeding demands are made on such a pulser. Since advanced tech-
niques aim at a precision of about 50 eV at 2 MeV (see below), the accuracy
of the pulser should be of the order of 105, Figure 4 presents an out-
line of the basic instrument which is now used at Karlsruhe both for gain
stabilization and non-linearity correction. The pulser has an instability
of < 10 ppm per degC and a non-linearity of £ + 10 ppm. The main com-
ponents of the circuit are a Zener diode network, a Kelvin Varley preci-
sion voltage divider, a chopper stabilized operational amplifier for im-
pedance conversion and a mercury relay with pulse shaper. The reference
voltage circuit with the carefully aged Zener diode is placed in a temperature-
regulated oven and is compensated against variations in temperature and
line voltage. Optimum stability is achieved at 65°C where the temperature
coefficient of the diode is zero. The impedance matching amplifier ensures
the excellent linearity characteristics of the pulser. As regards long-term
instabilities this component proved to be the most frequent source of
failures!. Therefore it is useful to check carefully the warranted per-
formance of the amplifier and to repeat this test at time intervals not
longer than a few months. Design and wiring of the pulser output ensure
that the influence of the following factors on the output pulse amplitude
is kept sufficiently small: the normal amplifier drift rate (1 uV per week),
the instability of the pulse shaping capacitor (0. 1% per year) and the varia-
tion of the mercury relay contact resistance (+ 1 m€). A detailed des-
cription of the circuit is given in Refs [4, 5].

If the pulser is only applied for gain stabilization, the impedance
matching amplifier can be omitted and the Kelvin Varley voltage divider
can be replaced by a simple and less expensive resistance network. For
zero-drift stabilization it is convenient to use a natural gamma emitter,
e.g. ¥ Co, with appropriate source strength. The source should not emit
any gamma rays within the measuring interval.

! "Failure” means in this connection that the pulser output varies by clearly more than 10 ppm.
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4, SPECTRUM ANALYSIS

High precision in the energy determination requires utmost accuracy
in the evaluation of the peak position. In a computer programme for spec-
trum analysis reasonable assumptions have to be made on the line shape.
An analytical expression should fulfil two requirements: The application
to complex spectra must not involve intolerably long computer times and
the evaluated curve should fit to the experimental points as well as pos-
sible. Very promising results have been obtained by means of the follow-
ing line shape representation:

y=Aexp {-x(x-x)% forxzx;-b

0

y = A [exp {—A(X—XO)Q}—B X o €XP (x for x<x,-b

cor )]

where b = (A1 In 2)% and x , = (x - x4+ b)/b.

In the case of efficient charge carrier collection in the diode the use
of these expressions gives excellent fits for the whole energy range of the
spectrometer., This can be seen from Fig. 5 which shows experimental
and fitted line shapes for gamma rays at 296, 1173 and 1836 keV. Complex
structures are resolved with much su¢cess. An example is given in the
inset of Fig. 3.

The following procedure is used for the analysis. The spectra are
divided into groups each containing at most six gamma lines. Since the
background under the peaks is very smooth and only a slowly varying func-
tion of energy (cf. Fig.3), within such an interval the background can.be
well approximated by a straight line or an exponential function. Energies
and intensities are calculated, taking into account a non-linearity cor-
rection (section 5) and the response function of the spectrometer. The
results are listed by means of a fast printer and each group is plotted
in a figure that shows the experimental points together with the fitted
background, the fitted gamma lines and the total sum of these curves.
Fach fit is accomplished with a given number of lines which is chosen
to be as low as possible on the basis of a coarse examination of the spec-
trum. In those cases where the results are insufficient the calculation
is repeated, conceding one or more additional lines. This procedure,
which guarantees a reliable control by the experimentalist, is clearly
preferred to a fully automatic analysis. A detailed description of the
programme is given in Ref.[6].

5. CALIBRATION AND NON-LINEARITY CORRECTION

The most suitable gamma sources for energy calibration are the
.following beta-instable isotopes: °7Co, 192Ir, 137Cg, % 2zr, 9% Nb, 5 Mn,
88y, 60Co, 22Na and #Na. The gamma-ray energies are known very
accurately and may be found in Refs [7-10] . Considerable aid in the calibra-
tion procedure is provided by the precision pulser described in section 3,
A narrow sequence of calibration points can be created with this instru-
ment, even in those energy regions where only few or no natural lines of
sufficient accuracy are available.
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The non-linearity of most commercial amplifiers is of the order of
+0.05-0.1%. Similar values are specified for analog-to-digital con-
verters. Thus for the total system non-linearities of + 0. 1% or more
are expected. A typical example for the deviation of the channel-energy
relationship from a straight line is shown in Fig.6. In this measurement
the amplifier chain consisted of a cooled FET preamplifier {11] and a
main amplifier of type Ortec 410. The pulses were analysed with a
4096 -channel ND-160F ADC. The points obtained with the pulser coincide
very well with those based on natural gamma lineg. The dashed curve
represents the 'exact' non-linearity which can be determined with an
accuracy of about 50 eV. The full curve shows the result of a fit to the
experimental points as obtained with a polynomial of fourth degree. The
maximum deviation of this curve from the ' exact! function is 90 eV. In
most regions the deviation is much less, We see, however, that a large
number of calibration points and a high degree of the fit polynomial are
required.

The non-linearity correction discussed here does not account for
' short-range' fluctuations of the differential non-linearity such as the so-
called odd-even effect. To minimize the influence of these sources of
error, it is convenient to use as small a channel width as possible (™ 200 eV),

6. EXPERIMENTAL PROCEDURE AND RESULTS

The following procedure is applied for precision measurements of
capture spectra: Before the (n,v) spectrum is taken, a spectrum of the
calibration lines is accumulated. The result of this measurement is later
compared with that from a similar run performed at the end of the experi-

TABLE I. GAMMA-RAY CASCADES IN %8Zn AND ®gr

Cross- Gamma-ray energy Recoil level
Target . (keV) .
nucleus section correction energy
(b) E E E (keV) (keV)
h T2 %
805.75 1077.38 - 0,014 1883.12
1883.09 - - 0.028 1883,12
$7Zn 6,9
670,89 1261.00 1077.35 0.026 3009, 27
1126,07 1883.09 - 0.038 3009, 20
898.05 1836.08 - 0,025 2734.16
2733.917 - - 0.046 2734.02
¥sr ~17
1493,41 2733.97 - 0,060 4227, 44
2391, 20 1836,08 - 0.055 4227.34
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ment. It provides a reliable control that during the experiment no failure
(cf. footnote 1) has occurred inthe critical electronic components (pre-
amplifier, main amplifier, precision pulser, ADC, zero drift and gain
stabilizers). In the second run the capture spectrum is taken. After
read-out the calibration lines are accumulated on the capture spectrum
without memory reset. This ensures that all lines are analysed under
the same background conditions. Finally the first run is repeated and
the result is used for determining and interpolating the parameters in the
line shape representation.

Measurements have been performed on a large number of nuclei.
Results on 58Fe (target cross-section 2.5 b), %2Ni (2.0 b), 8Zn (6.9 b),
%Mo (14.5 b), ?®Mo (2.2 b) and *¥7Er (650 b) are briefly discussed in other
contributions to this Symposium. Up to 300 gamma rays have been de-
tected in a single spectrum. Because of the heavy shielding of the spectro-
meter no problems from background lines arise, even for very low target
cross-sections., Gamma rays differing in intensity by a factor of 5 X 105
have been observed for cross-sections below 10 b, Table I gives an im-
pression on the accuracy that can be obtained for pronounced peaks in the
spectra. The absolute errors for the quoted gamma-ray energies are
about 50 eV. The errors arising from the fitting procedure and the non-
linearity correction are between 5 and 100 eV. The high accuracy permits
a reliable application of Ritz' combination principle to excitation energies
of several MeV. The accuracy for weak lines is limited by the pure count-
ing statistics. As an example of the efficiency of the method, Fig. 7 pre-
sents a considerably extended transition diagram for the nucleus 8Er,

7. CONCLUSIONS

Anti-Compton spectrometers with peak-to-Compton ratios of 250 :1 for
"Cs are now feasible. By effectively suppressing background events from
high-energy gamma rays, a smooth background can be achieved which
shows only a slight increase with decreasing energy. The instruments
allow energy determinations with an accuracy in the order of 50 eV, For
weak lines the precision can be improved by using internal target geo-
metry and thus improved counting statistics. With only a few exceptions
precision measurements will be possible over the whole range of cross-
sections. Even below 10 b gamma-ray lines that differ in intensity from
the most intense peaks by five orders of magnitude should be detectable.
Several hundreds of lines can be observed in a single spectrum,

In summary, the application of lithium-drifted germanium detectors
in Compton-suppression technique will bring about a considerable improve-
ment in the quality and detail of data that can be attained from neutron
capture spectroscopy.
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RADIATIVE NEUTRON CAPTURE
IN FISSIONABLE NUCLEI

W. MICHAELIS, H. LEUSCHNER, P, MATUSSEK
Institut fir angewandte Kernphysik,
Kernforschungszentrum Karlsruhe,

Karlsruhe, Federal Republic of Germany

Abstract

RADIATIVE NEUTRON CAPTURE IN FISSIONABLE NUCLEL. Because of the great success of the
(n,y) method in nuclear structure studies, it is desirable to extend such measurements to fissionable target
nuclei, A suitable spectrometer for investigating the high-energy radiative capture spectrum without signi-
ficant interference from the fission process has been installed at the Karlsruhe research reactor FR-2, The
instrument is briefly discussed. First preliminary results are presented.

Studies of the radiative neutron capture process have revealed de-
tailed information on nuclear structure. As yet, however, the application
of this method has been restricted to compound nuclei which are stable
against nuclear fission. With fissile target material the capture spectrum
is masked by the prompt gamma-ray spectrum from fission and — to a
lesser extent — by the delayed gamma rays arising from the beta decay
of the fission products. The target nucleus 2%y, for instance, has a thermal
neutron fission cross-~-section of 578 b while the capture cross-section is
only 101 b. Thus the thermal neutron capture reaction accounts for 14. 9%
of the neutron absorption in 235U, with the fission process accounting for
the remaining 85.1%. For the total energy released in prompt photon emis-
sion from fission values of 7.2 and 8 MeV are given [1]. This energy is
distributed between 9 1 2 photons per fission. The multiplicity for the
radiative capture process is probably less than 5 photons per capture. Thus
it is evident that the prompt gamma rays emitted in the fission process pro-
vide the dominant structure in the 23U spectrum. As further confirmation
of this conclusion, a comparison of the spectra from uranium and plutonium
shows that these spectra are essentially identical; only very minor, and
probably not significant, differences occur [2].

Because of the great success of the (n,y) method in nuclear structure
studies, it is desirable to extend these measurements on fissionable nuclei.
Moreover, such an extension will reveal new possibilities for the non-
destructive assay of nuclear fuel, Preliminary attempts should be directed
to the high-energy spectrum, since at high energies the most favourable
intensity distribution between capture gamma rays, prompt radiation from
fission and delayed photons from fission products is expected. As has been
proposed by one of us [3], the interfering component from fission may be
suppressed by detecting the fast fission neutrons in anticoincidence and in
47 geometry. Since the average number of neutrons emitted per fission is
2.5 or even 3.0, a detection efficiency of about 70% for the single neutron
is sufficient to obtain 35% total efficiency. The proposed principle can be
sketched as follows: The sample is surrounded by a plastic or a liquid
scintillator of appropriate thickness. Neutrons scattered in the target are
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scintillator

detector

FIG.1. Schematic outline of the neutron-anticoincidence spectrometer,

kept off the detectors by a shield of %.i. The gamma rays are filtered by

a few millimetres of lead to reduce the count rate from soft fission gamma
rays. The photons are detected in a Ge(Li) counter which is used as a
double-escape spectrometer. A lead shield of about 5 cm thickness between
sample material and neutron detector prevents suppression of the capture
gamma rays by coincident low-energy photons, A detailed analysis of the
system may be found in Ref.[3].

Gamma rays arising from beta decay of the fission products are no
severe obstacle in the case of short measuring intervals, If all half-lives
between 350 msec and 1 h are included, the intensity ratio for the prompt
and delayed spectrum is about 2:1 at 4 MeV and about 10:1 at 6 MeV.
This was calculated in Ref.[3] from the experimental data reported in
Refs [4-7]. )

To demonstrate the feasibility of the neutron-anticoincidence spectro-
meter, an experimental set-up has been installed at the reactor FR-2
consisting of a Ge(Li) counter and a 44 c¢m diam. X 60 cm plastic scintil-
lator. The scintillator is provided with appropriate wells for the neutron
beam and the gamma detector. A schematic drawing of this instrument
is shown in Fig.1. To obtain a maximum signal -to-background ratio the
scintillator was bevelled on both ends.

Delayed gamma rays occurring in the measured spectra will be
identified by means of a combined fast/slow chopper system which has
been installed at the reactor to study the delayed radiation from fission
[8].

A preliminary test spectrum obtained with the neutron-anticoincidence
spectrometer and a spectrum taken in single mode are presented in Fig. 2.
The energy interval ranges from about 3.4 to 6.4 MeV. The sample was
uranium oxide enriched to 20% in 2?®U. The spectra were measured using
a provisional electronic system. Only a coarse adjustment of the various
components had been performed. The spectra are therefore considered
as preliminary. Nevertheless, a clear structure already appears in the
anticoincidence result. The suppression of the fission gamma rays can
certainly be improved further and probably the spectrum still contains
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some contamination from delayed fission gamma rays and from neutron
capture in germanium caused by fission neutrons. By placing the detector
in a proper geometry relative to the plastic scintillator interference from
capture in germanium can be eliminated. In this case the scintillator
serves at the same time as an anticoincidence shield for capture events
occurring in the detector.

b)

FIG.2. Preliminary results from a sample of uranium enriched to 20% in 2%U; (a) spectrum taken in
anticoincidence; (b) spectrum observed in single mode.
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It should be pointed out that 2351y is one of the most unfavourable
target materials [3]. For other samples the capture-to-fission ratio
is much higher. It is, for instance, 0.358 for 239py and about 0. 39 for
241 py,

In summary, we can conclude that it will be possible to extend (n, <)
investigations also to fissionable nuclei.
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RECENT IMPROVEMENTS IN THE ARGONNE
7.7-m BENT-CRYSTAL SPECTROMETER

R.K. SMITHER, D.J., BUSS
Argonne National Laboratory,
Argonne, Iil,, United States of America

Abstract

RECENT IMPROVEMENTS IN THE ARGONNE 7.7-m BENT-CRYSTAL SPECTROMETER. Recent
improvements to the Argonne 7.7-m bent-crystal spectrometer have led to a doubling of its resolving
power and to at least a 4-fold improvement in its sensitivity (ratio of diffraction peak to background)
over the whole range of the spectrometer, and an improvement of 20-fold or more above 2 MeV. The
energy range of the spectrometer was extended to cover the full (n,y) spectrum from 20 keV to 6 MeV.

'In 1964 I gave a talk in Athens at the Symposium for the
Diffraction of Nuclear Gamma Rays [1] on a set of proposed improvements
for the Argonne 7. 7-m bent-crystal spectrometer. All of these modifications
and a few more have now been completed. Usually the results of these
modifications were as pred1cted but occasionally they were much better
than expected.

The configuration of the spectrometer as it was in 1964
is shown in Fig. 1. The neutron-capturing source is located in the center
of a through hole which is tangent to the reactor core. The gamma beam
emerges from the reactor through a series of apertures and is diffracted
by the bent crystal. The diffracted beam is then separated from the
undiffracted beam by a multislit collimator and detected in a bank of Nal
crystals. The source is loaded and aligned from the far side of the hole.

The first major modification to the system completely
revised the method of changing samples and reduced the pile down-time for
the whole operation from 2 days to 20 min. This made it possible to change
samples during the short pile-down periods which occured about twice a
week. Incorporated in this new system is a heavily shielded storage facility
wh1ch can handle seven separate samples. This storage facility removed
any previous restr1ct10n on sample size related to induced radiocactivity since
the old sample could be left in one of the storage spaces to cool after being
removed from the reactor. It also made provision for reinserting an old

" sample ihto the reactior system without handling it manually. The ability

~to re- examme an old sample for a few days to check an energy or intensity
value or to look for a mis s1ng gamma ray has proved to be the most
valuable asset of the new system. The improved control over the source
alignment is also appreciated. After primary insertion of the sample into
the system, all further sample handling is done remotely. A number of
"bugs' developed in this remote-handling system and had to be corrected
through later modifications.
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FIG.1. Schematic drawing of the Argonne 7.7-m bent-crystal spectrometer located at the research
reactor CP-5 as it existed in 1964, The neutron-capture gamma-ray source, shown at the left, is located
in a through hole in the reactor. The gamma beam emerges through two circular apertures (one not shown)
and a narrow energy increment of this beam is then diffracted by the (310) planes of the bent quartz crystal,
The diffracted beam is separated from the undiffracted beam by the multislit post-collimator and detected
by a bank of ten Nal crystals,

FIG.2. Photograph of the new multislit post-coliimator taken at the point of convergence of the tapered
slots. Each tier contains 106 lead plates 1 m long and 1 mm thick, The full width is 25 cm. The quality

of the image attests to the uniform spacing of the Pb plates.
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The second improvement was the replacement of the old
multislit post-collimator (Fig. 1) which consisted of 106 lead plates 33 cm
high, 100 ¢cm long, and 1 mm thick and spaced 1 mm apart. The old
collimator used five vertical Mg spacers to kéep the 33-cm-high Pb plates
from bowing in the vertical direction. These Mg spacers, each 0.63 cm
thick, resulted in serious absorption of the diffracted beam at low gamma
energies. (The transmission through the 3.2 ¢cm of Mg was 0.05 for a
30-keV gamma ray.) The absence of vertical spacers in the new
post-collimator eliminates this low-energy absorption. The vertical bowing
problem is greatly reduced by dividing the collimator into three separate
vertical sections. Figure 2 is a photograph of the new collimator, taken
from the source position (the point of convergence of the tapered multislits
of the collimator). The Pb plates are slid into slots in the top and bottom of
each section. The thin cross supports that bear the weight of the first and
second rows of plates are in the shadow of the horizontal ribs of the
crystal-clamping block, so their presence causes no appreciable reduction
in transmission.

A new quartz crystal, 30 cm X 28 ecm X 0.2 cm, was bent
and installed in the spectrometer. In Fig. 3 the line width (FWHM) of this
2-mm-thick bent crystal is compared with the 4-mm- and 6 -mm-thick
crystals previously used in the spectrometer. The full width at half
maximum of the diffraction peak using the (310) planes of the crystal are
plotted as a function of the thickness 7 of the crystal. This is equivalent to
plotting the width as a function of the stress in the crystal when the radius of
carature R is held constant. Stress = constant X 7 /R. All crystals were
cut from the same piece of quartz. The experimental widths of 13.5, 9.0,
and 4.5 sec of arc for the 6-mm, 4-mm, and 2-mm crystals, respectively,
strongly suggest that the width of the diffraction peak is a linear function of
the stress. This is consistent with the theory of Sumbaev [2] , which
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FIG.3. A plot of the full width at half maximum W of the diffraction peak of the (310) planes of quartz

bent to a 7. 7-m radius as a function of crystal thickness for the 2 mm, 4 mm and 6 mm crystals at present

in use with the Argonne bent-crystal spectrometer. The stress introduced into the crystal through bending

is proportional to the thickness 7 if the radius R is kept constant (stress = constant X 7 /R). All crystal plates
were cut from the same single crystal, The solid line is a straight line through the experimental points, The -
dashed line is the upper limit allowed by the error in the points,
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predicts a bowing of the (310) crystaline planes when the quartz crystal is
bent. This bowing is related to the asymmetry of the elastic constants of the
crystal and should be proportional to the applied stress. The fact that the
straight line through the experimental points passes through zero width at
zero stress suggests that the width of the rocking curve of the unstressed
crystal is much smaller than the 4.5-sec width obtained with the 2-mm-thick
crystal bent to a 7. 7-m radius. The width of the diffraction peak W should
follow the relationship

W= [Wol 4 (ar/R)]Y?,

where Wy is the width of the rocking curve of the unbent crystal, 7 is the
thickness, R is the radius of curvature, and A is a constant related to the
theory and the units used for v, R, and Wo. The experimental data predicts
zero for Wy but the error on the points allow Wy < 1.5 sec of arc. 1Itis
obvious from this graph that one should try a thinner crystal (~1 mm) or use
a different set of crystalline planes to take advantage of the near-perfect
quality of the quartz crystal. We hope to do just this in the near future. The
remarkable thing about the use of thinner and thinner crystals is that it has
not appreciably reduced the peak intensity of the diffraction peak. This is
consistent with the assumption that the integral reflectivity (area under the
diffraction peak) is proportional to the thickness while the height is
proportional to the area divided by the width. If this is true, then the
diffraction-peak intensity should remain the same as long as the experimental
points in Fig. 3 remain close to the straight line. A very interesting
question that as. yet remains unanswered concerns the dependence of the
width and peak height on stress if the radius of curvature is varied instead
of the thickness. Figure 4 compares these two cases. The shaded area is
the region of the crystal that contributes to the diffraction process when

the spectrometer is set at the center of the diffraction peak.. This region

is defined by the angle A@in each case. If this picture is correct, then

the maximum intensity of the diffraction peak will double if R is doubled,
provided each usable part of the crystal acts independently. If adjacent
regions act coherently so that the amplitudes rather than the intensities of
the waves are added, then the dependence would go as R” rather than as R
and doubling the radius would quadruple the peak intensity. In this case the
choice of R would not affect the peak intensity since the loss in solid angle
would be made up by the increase in reflectivity. The undiffracted
background would, of course, go down with increasing R. In either case an
improvement in both the resolution and the signal-to-background ratio would
result from increasing the radius of curvature R.

The alternative approach to this problem of distortion of the
crystalline plane when stressed is to use a low-order plane, such as the
(110), that is symmetric with respect to the elastic constants. In this case
no distortion occurs and one can take full advantage of the near-perfect
crystal structure. The lower dispersion of the (110) plane can be overcome
by using a higher order of diffraction, e.g., the second or third order.

The most recent modification of the spectrometer was the
. addition of the multislit pre~-collimator to collimate the gamma ray beam
before it strikes the bent quartz crystal. The new configuration is shown .
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FIG.4. Schematic diagrams in which the shaded areas showwhat portion of a bent crystal is able to
contribute to the diffraction process when the crystal is set at the Bragg angle for peak diffraction intensity.
The upper pair of drawings explains why very little intensity is lost in going to a much smaller thickness 7
if the radius of curvature R is kept constant, The lower pair indicates that the intensity could be increased
appreciably by increasing the radius of curvature without changing the thickness.

in Fig. 5. The pre-collimator is located just outside the reactor face and
is about halfway from the source to the bent.crystal. This collimator
consists of 106 lead plates 15 cm high and 60 c¢m long. The thickness of
each plate is 0.046 cm. The space between them is 0.055 cm at the front
of the collimator and opens out to 0.061 cm at the back. This collimator
must be matched to the post-collimator so that the diffracted beam will
pass through the post-collimator. Any bowing or misalignment of the plates
in either collimator can cause serious loss in the intensity of the diffracted
gamma beam. - The plates slide into grooves cut into the top and bottom
members of the collimator frame, just as they did in the post-collimator.
These precision-cut grooves ensure the proper one-to-one correspondence
between the pre- and post-collimator. The bowing in the vértical direction
was reduced by cementing the plates top and bottom and applying tension to
the whole set. This was done slowly so that the cold flow of the lead could
even out the tension on the individual lead plates. -

The effect of this pre-collimator on the recorded background
was rather spectacular. Figure 6 compares the backgrounds with precollimation
(lower solid line) and without it (upper solid line). The reduction is at least
an order of magnitude over the whole spectrum and approaches 3 or 4 orders
of magnitude at the higher energies. The dashed line indicates the
improvement we expect to achieve by increasing the shield around the Nal
detectors to reduce the contribution related to the general room background.
The double collimator system is much like having a single collimator 4.m
long, except that the detectors cannot view the front of the collimator directly.
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FIG.5. Diagram of the bent-crystal spectrometer with the multislit pre-collimator in place, The gamma
rays result from neutron capture in a small sample at the left, near the core of the reactor, They emerge
from the reactor through a Bi aperture and pass through the pre-collimator and a second aperture. A narrow
energy increment of this gamma beam is then diffracted by the (310) planes of the bent crystal, separated
from the undiffracted beam by the post-collimator, and finally detected by a band of ten Nal crystals,
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FIG.6. Graph of the background counting rate before and after installation of the multislit pre-collimator
and thinner crystal, The dashed line is the background associated exclusively with the y-ray beam when
the pre-collimator is in place. The source used in this comparison was the '%?sm(n, y)**® Sm reaction. The
counting rate plotted is that in 10% of the aperture of the bent crystal.
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The pre-collimator absorbs or scatters a great many of the fast neutrons
and gamma rays scattered in the in-pile aperture. This doubly-scattered
radiation is absorbed in a heavy shield around the pre-collimator and does
not contribute to the room background or to the detector background. In
addition, the intensity of the primary beam of y rays from the source—and
therefore the intensity of the undiffracted beam which must be stopped in the
post-collimator —is cut in half by the precollimator. This is an important
improvement since it is this undiffracted beam that accounts for most of

the background at the higher gamma energies. Some bowing or ''oil canning"
still exists in the very thin Pb plates of the precollimator. This reduces
the transmitted beam to 60% of that measured without the pre-collimator in
place.

Figure 7 compares data taken before and after the new Z2-mm
bent crystal and the pre-collimator were installed in the spectrometer. The
improvement in resolution and sensitivity in this part of the 52Sm(n,y)“-"?’Sm
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FIG.7. A comparison between data obtained with the bent-crystal spectrometer after the installation of

the thinner bent crystal and the multislit pre-collimator (curve A) and before the installation (curve B).

Both curves represent the 390-410-keV region of the 152Sm(n,y )!5? Sm spectrum; the counting rate plotted

is that in 10% of the aperture of the bent crystal — i.e. in one of the ten Nal crystals in the detector bank.

In an attempt to obtain statistics good enough that the doublet at 397.90 and 396.49 keV could be resolved

by line-shape analysis, a long counting time was used for each point of the "before” spectrum. Although the
counting time per point was only 1/25 as large for the "after” spectrum as for the "before", the "after” spectrum
obviously is far superior for this purpose.
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spectrum as well as the need for this imrpovement is obvious. This need is
particularly imperative when one is trying to detect weak lines in the
spectrum (such as the 400.63-keV line) or resolving close doublets (such as
the 397.90- and 396.49- keV set or the unresolved 390.24-keV doublet).

It is also very useful in setting upper limits on missing transitions (such as
the one at 405.46 keV, indicated by the double parenthesis in Fig. 7).

The drastic reduction in the background above 2 MeV has
made it possible to make meaningful measurements up to 6 MeV by using
the first-order diffraction of the (310) planes in quartz. The energy
resolution (FWHM) is much poorer than that achieved with Ge(Li) detectors
at 6 MeV, but it is still possible to identify the stronger members of the
(n,y) spectrum. Figure 8 shows a bent-crystal spectrometer run over the
strong 5.8-MeV line in the 11?’Cd(n,\()“4Cd spectrum. The run was made
with the spectrometer beam stopped down to a fifth of its normal area and
with a source only one-tenth as strong as is normally used for the
investigation of the (n,y) spectrum above 500 keV. The run was part of a
series designed to calibrate the relative efficiency of the new system for
gamma energies from 20 keV to 6 MeV. Both the restriction of the aperture
and the use of the smaller sample were necessary to keep the corrections
for self-absorption of the gamma rays in the source and the distortion
of the line shape for low gamma energies from adding too much uncertainty
to the efficiency calculation. The counting rate for a normal sample would
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FIG.8, A bent-crystal spectrometer run over the strong 5. 8-MeV line in the “3Cd(n,y)'Cd spectrum,

It was obtained with the first-order diffraction of the (310) planes in quartz. The solid line is the envelope
of the known spectral components in this energy region; it is based on Ge(Li) data normalized to the
experimental counting rate. A single line shape of appropriate height for the 5. 8-MeV line is also shown.,
The dashed line is the undiffracted background.
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be an order of magnitude higher. Nevertheless the strong line at 5.8 MeV
stands out in the spectrum. The solid line through the data points is the
envelope of the expected response function of the bent-crystal spectrometer
for the known (n,y) spectrum in this energy region; relative energies and
intensities were taken from the Ge(Li) work and the height of the envelope was
normalized to the data. The background is determined by rotating the bent
crystal to destroy the diffraction condition. The intensity of the individual line
is proportional to the height of the full response function and can be calculated
in a straightforward manner. A similar procedure was used on other strong
lines to give a detailed description of the relative intensities of the (n,vy)
spectrum for the intermediate energies. The major uncertainty in this
method was the response function of the Nal detector (a 5 X 5-in. right
cylinder). This was measured directly by recording the Nal pulse-height
spectrum in a multichannel analyzer with the bent crystal set on the diffraction
peak, then rotating the bent crystal to remove the diffracted peak and
subtracting off the undiffracted background. The new values obtained for the
relative intensities of the strong lines in the spectrum were then used to
recalibrate the rest of the spectrum and to check the efficiency curve of the
Ge(Li) detector.
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Abstract

THE AUTOMATION OF THE CURVED CRYSTAL SPECTROMETER AT RISQ. The automated curved
crystal gamma-spectrometer at Risp is described and new essential attributes are presented, An angular
reflection width of 1.2" can be obtained,  The optimal energy resolution and the energy error of a
single gamma-reflection are given by AE(keV)= AXEX10 *x1/n, where E is the gamma energy in keV and
n the order of reflection. A is 2,5 if AE stands for the resolution, and 0.4 for the energy error. Strong

transitions over 200 keV are measured in the 5th order. Results for the nuciei '*Eu and '**Eu are reported.

1, INTRODUCTION

A great number of neutron-capture gamma-ray spectra [1] have been
studied with the curved crystal spectrometer at the reactor DR 3 at Risg,
Denmark, This instrument and its basic principles have been described
previously [2]. The measurements were performed in the following way.

(a) The total spectrum was recorded automatically on paper tape with
an angular accuracy of 1-2",

(b) The angles of reflection of strong lines were then measured manu-
ally with an accuracy of 0, 2-0, 3" by means of a very good theodolite.
Because of unavoidable displacements of the source it was necessary
to measure the reflections of these gamma lines consecutively
several times on both sides of the zero point (Bragg angle = 0).

(c) The energies of weak gamma transitions were finally obtained from
the automatically plotted spectrum, using the energies of the in-
tense lines as references,

The manual measurements were very time-consuming. In fact, about
10 000 points had to be measured during the study of a complex (n, v)
spectrum, ’

Obviously one would wish to record automatically the whole low-energy
(n, v)-spectrum with an angular accuracy of 0.2" or less. Such an auto-
matic operation has the following advantages: (1) the total measuring time
is used exclusively for precision measurements; (2) the energy of each
gamma transition is obtained from all orders of reflection, and not only
from one order as was the case during the manual measurements; and

65
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(3) the automation of the spectrometer enables the experimenter to
measure the whole spectrum in a fairly short time. Such fast runs cannot
be performed by manual measurements. They are necessary if double
neutron-capture occurs (e. g. target: ¥!Eu) and if targets (e. g. 195Gd, ¥7Gd)
with high neutron capture cross-section are studied, because of the burn-
out of the sources.

~_ diffracted beams ™~

=

Source

control crystal
main crystal
(quartz 110)

cornage with
eccenter.drive mechanism

axiol
bearing
X

worm wheel " cordan Joint guide rail for nut rotation

FiG.1. Principle of the driving mechanism and the control system.

2, THE COMPENSATION OF THE SOURCE DISPLACEMENTS

The accuracy of the determination of Bragg angles is limited by the un-
controlled displacements of the source that is suspended inside the tangential
channel of the reactor at a distance of 6 m from the spectrometer. Because
of temperature variations the gamma reflections shift irregularly by about
3" in the course of three weeks., This is 15 times the error of the angle
measurement. The automatization of the Risg spectrometer must, there-
fore, include a device that continuously measures-the source position,

This is achieved by means of a control crystal (Fig, 1) that is set to reflect
a certain very strong gamma line,

The control crystal is bent like the main crystal and it is focused on
the source, It is driven by a cranking mechanism (Fig. 1) and oscillates
about the Bragg angle of a strong gamma line with an amplitude equal to
the line width., The counting rates for the positive and negative part of the
oscillator movement are compared with each other., A number of pulses
proportional to the difference between these two counting rates are fed into
a stepping motor, which moves the carriage with the crank mechanism to
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such an extent that the centre of the crystal oscillations follows the centre
of the reference gamma reflection. The rotation of the control crystal is
fed.back to the main crystal to compensate the source displacement.

3. THE DRIVING MECHANISM OF THE CRYSTAL

A very accurate rotation and a precise measurement of the angular
orientation of the main spectrometer crystal is achieved with the use of a
crystal arm which is 2 m long and which is moved by a high precision screw.
As seen in Fig. 1, the screw spindle is rotated by a worm gear and moves
a carriage by means of a very precise nut whose rotational position is de-
fined by a guide rail.: The end of the crystal arm slides on a well-ground
plate fastened to the carriage. A displacement of 1 um causes a crystal
rotation of 0. 1", By this system the sine of the crystal angle or the wave-
length of the reflected radiation is proportional to the number of revolutions
of the screw spindle, The guide rail for the nut rotation is moved about
the screw axis by amounts proportional to the source displacement. The
proportionality factor is adjusted in the feed back system in such a way that
a source movement is compensated to better than 0.1". The total accuracy
of the determination of the Bragg angles is 0. 15-0, 2",

Another screw spindle, nut and guide system is used for the movement
of the Nal detector and the lead-plate collimator, which have to follow the
angle of the diffracted gamma radiation. Together with the automation
the old 0.4-m long collimator has been replaced by a 1. 4-m long one
causing a reduction of the background by a factor 3 for energies above 400
keV,

4. THE RESOLUTION
The most valuable property of the Ris¢ spectrometer is its high reso-
lution, which is determined by the quality of the crystal and its curvature,

and by the width of the source in the direction perpendicular to the beam.

4,1. The source

An improvement of the technique for the source preparation caused a
great réduction of the line width., We now use small, carefully ground U-
profiles made of 0,2 mm thick Al-foil to keep the source material plane to
0.01 mm or less (see Fig. 1 of Ref.[3]). Such source holders must be
built as light as possible because any material near the source increases
the background for energies below about 200 keV.

The dimensions of the source are 25 X 5 X (0. 03 to 0.1) mm; it contains
from 10 to 80 mg of target material. The thinnest source we have used
was a 25 to 30~-um thick gold foil.

4.2. The diffraction crystal

We use.a 4-mm thick quartz sheet of extremely small mosaic spread,
reflecting -at the 110-planes and bent to a radius of 5.80 m. The diameter
of the crystal window is 42 mm. For high-resolution measurements only
one half of it can be used.
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The angular line width of the spectrometer is in a wide energy range
independent of the energy and the reflection order. For energies below
about 200 keV the reflection power of the first and second order is so big
that the crystal appears no longer thin, Then the saturation of the reflect-
ivity of mosaic crystallites in the centre of the angular distribution intro-
duces a broadening of the gamma-ray reflections. This contribution to the
line width amounts at 100 keV to 1" for the first order of reflection,
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FIG.2. Resolution and energy error,

We have observed a total width of 1, 2" at half maximum for the 1%7Au
(n, v) lines. At least 1" must be attributed to the source. If we assume
Gaussian distributions for the contributions to the line width, there remains
at most 0, 7" for the sum of the mosaic spread and the non-ideal curvature
of the crystal. This shows that the mosaic spread does not necessarily in-
crease when a quartz crystal is bent. The smallest values for the mosaic
spread that have been found in selected regions of flat quartz crystals are
also of the order of 0,7'". Most of the other curved crystal spectrometers
produce a line width from 10 to 20". This is due to a distortion of the re-
flection planes in the bent state of a quartz crystal. The anisotropy of
quartz normally causes a plane perpendicular to the surface of the flat
crystal plate to be curved when the plate is bent cylindrically, the cylinder
axis being parallel to the plane. The 110-plane, which we use at Risg, is
not distorted by such a procedure. This is a result of the symmetry
properties of the elastic constants. However, Sumbaev [4] has shown that
the distortion of any reflection plane can be avoided if an appropriate
orientation of the crystal sheet with respect to the crystal axes is chosen.

Another extraordinary property of the 110-plane is the strong reflection
- power of higher reflection orders. The geometrical structure factor of the
5th order is nearly ideal. The reflection power of this order is 1/25 of
that of the first order. Because of the low background in the 5th order,
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which is 1/40 of the background of the first order, 20 to 40% of the total
number of lines of a (n, v)-spectrum can be measured with an accuracy and
a resolution corresponding to a grating constant of 0.49 A. Very strong
transitions are observed even in the 7th order of reflection.

In Fig. 2 the resolution of a very good Ge(Li) gamma-spectrometer [5]
is compared with the resolution of the Ris¢ diffractometer, The two parallel
solid lines show the best attainable resolution and the line width obtained
under the poorest conditions. The lower line corresponds to 5th -order
reflections of 1.2" angular width, the upper line gives the resolution for
a 3" source in the second order. This order of reflection is the most use-
ful one for weak lines. For sources consisting of oxide powder we have
usually obtained a line width between 2" and 3" for the last eighteen months.
The FWHM is 0.5 to 3 keV for gamma energies of 1 MeV. In the energy
scale the line width is proportional to the square of the energy. So we have
for 200 keV an optimal resolution of 20 eV, and for weak lines in broad
sources we have a line width of 120 eV,

The resolution of the best Ge(Li) detectors and that of a dlffractlon
spectrometer overlap in the region between 700 keV and 2 MeV. Therefore
the main field of activity of a curved crystal spectrometer must lie below
1.5 MeV.

5. ENERGY ACCURACY

The great number of reflection orders provides an excellent method
of determining deviations from the linearity of the driving mechanism of
the spectrometer. In the ideal case the reflection positions of one gamma
transition in different orders must have equal distances. The largest devi-
ations amounted to 1", They are mostly due to the non-linearity of the
driving mechanism and could be eliminated with the use of a correction
function consisting of a sine function of a period equal to one revolution of
the screw and of a polynomial. The remaining error is about 0. 18",

For a single gamma reflection the band of normal energy errors caused
by the spectrometer itself is given in Fig, 2 by the dashed lines. The
statistical error of the determination of the centre of a line is not included.
The final error of the energy of a line is usually around one half of the
value shown in Fig. 2. This is due to the fact that the weighted average is
taken of the results in the different reflection orders. Thus an error of
40 eV for a strong 1-MeV transition is attainable.

6. EFFICIENCY

The probability that a gamma quantum emitted from the source will
be detected in the photo peak of a 2X2-in, Nal detector after diffraction in
the maximum of the 21d -order reflectionis about 107 for40keV < E <200keV
and it decreases proportional to Ey2 for Ey 2 200 keV. The full-
energy peak detection efficiency of a reasonable size (10 cm3) Ge(Li) de-
tector viewing an internal target is roughly 10 ~ 50 times that of the
curved-crystal spectrometer, However, the resolution of such a Ge(Li)
spectrometer is usually more than a factor 1.5 poorer than that of the very
small (0.2 cm?®) high-resolution diode the line width of which has been in-
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cluded in Fig,2. Besides the lower detection efficiency of the curved crystal
spectrometer there remains another disadvantage of the diffractometer:

the spectrum must be measured in about 20 000 angular steps. Neverthe-
less, for neutron-capture cross-sections larger than about 100 b and gamma
energies up to 1 MeV, the curved-crystal spectrometer can compete with
solid-state detectors, if one compares the actual sensitivity for the de-
tection of lines. This is due to the following properties of the diffraction
spectrometer: :

(a) Counting rates of any magnitude are allowed. They do not affect
" the resolution,

(b) The ratio of peak height to background is bigger than in Ge(Li)-

: detector spectra, where the Compton distribution is responsible
for the high background. For instance for the strong 89-keV line
of our 1%2Eu measurement (Fig. 5) this ratio is as high as 1000,
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FIG.3. Sensitivity of the Risp spectrometer for the detection of gamma transitions in a source of 9000 b
neutron-capture cross-section.
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Figure 3 shows the weakest gamma lines that may be detected in a
sourceof 9000 b(*% Eu) in the case of a total measuring time of 10 days. The
values are approximately proportional to 1/J<} where ¢ means the neutron
capture cross-section. However, the sensitivity may be increased in small
energy regions by a factor up to 4 without the total time of measurement
being increased significantly. An example of th1s procedure is given'in
Fig.3 of Ref. [3]

7. MEASUREMENTS

In a normal run the crystal is rotated once from 6' to 4° in a period
of 3 weeks, while 6 orders of reflection are recorded (the 1%t to the 5™ and
the 7% order), -
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Figure 4 gives an example taken from our measurement on 6°Yb, The
small bump on the left side of the 760-keV line is only resolved in the 5t
order, which is shown in the upper-right corner of the figure,

The counting rates of the different orders are registered for each angle
step on punched paper tape. Thus the spectra can be evaluated by com-
puter, We have made a program which calculates the background, finds
the lines of the spectrum and performs a least-squares fit of Gauss functions
to the lines, Up to 12 lines can be fitted to a complex structure.

The following nuclei have been investigated with the automated spectro-
meter: 156Gd, 158 Gd, 152 Eu, the Yb isotopes 169, 172, 174 and 175, 1% Ay,
76Ag, 1945 and ¥°Tb, The Gd isotopes and 8% have been examined in
co-operation with A, Béacklin from Studsvik, who has measured the con-
version electrons, and with R. C. Greenwood and C, W, Reich from the
Idaho Nuclear Corporation, who made very good high and low-energy
measurements with a Ge(Li) detector. Some results for these nuclei are
discussed in separate contributions to this Symposium,
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Europium-152

The evaluation of the °2Eu data, which is being done by K. Miihlbauer,
is almost finished. The measurement of the (n,y) spectrum of this odd-odd
nucleus at the beginning of the region of deformed nuclei has disclosed a
tremendous number of lines, At a neutron capture cross-section of 8800 b,
2600 gamma lines were measured between 20 and 600 keV. In the energy
region between 100 and 200 keV the line density reaches the value of 10
lines per 1 keV. Figure 5 shows a part of the 34_order spectrum, Although
the resolution is 17 eV, it is obvious that a still smaller line-width is
needed. The difficulty of obtaining valuable information from y-v coinci-
dence experiments with Ge(Li) detectors is obvious. The energy region
presented in Fig. 5 covers only 1 keV,

Some new features of the level scheme have been disclosed already.
Figure 6 shows the level scheme of 1%2Eu, constructed by Borovikov and
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co-workers [6]. The levels of the cascade leading to the 9, 2-h state have
been fixed by the combination of the 89.9, 109.3 and 199. 2-keV transitions,
The energies were known from an older crystal spectrometer measure-
ment, Our new data contain three lines around 199, 2 keV, None of them
fulfils the energy combination. Thus the above-mentioned cascade may not
be placed as shown in Fig. 5. The combination of the 77,3, 73,4 and

150.7 keV lines is confirmed by our energies.

We have not yet made an attempt to establish the level scheme of this
nucleus from energy combinations alone, The number of cases, in which
the sum of the energies of two lines is by chance equal to the energy of a
third line may be estimated from n%. AE/E, where n is the total number
of lines, AE a mean energy error and E the total energy range of the lines.
For AE = 10 eV one obtains for our ¥?Eu results about 300 000 chance com-
binations. The work on the level scheme will be continued when in addition
to the very high quality (n, v) data, taken by the Los Alamos group, other
additional information is available, such as the results of conversion electron

measurements carried out by von Egidy's group at the Munich research
reactor.
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Europium-153

During the 152Eu measurement transitions in 198Eu could also be ob-
served. They result from neutron capture in the 13-year isomer of 152Eu
at a cross-section of 6000 b, They were attributed to 133Eu because their
intensity increased during the irradiation,

The ground-state rotational band of 158Eu, already known from Coulomb-
excitation experiments up to I = 15/2, is confirmed by our data. All intra-
band transitions between levels of the spin difference 1 or 2 have been
observed.
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FIG.6. Level scheme of '?Eu as proposed by Borovikov et al, [6].

The 9/2, 11/2 and 13/2 members of the K = 5/27[532] band were dis-
closed. The K = 3/2+[411] band was extended by the I = 9/2 and 11/2
members, The intensities of the intraband transitions of these bands yield
the ratio of igK-gR| to the intrinsic quadrupole moment. A detailed present-
ation and discussion of the results has been given elsewhere [ 7].

The data of the other nuclei investigated with the Risg spectrometer
are being evaluated at the present time,
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Abstract

FEASIBILITY STUDY OF ANJNTERNAL PAIR FORMATION SPECTROMETER FOR NEUTRON CAPTURE
SPECTROSCOPY. The internal pair formation process may be utilized to investigate the multipolarity of
high-energy transitions in neutron capture spectroscopy. For such measurements an instrument is needed
that is based on the energy summing principle and that exhibits high resolution and sensitivity. The paper
discusses the properties of a spectrometer which consists of a silicon detector telescope, two Nal(TI) scintil~
lation detectors and a superconducting magnet. The detection efficiency and the multipolarity discrimina-
tion power are calculated using the Born approximation. The sensitivity to background radiation is investigated.
A system of suitable design is proposed The spectrometer may also be used for measurements of internal
conversion electrons :

1. Introduction

Investigations of the radiative neutron capture process
have proved to be a useful meens for the study of nuclear structure.
Considerable aid in interpreting the transition diagram is provided
by a knowledge of the primary transition multipolarities. Information
about these high-energy transitions can vbe derived from measure-
ments of the internal conversion and, in fact, magnetic electron
spectrometers have been applied in neutron capture spectroscopy up
to several MeV / 1_/. An alternative process which can be utilized is
the internal pair formation process, i.e. the emission of a positron-
electron pair instead of a gamma ray. As yet studies of this process
have not attracted much effort, mainly because of the continuous
character of the single radiation. The pair production coefficient
‘is fairly high, being about 10~ in an average case. While the
internal conversion coefficient is small for low atomic numbers and
decreases with increasing transition energy, the dependence of pair
formation upon atomic number is only slight and the coefficient in-
creases with increase of gamma-ray energy. A comparison of both
processes is given in Table I. Over a wide range of energy and atomic
number utilization of palr formatlon may be preferable to internal
conversion.

* Present address: Strahlenklinik, Univessity of Heidelberg, Heidelberg,
Federal Republic of Germany,
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Table I
Comparison of internal pair formation and internal conversion
Coefficient (x 104)

Z=33% k=5 |2=84 k=5 7 =84 k=7

E1___E2 M1 | E E2__M1| E1__E2 M1
Conversion® 0.32 0.53 0.52| 4,72 10.8 15.4 | 2.8 6.0° 6.7°
Pair formation®| 9.6 5.3 4.1 | 8.8 4.5 3.5[13.9 8.0°

The energy, k, is given in units of mc2

From tables of Sliv and Band / 2_7

Extrapolated values

Interpolated values from exact calculations performed by
Jaeger and Hulme /3 7

oo

Most of the presently available data on internal pair
production have been accumulated by means of lens type or semi-
circular focussing magnetic spectrometers / 2_/. Other techniques are
the detection by annihilation radiation and the use of two double
coincidence Geiger or scintillation counter telescopes. The sources
were mainly beta-instable isotopes or proton-induced reactions on
light nuclei. From the standpoint of resolution and/or sensitivity
the hitherto known spectroscopic methods are hardly applicable to
the complex neutron capture process. In this field a high-resolution
system is needed that makes use of the energy summing principle and
that collects the positron-electron pairs with high efficiency. Two
of us /[ 4_7 therefore proposed a new instrument which is based on
the resolution, sensitivity and coincidence capabilities of semi~
conductor detectors. It is the purpose of this study to investigate
the properties of such a system in more detail,

2., General Considerations

The main components of the proposed spectrometer are two
silicon detectors and two NaI(Tl) scintillation counters operated in
a fourfold coincidence. The semiconductor diodes are stacked to form
a dE/dE + E telescope. They determine the total kinetic energy of
the positron-electron pair when both particles are emitted into the
solid angle subtended by the detectors. The annihilation quanta
arising from the positrons stopped in the E-detector are selected
by the scintillation counters which are placed on an axis perpen-
dicular to the axis of the telescope.

The dE/dx-detector should be very thin (100 - 200 um).
The electrons then suffer only a small energy loss and reach the
E-counter with high counting probability. Another important feature
is that more than 99.84 % of the gamma rays emitted into the solid
angle of the telescope pass through a 150 pmm detector without under-
going any interaction, if the photon energy is higher than 2 MeV. For
electrons with energies € 500 keV the specific energy loss is nearly
independent of energy and amounts to 0.35 - 0.40 keV per pmm silicon.
Thus the internal pair formation events which involve the simul-
taneous passage of two particles through the counter can be pulse-
height selected.



INTERNAL PAIR FORMATION SPECTROMETER 7

The so0lid angle defined by the telescope should be as
large as possible for two reasons. The first requirement is simply
the postulate of an adequate detection efficiency. The second reason
is the necessity to minimize the influence of the positron-electron
angular correlation on the response characteristics, When utilizing
the total coefficient or any other quantity correlated with it one
has to take into account that the differential cross section for pro-
duction of pairs with a small angular separation is almost indepen~
dent of multipole order, whereas the differential cross section for
production of pairs with a large angular separation depends critically
upon multiple order. In & neutron beam experiment the so0lid angle is
limited not only by the obtainable detector size, but also by
shielding problems and the maximum total counting rate in the de-
tectors. A very powerful and favourable method for arriving at a
large solid angle is provided by the use of a superconducting magnet,
if the axis of the solenoid coincides with the axis of the telescope.
With this system the silicon counters can be remote enough from the
target that the total counting rate is significantly attenuated
while at the same time the magnetic field insures the collection of
positron~electron pairs emitted into a large solid angle, Both
particles describe helical paths about the magnetic field lines the
sense of rotation being of opposite sign. In the case of a homo-
genous field of sufficient strength 50 % of all pairs leaving the
target will reach the telescope, if the detectors are only a little
wider than the target. Thus with regard to intensity considerations
the external target geometry, i.e. the extraction of a neutron beam
from the reactor, implies no disadvantage compared to internal
target geometry while at the same time the energy summing principle
can be applied. A loss by a factor of 2 can easily be overcompen-
sated by using a neutron beam with large radiating area. Because of
these interesting features it is worthwhile to study the response
characteristics of the proposed system in more detail.

3., Response Characteristics

When considering the detection efficiency and multipolarity
digerimination power we have to deal with the problem to calculate the
probability that for a given energy and multipolarity both the
electron and the positron are emitted into a given solid angle .
It is convenient to take the Born approximation as a basis of such
calculations. This approximation assumes that Za/(v/c) << 1, where
v is the velocity of either the electron or the positron and
a = 1/137. In addition, we shall neglect the influence of the atomic
number on the formation process. These simplifications are justified
for the following reasons. Exact calculations / 3_/ on pair pro-
duction have been made using the exact Coulomb wave function
solutions of the Dirac equation. The numerical computation is very
. tedious and only a few values of atomic number and transition energy
vere treated. However, the results show that the change in the total
coefficient is small between Z = O and Z = 84 (less than 15 %) and
that for sufficiently high eneggies agreement is found with the Born
approximation to within 15 % *’/, Unsatisfactory results are obtained
from the Born approximation, if the energy distribution of positrons
or electrons is considered, but in our case we shall integrate over
the energy division and concentrate on the angular distribution in
which even in the exact treatment the atomic number does not enter.

"

An exhaustive compilation of the literature is given in Ref. /[ 5_7/.
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We start with the differential internal pair formation
coefficient for production of pairs with a definite energy division
and a definite angular separation v» , as obtained by Rose /6, 7_/
from the Born approximation:

PP (/)2 1T

20,
7(141) q (kZ_qZ)Z

F (k,W ,%) =

+’
x{(a 141 (WW_ + 1 - 1/3 p_p_ cos)
2,2 ‘ '
s 1[5 - 2] Wy -1+ pp_coa)

+1/3 (1-1) p.p_ [(3/q2)(p_ + P, cos-19’)(p+ + p_cos&)

: cost] ]

for electric multipole transifions of order 21 and

20 P4Po (q/k)2 i+

«9’ = ’
FleM ) n 2 (ka-qz)2
PP .
x {1 *WW_ - +2- (p_ +p, cosf%)(p+ +p_ cosﬂa)}
q .

for magnetic multipole transitions.

Here the energy, k, is given in units of mc2 and
- _ 2 _ 4.
W, W=k ,p+_Vw+ 1
2 .
p_ = w_2 -1 3 q = p+2 +'p_2 + 2p+p_ costHh

78

W and » cover the intervals 1

W, €£k-18nd02PT,
respectively. :

The probability for emission of an internal pair with
angular separation t» irrespective of the energy division is readily
obtained from )

k-1 .
6 (k,Y) = [ F (kW , %) aw,
' 1
and the total coeffi?;ent is given by
. 7

a (k) = f G (k, %) sinPadh
0
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Let us assume that the given solid angle.Q is defined by
the aperture angle 2¢\ « If y denotes the angle between detector
axis and direction of a particle emitted into L, then the pro-
bability for emission of both particles into the telescope referred
to gamma emission into 4T follows from .

Min/m2¢7 ¢
H (k&) = f sinYd"f g‘('ﬂ';(ﬁ,f) G(k.~"9”) sindd

H=0  f=0

*
where g (19',¢,Y’) represents a suitable weighting function. Since G
is independent of ¥ , the integration over ‘f can be included into
the weighting function and we get )

Min/r,2¢J7

g (k,5) = / s('&.gb) G (x,%) sindaP -
0

Thus the problem reduces to calculate g ('19’ ,¢). It is convenient to
determine also the function f(4 ,$) which refers to the case that
at least one particle is emitted into S

1f 0< ¢ € 3, we obtain using the abbreviation

2
X(’8’|¢37 )

cos¢> - cosf cosD )

Are cos( sinkf sin o~

¢ _
[1-cos- ] + 5 f x($,$,¢) sinyap;0 <H<¢

)8 BN

b
J ¢ ¢ ,
€390 = 4 & [ <D g enmpas, pess 2
529
0; 2 ShEmw
\
The funqtion f('\9',4>) is calculatec'i” to be
a) 0<¢p T ;054 229
d+d -
-;— [1—cos¢]+ 157 f x(ﬂ?’.¢.)’) éinfdf;1}+¢>$ W
£3¢) = b an-(p+d

% cos(<P+‘9~)—cos<” + %ﬁ f x(--9'.<P.7") sinfdp; 19‘+¢27T
¢
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b) o<q) ﬁ-’zf; 24) £S5 <n,
S+

% [1-cos¢] + -;-—r' /x(-{)‘,q),‘f) sinnf»dr; ,9+¢ <17
th ) = 524
2n=($+8)

-;- [cos(¢+39-cos (P} + %'ﬁ- x(-ﬁ-,(b,y') singdy; 19+¢ 27
820

In the case EfCPfTT the corresponding formulae are readily
obtained from the rela%ionships :

g, ¢) =1 -18(S,m-¢)
£1(S,¢) =1 - g(S,n-P)

With the above expressions numerical computations have
been performed for the multipolarities E1, M1, E2, M2 and the
transition energies 4, 5 and 6 MeV. In Fig., 1 the ratio of the
number of internal pairs emitted into JL to the number of gamma rays
emitted into 47 is plotted as a function ofd) for Ey = 4 MeV. The
results show that the detection efficiency is strongly dependent on
s0lid angle. Increasing £) from 1 % to 50 % yields nearly three orders
of magnitude in the counting rate. In addition, the multipolarity
discrimination power is improving with increasing solid angle. Since
without magnet S is limited to at best 10 % of 4r , the collecting
action of a magnetic field provides & considerable improvement in
the performance of the system. The relative differences in the de-
tection efficiency for the most important multipoles are sufficiently
large to allow an experimental determination of the multipole
character. They are about 50 % for 4 MeV E1 and M1 radiation observed
in 2m geometry. The corresponding values at 5 and 6 MeV are 40 %
and 30 %, respectively. The ratios for SL/4T = 1 in Fig. 1 are
identical with the total pair formation coefficient.

In Fig. 2 the function
B (k,Q) | J

E (k8 T4

with JZ = 0.25 % is plotted. This expression is a slowly varying
functiofl of {2 and allows a linear scale.

The calculations described here are only approximately
valid, if a lower limit is set on the energy of either the positron
or the electron by the pulse-height selection in the dE/dx-counter.
For sufficiently high transition energies the fraction of pairs
which is excluded in this way is small. Thus we can expect that more
sophisticated calculations will not considerably alter the results.
Studies which allow for the pulse-height selection will be performed
in the near future., These claculations will also include a proper
correction to the shape of the positron energy spectrum. Such a
correction is suggested from the exact solutions of the Dirac
equation.
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4, Discrimination Against Interfering Radiation

Since the values for H (k,JS)) range between 10-1+ and 10'3,

it must be insured that the coincidence counting rate due to gamma
rays emitted from the target issuppressed with high effectiveness.
This problem was investigated experimentally. A telescope consisting
of a 170 m dE/dx-detector and a 2 mm E-counter was irradiated with
conversioh electrons from a 207Bi source (without magnet). No
disgortion of the electron spectrum occurred when a gamma-ray source
of 90Co was added which had a source strength more than three orders
of magnitude higher than that of the electron source. This is
demonstrated in Fig. 3 where the spectra taken without and with Co
source are shown. By using & superconducting magnet and thus a remote
position of the telescope the sensitivity to gamma radiation can be
further attenuated by more than an order of magnitude while the
charged particle intensity is increased. Finally, the requirement of
a fourfold coincidence relationship considerably reduces the gamma
induced background. Thus we can conclude that interference from gamma
radiation presents no severe problem.

Another source of interfering radiation is the internal
conversion process. Such an event alone is not capable to trigger
the coincidence circuit since there is no source of positrons. The
same is true for events occurring in cascade. Another obvious
possibility is the emission of a low-energy internal conversion
electron into the dE/dx-counter with simultaneous production of a
positron in the E-detector via external pair formation. The pro-
bability for such an event is very small because of the unfavourable
geometry for gamma rays, the low atomic number of silicon and the
pulse-height selection in the dE/dx-counter. Only in those cases
where the energy of intense conversion electrons is such that the
energy loss in the thin detector equals that of two high-energy
electrons interference may occur with measurable intensity. However,
the internal pair lines remain undisturbed. The background has either
a continuous character or satellite peaks appear. Moreover, the
possibility for this interference can easily be controlled.

Summing with low-energy conversion electrons can also occur
in the case of internal pair events, if there are highly converted
coincident transitions and if a large solid angle is used. This inter-
ference results in a reduction of the pair lines and thus may falsify
the measurement. A direct way to eliminate such summing effects is a
reduction of the solid angle. This may be accomplished by placing the
target in a diverging magnetic field. Then the efficiency is reduced
by the magnetic mirror effect. As the electrons or positrons move
towards the detector, the radius of the helical orbits will decrease
due to the increase in magnetic field strength. Since the angular
momentum of the particles remains constant, the velocity component
perpendicular to the direction of the field will increase. As a
result particles emitted from the target at an angle @ relative to
the field vector will be totally reflected, if © exceeds -the angle
Oo given by

. 2 B
sin 00 =g
max

Here B is the field strength at the target position and B ax is the
maximum magnetic field strength on the path to the telescgpe. By
varying B the collection efficiency and thus the magnitude of the
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summing effects can be controlled. A proper method to vary the field
at the target position without changing the maximum field strength
is discussed in section 6.

Another procedure for eliminating the influence of summing
with conversion electrons might be to correct the pair lines for the
intensity distributed over the sum peaks., This intensity may be
obtained from a (simultaneous) measurement where an energy loss
greater than that of two fast electrons is admitted in the dE/dx -
counter.

5. Timing

Due to the remote position of the telescope and the
collecting action of the magnetic field part of the electrons or
positrons have to travel a long flight path before they reach the
detector system. Therefore we have to study the time behaviour for
unfavourable emission angles and energy divisions. In a homogeneous
magnetic field the time of flight is given by

where d is the target - detector distance., Let us consider a total
kinetic energy of 7 MeV. If one particle is emitted with 6.5 MeV at
© = 0° and the other particle with 0.5 MeV at © = 80°, then the
difference in time of flight for d = 20 e¢m is calculated to be

3.8 nsec. Thus no problems arise both for the time and the energy
resolution.

6. Design

A schematic lay-out of a proper spectrometer design is
shown in Fig. 4, A beam of thermal neutrons enters an evacuated
target chamber and impinges upon a thin target located on the
symmetry axis of a superconducting solenoid system. The inside
diameter of the magnet is 5 cm. The central field is approximately
50 kOe. Thus 9 MeV electrons describe helical paths with at most
0.64% cm radius and can reach a2 3 cm dia. detector without striking
the wall. The telescope is placed 19 cm above the target and is
mounted on the end of a cold finger connected to a liquid-nitrogen
cryostat, A liquid-helium cryostat shielded by liquid nitrogen
houses the superconducting magnet. Target and detector system can be
removed without disassembling the helium cryostat.

The main problem in designing a superconducting magnet
with constant field strength over the whole distance between target
and telescope arises from the requirement that the solenoid be
divided for the passage of the neutron beam and the emergence of the
annihilation quanta. A proper solution is indicated in Fig. 4. A
suitable geometric arrangement of several coils insures a practically
homogeneous magnetic field. The local dependence of the field
strength as calculated for the spectrometer axis with a current
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FIG.5. Magnetic field strength on the spectrometer axis.

of 55 A is shown in *+) Fig. 5. By changing the current through the
auxiliary coils placed beyond the target position a diverging field
can be produced at the target and the effective solid angle can be
controlled by means of the magnetic mirror effect. In this way a
very versatile instrument is obtainable.

The E-counter should be as thick as possible. Fully de-
pleted detectors produced by ion implantation are very well suited
for stacking a thick counter. The energy resolution of the tele-
scope is essentially determined by the dE/dx-counter because of the
large capacitance of this detector. With present techniques an
optimum resolution of 0.07 % at 10 MeV can be attained.

It is worthwhile to remark that the principle discussed
here may also be successfully applied for measurements of the internal
conversion electron spectrum from neutron capture.
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Abstract

PLANS FOR HIGH-RESOLUTION (n, ) STUDIES AT THE RILL, The measurement of slow neutron
capture gamma-ray spectra at the RILL will be carried out with different instruments located at both ends
of a tangential through hole. The low-energy spectrum will be measured with four curved-crystal
spectrometers with focal lengths from 5.8 to 24 m. The high-energy spectrum will be recorded with
a Ge(Li) spectrometer, Medium-energy gamma rays will be detected with a Ge(Li) diode combined
with a curved crystal monochromator and operated in the anti-Compton mode.

High-resolution (n, v) studies have been performed at many labora-
tories during the past decades. The data obtained in these experiments
have helped to extend our knowledge of the structure of a great number
of nuclei, in particular where the experimenters have measured rather
complete and detailed (n, v) spectra[1]. This has been possible predomi-
nantly when the slow neutron capture cross-section has been fairly large.

A good Ge (Li) spectrometer is well suited for the measurement of the
whole (n, ¥) spectrum of a probe even when this has a very small cross-
section if it is located properly at a medium strength reactor. However,
such a solid-state counter shows drawbacks in the low-energy region: its
resolving power E/AE decreases with decreasing energy E, the full width
at half maximum AE is seldom less than 0, 7 keV for E = 100 keV and
1.6 keV for E = 1 MeV (2], and its dynamic range is reduced at lower
energies because of the Compton events of radiation with higher energy.
The latter disadvantage has been overcome to a great extent with anti-
Compton spectrometers [3, 4].

Curved-crystal spectrometers have a resolution up to E/AE.= 2 GeV/E
[5] and a large dynamic range at low energies. However, the extremely
small detection efficiency of these diffractometers requires very strong
sources, which can be produced only in regions of sufficiently high neutron
flux, The quality of the curved-crystal spectrometer data decreases more
strongly with decreasing source strength than does that of the Ge(Li) data.
At the present time a fairly small curved-crystal spectrometer for the mea-
surement of (n, v) spectra from a 20-mg source with ¢ = 2000 b in a
thermal neutron flux of about 6 X 10%*n cm-2sec-! yields data which are
more detailed for E < 800 keV than the low-energy (n, v) spectrum from
the same target material recorded with one of the best anti~Compton
spectrometers [4]. v

A curved-crystal spectrometer at a high flux reactor .is the most
powerful instrument for the spectroscopy of low-energy gamma radiation
from targets with capture cross-sections ¢ >0.1 b. The Ge(Li) diode is
the best spectrometer for medium- and high-energy gamma rays and the
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universal detector for (n, v ) spectra from nuclei with 0 < 0.1 b. For these
reasons we have planned to use both types of instruments for one-
dimensional high-resolution (n, v) studies at the Reactor of the Institute
Laue-Langevin (RILL). i

The RILL has been designed as a heavy-water-moderated high-flux
reactor mainly for solid-state physics work. Several special beam holes
are under construction for nuclear physics experiments. One of these is
a horizontal through hole with 10 cm internal diameter. Its axis passes
the reactor core at a distance of 55 cm. This will guarantee a relatively
low epithermal and fast neutron flux while the slow neutron flux is ex-
pected to be around 5 X 10%n cm? sec™! in the centre of the tube, which
should make it ideal for (n, v) studies.

The cost of construction and operation of a high-flux reactor demands
that each beam tube be used very efficiently. We intend to instal and
operate in parallel five gamma spectrometers at the (n, v) liner,

(1) The Ris¢ spectrometer will be transferred to Grenoble and located
at one end of the beam hole. A few constructional changes will be neces-
sary to fit the instrument to the face of the huge reactor. The length of
the multi-slit collimator should be increased from 1.4 m to about 2.4 m
so that the collimator and the detector, together with the present shielding,
will remain outside the intense undiffracted beam for an angle of reflection
9> 4°, The spectrometer will be used mainly for measurements of gamma-
ray reflections with 4° < ¢< 12° corresponding to 20 keV < E < 180 keV.
High resolution is maintained if the focussing condition is satisfied, which
implies that the distance between the source and the spectrometer must be
reduced by 11 cm if ¢ is increased from 4° to 12°. This should be accom-
plished by mounting the instrument on a movable frame.

A small servo diffractometer will be installed in front of the Risg
spectrometer, The instrument will record only the reflection of a single,
very strong low-energy line and thereby measure continuously the exact
position of the source which cannot be mounted rigidly inside the channel.
The angles of reflection of (n, v) lines recorded with any spectrometer
viewing the source can then be determined with an accuracy which is given
essentially by the precision of the angular setting of the curved crystal.
The planned servo diffractometer should resemble the present system
used in feedback operation at the Ris¢ spectrometer. However, it should
operate independently of a special spectrometer at Grenoble. This will
simplify the design considerably.

(2) A second spectrometer has been planned with a focal length of
24 m. Recent measurements at Risg have shown that reflection widths
as small as 1. 2 seconds of arc can be obtained from a sufficiently small
source [5]. Therefore, it is reasonable to design the RILL curved crystal
spectrometers in such a way that the source contribution to the reflection
width is around 1 in. for average sources. These will be about 40 mm
high, 2 - 10 mm deep (along the axis of the beam tube) and ~0. 1 mm thick,
so that they appear to be 1 in, broad from a distance of 20 m. The 24-m
spectrometer will consist of two independent units on top of each other,
These systems can be operated in different ways: (a) one unit measures
the (n, v) spectrum from + ¢ to + @ ;~ 2! and the other unit from -¢to
~$nin- This mode of operation provides an independent automatic control
of the source fluctuations. (b) One system is used for the measurement
from ~2° to @y, and the other system for recording the spectrum between
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-2° and -4°. In this case the 24-m spectrometer yields.the (n, v) spectrum
with E,>180 keV (for fifth-order reflection from the 110 planes of quartz)
or £, >72 keV (for second-order reflection),

(3) A third spectrometer with a focal length of 18 m could be located
in front of the 24-m spectrometer., The 18-m instrument will be used
for measurements at reflection angles greater than 2° since the collimator
and the detector and its gamma shield must be kept outside the direct
beam to the 24-m spectrometer., The 18-m spectrometer would enable the
experimenter to restrict the angular range of the 24-m diffractometer to
© < 2° (Ey>360 keV or 144 keV for the fifth or second order of reflection).
The angular range of the 18-m apparatus would then be 2° - 4°, The
reduction of the angular range is directly proportional to the reduction of
the number of measuring steps and inversely proportional to the counting
time per step. Thus, the counting time per point at the 24-m spectro-
meter would be about 400 sec if the reflection width is 2 in. and if the total
measuring period is about 1 month. Such counting times allow spectra
with very good statistics to be recorded, as shown by Baader in another
contribution to this Symposium [6].

(4) A fourth, very simple spectrometer will be used for the study of
gamma rays with energies less than 30 keV. The instrument will be
equipped with a bent LiF crystal or with a very thin curved quartz crystal.
The maximum resolution will be obtained with the quartz crystal if the
distance between the source and the spectrometer crystal satisfies the
focussing condition 1 (¢) = 1,(1 - cos@). The spectrometer should there-
fore be mounted on a suitable carriage between the 18-m spectrometer
and the source changer, whose length puts a lower limit on the focal length

The defocussing effects at the 18-m and 24-m spectrometers are
negligible so that these instruments can be located stationary.

(5) Gamma radiation that is not diffracted by the crystal of the
modified Risg spectrometer can be analysed further with an additional
spectrometer, This spectrometer would be useful for measuring the
whole (n, v) spectrum of an isotope with very small cross-section and for
studying medium- and high-energy neutron capture gamma rays from
strong sources. The most flexible instrument for this purpose is a Ge(Li)
detector surrounded by a split scintillator. Such a spectrometer can be
operated in both the pair and the anti-Compton modes. It would be placed
in the direct beam for the measurement of high-energy (n, v) rays or of
the total capture gamma-ray spectrum of weak sources, Intense (n, v)
lines with medium energy can be studied very well if one uses the geometry
chosen successfully by Smither [7]. He used a Ge(Li) detector to analyse
the gamma beam diffracted from a curved crystal. The anti-Compton
arrangement will reduce the background considerably so that one can hope
to find even weak transitions in the spectral region which is diffracted into
the germanium diode.

The Ge(Li) spectrometer would therefore complement the curved-
crystal diffractometers. The instruments described should make it
possible to measure the whole (n, v) spectrum from a single source,
while occupying only one channel at the high-flux reactor.



92 SCHULT et al.

ACKNOWLEDGEMENTS

The authors are very grateful to Professor H. Maier-Leibnitz, the
director of the Institute Liaue-Liangevin, for his support and continuous
interest in the (n, v) project and for valuable discussion.

REFERENCES

(1] Nuclear Data, Academic Press, New York, 3 4-6 (1967); 5 1-2(1968); 5 3-4 (1969).

[2] PALMS, I.M., VENUGOPALA RAO, P., WOOD, R.E., Nucl, Instrum. Meth. 64 (1968) 310.

[3] MOTZ, H.T. etal., Phys. Rev. 155 (1967) 1265.

[4] MICHAELIS, W,, KUPFER, H,, Nucl, Instrum, Meth. 56 (1967) 181.

[5] XOCH, H.R.et al., "The automation of the curved crystal spectrometer at Risg", these Proceedings.

[6] BAADER, H.A. et al., "Investigation of the ¥8Gd level scheme by thermal neutron capture”,
these Proceedings.

{71 SMITHER, R, K., private communication; Proc, Conf. The Study of Nuclear Structure with
Neutrons, Antwerp, 1965, North Holland Publ, Co. (1965) 519,



Invited talk

NEUTRON CONDUCTING TUBES

H. MAIER-LEIBNITZ
Institut Max von Laue - Paul Langevin,
Grenoble, France

Abstract

NEUTRON CONDUCTING TUBES. The relationships characterizing neutron reflection along ideal
straight neutron guide tubes are summarized and extended to the cases of curved tubes and real guide
tubes with imperfections. Practical aspects on the construction and use of real guide tubes are presented,
including data on neutron reflectivity, associated radiation levels and neutron polarization,

From the work of Fermi's group [1, 2] soon after the war it is
known that the refractive index of most substances for thermal neutrons
is slightly smaller than one. Thus total reflection from mirrors is
possible with critical angles of the order of one degree (the critical
angle is proportional to the wavelength; for nickel, the angle is one
degree for 10-A neutrons.

Neutron mirrors have been used by several authors [3] to measure
critical angles; to deflect neutron beams; and to produce polarized
neutrons, using the fact that the refraction index of magnetized sub-
stances is different for the two possible spin orientations of the neutron.

Christ and Springer [4] were the first to guide slow neutrons by
multiple total reflection in a polished copper tube. In a straight tube,
after a first reflection all subsequent reflections occur under the same
angle. This means that except for reflection losses, the specific bright-
ness (neutrons per cm‘ -sec, per solid angle, and per wavelength inter-
val) will be the same at the exit of the tube as at the entrance, for the
angular range of neutrons that is transmitted at each wavelength.

This situation is not fundamentally changed if a long tube is slightly
bent so as to forbid the passage of fast neutrons and gamma rays. With
these properties, neutron guides may serve the following purposes:

Production of a pure beam of slow neutrons at a distance from the
reactor R

Production of beams of very slow neutrons (A> 10 A) with angular width
larger than can be obtained with normal beam tubes at a reactor
Provision of long beam paths for time-of-flight experiments without
loss of angular divergence

Separation of experiments, by using several neutron guide tubes at a
distance from the reactor

Production of intense polarized beams.

Neutron guide tubes are in use now at various places (Munich {5, 6],
Saclay [7], Brookhaven [8], Oak Ridge [9]). Experiments have been done

to improve them, mainly by trying (with moderate success) to use
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laminated guide tubes in the shape of a bent Soller collimator (Ris¢{10,11],
Brookhaven [8], Bucharest [12], Vienna [13]); polarized neutrons have
been produced by such systems, too. An attempt has been made [14]
(without success so far) to make very short bent guides by evaporating
alternate layers of nickel and aluminium on a curved surface; the
nickel surfaces are the neutron mirrors and the aluminium replaces the
vacuum of a normal guide.

At the high-flux reactor for thermal neutron beams which is under
construction at Grenoble, ten neutron guide tubes are foreseen, five
for thermal neutrons and five from the cold source, with a rectangular
cross-section of 3 X 20 cm each.

'IDEAL' NEUTRON GUIDE TUBES

The critical angle of total reflection is

yc=«’1—r?=\/¥)\ (1)

n = refractive index, N = number of atoms/cma, = coherent scattering
length, 2 = neutron wavelength. To good approximation even for ab-
sorbing substances, it may be assumed that the reflectivity r is one
for all angles v < v., and zero for all v > vy, (the reflectivity r de-
creases tor = 0.3 for y = 1.1 y.). Since Eq.(l) may be written in terms
ofk =27/x

_ Ak

Yo T (la)

This means that all neutrons with wave vector component normal to the
surface smaller than Ak are reflected, independent of wave number.

A straight, rectangular neutron guide tube in the z direction with
ideally reflecting walls parallel to X and y therefore reflects all neutrons
with

- Ak < k, < Ak; -Ak<ky<Ak (2)

Out of a Maxwell spectrum of thermal neutrons with momentum space
density p,

3 -
b, B dk, dky dk, = 72— T dk,, dk, dk, 3)
2
h 2 _ _m 2
2m Efr RT3 Vv

kg = Boltzmann constant, T = temperature of the Maxwell spectrum,
the neutron guide transports a current

J= Ffffv pp dk, dk dk,

2 R 2
-k2 k2
Fi 4 <A_k> / > e /k ——dkz = F i <é£> (4)
47 kp/ o Vo k 27 \ kg
0

T

F = cross-section of the neutron guide.
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For nickel which is the best material for neutron guides (usually
evaporated on glass) Ak = 0.0107 AL
For T = 300°K, k. =3.25 A"}, V. = 2200 m/sec.
In this case

J-F 2 2.2x% 10
47

For a cold source with T = 30°K

J-F 2.2.2x10%
4T

Thus, a cold source Maxwellian flux density of 101%n cm™sec! at the
guide-tube entrance would yield a cold neutron flux density of
2 X 101lnem™? sec™! at the guide-tube exit.

We now consider an 'ideal' bent guide consisting of two concentric
cylinders, with radius R for the outer cylinder and distance d between
them, with neutrons travelling normal to the cylinder axis. A neutron
passing through a point whose distance from the outer wall is x, and at
an angle (7/2) + v, with the radius vector, will hit the outer wall at an
angle v, . Assuming x/R « 1

2 2 2x
Y TV TR ()
2
and, since yi < <—k—k>

2
9 Ak 2x
é — - ——
Vi ( k > R

or, with Ak, /k =

’YX max

2
Akx>2 =1 - _2_X <_k_> . (6)
Ak R Ak

Thus, near the outer wall neutrons of all moments are reflected within
the angular range Ak/k. At a distance x the angular range is more

limited, and above
IR
krnax = Ak 5% . (")

neutrons cannot pass. This holds if the guide is long enough (length L)
to prevent the passage of neutrons without reflection

L>L,=/8dR (8)

The angular range as a function of k/Ak and of x/R is shown in
Fig.1 for a certain range of k/Ak and of x/R. By applying a transforma- -
tion parameter ¢ as indicated, the figure may be adapted to other ranges
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of the two variables. The intensity of the faster neutrons is concentrated
near the outer wall, while for slow neutrons the distribution is nearly
uniform. A 'design value, kges' of k for a guide tube for nearly uniform
transmission may be defined by asking (rather arbitrarily) that
kde:s = 2/3 kmax (d) (9)
which gives

Akq

ol =075 (10)

For calculations of total neutrons intensity at x a cut-off value

L R
kmaxzz Ak\[ﬂ (11)

may be introduced as an upper limit in the integral (4).

ke =

SE

REAL GUIDE TUBES WITH IMPERFECTIONS

Neutron beams from real guide tubes are different in geometry and
intensity as compared to the 'ideal' case for three reasons:
(1) Imperfect reflectivity due to microscopic roughness of the

surface
2.X<3.10°5- |
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FIG.1. Wave number range ak, for neutrons of wave number k emerging at a distance x from the outer
wall of a curved neutron guide (radius R). AKk/k is the critical angle of total reflection of the surface,
o is a parameter that may be chosen to vary the range of k or of x/R.
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(2) Deviations of the reflecting surfaces from the 'ideal' geometry
(‘waviness!')
(3) Imperfect joints between the parts that make up a long neutron

guide.

The roughness of a surface will cause a loss of specular reflectivity,
and will create a diffuse reflectivity which may be concentrated at small
angles around the regular reflection. This is well known from measure-
ments on mirrors for X-rays and for neutrons [15].

Neutron reflection on glass
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FIG.2. Reflectivity of ground mirror glass(Saint Gobain) and float glass, measured in the gravity
refractometer, '

The requirements of surface smoothness for good reflectivity are
about one order of magnitude higher for neutrons (near the critical angle
for all energies) than for optical light. However, normal optical polishing
yields surfaces that are quite satisfactory. Quite a number of measure-
ments have been made on single or multiple reflection from glass sur-
faces with or without evaporated coatings; they all give reflectivities
around 0.99. Figure 2 shows a recent example on commercial mirror-
glass plates.

The average number fi (k) of reflections in a straight guide tube of
width d, height h and length L is

B =5y ®) <%+—I;;> (12)

and the maximum number of reflections is twice as high.
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In a quadr.atic bent tube of length L = L (length of direct sight,
see Eq.(8)) n has a minimum value figes = 3 for k = Kges (K ges S€€
Eq.(9)). For smaller k values

kdes ~ kdes

n(k) =figes 5 ~ 3

(13)

For larger k values, n will increase again because a neutron may move
in 'garland' reflections near the outer surface.

Angular deviations € from the desired flat or cylindrical shape of
the neutron guide surface will cause losses of about ¢/v, (k) per reflec-
tion. The total loss will be proportional to the square root of

. _€ -
AJ)T = ] A B () (14)

For large k values where y. is small and n may become large due to
garland reflections, the angular surface deviations will greatly reduce
the neutron intensity. This is clearly shown in the results of the Saclay
group [7] who have made a most careful investigation of the intensity as
a function of x and of angle. For instarce, there is anintensity minimum
for fast neutrons that emerge near the outer guide tube surface in the
tangential direction.

Deviations € may be caused by the natural waviness of commercial
glass surfaces. For a neutron guide tube designed in Munich for 1-A
neutrons (y. = 0.0017), glass with € = 107* was selected (mirror glass
from Saint Gobain) with a rejection rate of 30%. Since neutron guides
are not expected to be used for wavelengths smaller than 1 A, the use-
fulness of commercial glass is now proven generally.

However, deviations € are also expected by involuntary bending of
neutron guide glass plates. In Saclay this problem has been solved
(down to 2 A) by using thick plates (2 ¢cm). These plates were specially
ground and polished and cemented into a self-sustaining, vacuum-tight
guide tube. In Munich frames, 1 m.in length by 2.5 ¢m and 14 cm wide,
were cemented together, using a large flat table to support the lower
plate, steel spheres to define the distance between the plates, and ap-
propriate weighting to compensate for their natural curvature.

Another deviation € will be caused if a curved neutrons guide is ap-
proximated by straight sections. This will not usually be serious. If
necessary, the tube section may be slightly bent during the process of
cementing.

Angular adjustment of neutron guide sections is easy. Flush surface
adjustment can be obtained using washers, with an accuracy of 6 = 0.02 mm.
The intensity losses due to this are for m sections

AT/ X m (15)

Q.o

In Munich the guide tube sections are mounted in long (up to 10 m)
rectangular steel tubes which are then adjusted on pillars, sealed and
evacuated. The mechanical stability appears to be satisfactory if large
temperature variations (e.g. by solar irradiation) are avoided.
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From the glass or plated glass guides that are in operation or that
have been tested, the following conclusions may be drawn:

Neutron guide tubes are feasible for all wavelengths down to 1 A
They operate according to theoretical expectations; the neutron losses
that are observed may be described by assuming an effective reflectivi-
ty [7] between 0.98 and 0.97 (instead of the observed reflectivity which
is better than'0.99). For neutrons that are several times faster than the
design velocity the losses are higher (effective reflectivity 0.93 [7]).

‘Experience with reflectors other than glass seems to be less
favourable. It is difficult to achieve the combination of good micro-
smoothness and small waviness. Foils have always given inferior re-
sults. Attempts are being made to use electroplating but the results are
not yet known.
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FIG.3. Gamma-ray dose around neutron guide tubes at Munich,

SHIELDING; BACKGROUND RADIATION

A neutron guide tube, or a set of several tubes, makes a large
opening in the reactor shield. Fast neutrons and core gammas will
mostly penetrate the guide tube walls. Therefore, in Munich where a
set of three guide tubes 2.5 X 25 ¢m originates from one beam tube, a
water basin, 2.50 m wide and 0.80 m high above the neutron guides with
0.3 m concrete walls, with borated water and with lead shields (5 cm)
and 6 cm of concrete in the upward direction near the reactor wall, is
used up to a distance of 15 m from the core and provides just about suf-
ficient shielding. One tube, for 20-A neutrons, passes into the hall after
a total length of 12 m; two tubes, one with Ni for 4.5- A neutrons, one
with glass for 6 A with total length of 34 m (L = 1.4 L;), pass through
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several walls into the open and into a laboratory. The gamma dose
around the outer parts of these guides is shown in Fig.3?! (the fast neutron
dose is small in this region).

Most of this gamma radiation does not come from the core. It is
produced by thermal neutrons which are lost from the guide by one of
the processes mentioned above. The average neutron flux is about
6 X 10° nem™ sec™ for the Ni guide. Assuming that one third of the
neutrons have been lost by imperfect reflection along a path of 30 m,
the neutron guide surface is a source of slow neutron capture radiation
from 7500 n cm™? sec ! (both sides of the neutron guide together). A
considerable fraction (somewhat more than Z,/L, the ratio of absorp-
tion to scattering cross-section, which for glass and 2200 m/sec neu-
trons is about 0.03) of the neutrons will be captured in the glass. The
rest may be absorbed outside, by lithium if possible. Boron glass may
be used for the neutron guide. In this case, all neutrons are absorbed,
but low energy gammas (only) are emitted, against which gamma protec-
tion is easy.
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FIG.4. Gamma-ray dose at the end of a neutron guide tube,

Of course, all matter in the neutron beam will produce capture
radiation. Figure 4 shows the influence of windows and the difference
between vacuum and air in the target tube. It also shows that far from
windows and in vacuum the gamma level is quite low. At the High Flux
Reactor at Grenoble slow neutron capture work on out-of-pile targets
will be done mostly in subthermal beams from the cold source. Table I
shows a comparison? between a thermal beam tube (10 ¢m diam.,
length 5 m) and a neutron guide tube (Ni, 3 X 20 c¢cm, 33 mm long,

! Figures 3 and 4 are from O,W.B. Schult, unpublished.
2 This comparison has been made by P, Ageron, unpublished,
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TABLE I. FLUXES FROM NORMAL BEAM TUBE AND FROM BENT
NEUTRON GUIDE TUBE

Tangential Bearn Tube

10 cm diameter

length 5 m

1014 n cm"? sec™! sterad at the
nose of the beam tube

T = 300°K

Curved neutron guide tube
lengthL =33 m=1.114
cross section 3 X 20 cm

0.4 X 10! n cm™2 sec™! sterad
at the wall of the cold source
T =30

Slow neutron flux (n cm™? sec™!)

3.2 x 1010

(1.8 x 1019 at beam tube 1010
from cold source)

Slow neutron flux weighted with 2.8 x 1010

2200 m/sec (3.6 x 10? from cold source) 5x 10"

v

Gamma flux (mrem/h)

without filter and without

at 10 cm from end of neutron

collimator guide
7x10% 500
at 100 cm
50
Fast neutrons (n cm™2 sec™!) 3.2 x 10 } =10

<6.7 x 10° for straight
neutron guide of equal length

L; = 30 m). It is seen that the advantage of the neutron guide tube is

not so much in increased slow neutron intensity, but in decreased neutron
and gamma background. There is, however, the possibility of gaining in
flux by using a 'funnel', a tapered neutron guide with decreasing width,
to illuminate small targets with increased solid angle. In this case,
however, many neutrons are lost, and precautions must be taken to

avoid excessive capture radiation from them.

GUIDE TUBE FOR POLARIZED NEUTRONS

Several authors [8, 10, 11] have used magnetized foils in the shape
of a curved Soller collimator to polarize neutrons. This seems to work
rather well but the optical imperfection of foil surfaces is a serious
handicap. Recently Berndorfer [16] has completed a polarizing neutron
guide with polished surfaces which has the following characteristics:
Cross-section 0.5 X 5.7 cm, length 5 m = 1.2 L;, radius of curvature
430 m. The guide is composed of 25-cm pieces of 0.55 mm foils of
HYPERM Co 50 (50% Co, 48% Fe, 2% V). The foils were glued on brass
and then ground and polished. The magnetic field was 850 Oe. The
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material wag chosen to give a large critical angle for one polarization
(Ak = 0.016 A Ly, andn>1 for the opposite polarization. The guide trans-
mits neutrons up to k = 2.37 Al near the inner wall. The total flux,
averaged over the cross-section of the guide, was 3 X 10 nem™ sec™?;

the average polarization was better for faster than for slower neutrons,
see Fig.5.
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FIG.5, Polarization of neutrons from a guide tube with "HYPERM Co 50" walls in a magnetic field of
850 Oe.

The value for the total intensity shows that the reflectivity is good.
The polarization is somewhat disappointing in view of the excellent pola-
rization (> 98%) obtained with Bragg reflection from magnetic crystals.
It agrees, however, with other mirror results, but is alittle less good
than the careful work of the Leningrad group [17] who report polariza-
tions around 85%. It would certainly seem worthwhile to continue this
work with the aim of obtaining better polarization.
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Abstract

STUDIES OF THE (n,y) REACTION WITH A NEUTRON MONOCHROMATOR. A crystal diffraction
neutron monochromator has been constructed specifically for studies of the (n, y) reaction. This equipment
plays a complementary role to that of time-of-flight devices in providing a neutron beam with a full duty
cycle at a given energy. This feature and the small target size, large geometrical efficiency for y-ray
detection, and negligible fast neutron background afford advantages for certain classes of experiments.
The useful energy range extends from 0,01 to 20 eV. Novel features of the equipment include a complete
reliance upon precision angle encoders for setting arm and crystal angles, the employment of a liquid
shield to facilitate the extraction of the diffracted neutron beam, and the use of air bearings to provide
for the motion of the target, detéction devices, and associated shielding., Results obtained on low energy
resonances of .1%¥La, ¥00s, and ®°U will be presented.

The time-of-flight method has been the traditional means for study-
ing the interactions with matter of neutrons with higher than thermal ener-
gies. A necessary feature of this method is that the entire energy spectrum
of the neutron source is available during each cycle of the equipment, with
the experimental time available for a given energy interval determined by a
fixed relationship between neutron energy and velocity. This is an evident
advantage when a wide energy range is desired, as for example in cross sec-
tion measurements or in studies of the statistical properties of resonances.
It is clearly a disadvantage, however, when only certain neutron energies
are of interest, or when neutrons within a small energy interval are re-
quired for long periods of time. A typical experiment of the latter type
would be a coincidence or angular correlation experiment on the gamma rays
emitted after neutron capture in a single resonance.

) A neutron monochromator employing Bragg diffraction, on the other
hand, provides a continuous beam of neutrons at a fixed energy. Although
Bragg reflection is relatively inefficient above thermal energies, the
elimination of the long flight path gives increased beam intensity, and the
consequently smaller target size affords a greater geometrical efficiency
for the detection of secondary radiations. The elimination of the burst of
gamma rays and fast neutrons at the beginning of each cycle, inherent in the

*  Work performed under the auspices of the US Atomic Energy Commission,
% Ppresent address: Indiana University, Bloomington, Ind,
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time-of-flight method, is also a decided advantage. Systems of this type
have been employed by Spencer, Faler, and Harlan [1] in studies of the gamma
rays emitted after resonance neutron capture by W and Hf, and by Vogt and
Holloway [2] in similar studies of Te, Dy, Hf, and W. 1In both experiments
the steady beam of neutrons at the resonance energy was used to advantage

in coincidence measurements.

We have constructed a neutron monochromator intended specifically
for capture gamma ray investigations. -A schematic diagram of the equipment
is shown in Fig. 1. The primary neutron beam proceeds through a Soller
collimator 7 feet in length, one inch wide, and which has a vertical aper-
ture which tapers outward, viewing the full 3-1/2 inch height of the beam
thimble in the reactor and converging to a height of one inch at the target
position. At present the collimator has 6 gaps, giving it an angular aper-
ture of 13'., The second collimator, with a slightly greater angular aper-
ture, is in an Al housing in the tank of liquid shielding. At the position
of the monochromator crystal the primary beam intensity is 2 x 109 n/cm2 sec
and the beam current 2 x 1010 n/sec. At the target position the diffracted
beam current is ~ 2 X 10% /sec at 1 eV. The useful energy range is from
0.01 to 20 eV.

CONCRETE
GRAPHITE
BXRR LEAD

BORON STEEL

BaC .

BORON POLYE THYLENE
HBO,-PARAFFIN
E=3 masoniTe

SCALE

FIG.1. Simplified diagram of the neutron monochromator and associated equipment, Two primary
neutron beams are brought out from the reactor, The beam on the right (A beam) may be utilized
either by the monochromator or brought directly out through a single-crystal quartz filter. The left~
hand beam (B Beam) is available as needed for additional experiments,

The equipment has some novel features. Since our experiments in-
volve secondary radiations (gamma rays) rather than neutrons, the shielding
requirements are rather severe. It was therefore apparent that the con-
ventional type of neutron spectrometer, in which the arm that supports the
second collimator, detectors, and shielding must rotate on precision bear-
ings to precisely determined angles was not feasible here. The target, de-
tectors, and associated shielding (seen on the right) were therefore di-
vorced completely from the second collimator and arm. Furthermore, the
conventional mechapical coupling between the crystal table and the second
collimator usually employed to provide the 2:1 ratio between the Bragg
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angle and arm angle was completely eliminated. Instead, complete reliance
was placed upon two precision angle encoders. The encoder chosen, the
"inductosyn" [3] is essentially a many-pole transformer in which a comparison
of audio frequency signals on the primary and secondary windings gives their
relative angular positions to a very high precision. Analog voltages from
the inductosyn system are digitized and compared with the levels of digital
registers set to the desired arm and crystal table angles. The error

signal from this comparison is used to drive the arm and crystal table
servos. A 2:1 ratio between the arm and crystal table angles may be main-
tained automatically, and the angle registers may be interfaced to a punched
tape recorder or to a computer. The overall accuracy of the system exceeds
10", This permits the rocking of the crystal without the use of any addi-
tional precision angle measuring device.

It was further evident that customary methods of providing for the
motion of the second collimator - a rotating shield, removable wedges, or
counter-rotating cones, would be difficult. The motion of the collimator
through a liquid was therefore chosen. The liquid shielding used is a
commercial brake fluid additive [4] consisting of a 37% solution of an-
hydrous borax in ethylene glycol, with a small additional amount of ethylene
glycol added by us to reduce the viscosity. The tank has 0.005 inch Al beam
windows at each end. At each end of the collimator housing there is a flex-
ible rubber diaphragm with a 0.005 inch mylar window cemented to it. The
collimator housing is filled with He at a positive pressure of 10" Hy0, ef-
fectively forcing out any liquid trapped between the mylar collimator window
and the Al tank window. The neutron transmission of each window combination
is ~ 90%.

The "detector box" containing the target and detectors consists of
8 inches of high density masonite, 4 inches of lead, and two layers of boral.
The use of iron in this shield was carefully avoided. The entire assembly
moves on three air bearings on a large ground steel plate. Rollers clamped
against a circular rail maintain the orientation of the assembly with re-
spect to the beam. Tracking of the collimator is accomplished by a servo
system which senses the position of a magnet attached to the end of the
collimator.

In addition to the Bragg-diffracted beam, provision is made for
bringing out a small (1 cm. dia.) direct beam. This beam is filtered
through 15 inches of crystalline quartz at room temperature. The neutron
intensity is 7 x 107 n/cm2sec and the Cd ratio 2 x 10%4.

A second in-pile collimator has been installed at the facility to
provide one or more additional neutron beams in the space at the left.
This has been used by G. Scharff-Goldhaber, I. Schrdder, and M. McKeown for
studies of the (n,qg) and (n,p) reactions. [5]

A number of experiments have already been carried out at the facil-
ity. For example, we are pursuing the study of the capture gamma rays from
resonances of osmium. The primary purpose is to learn more about the col-
lective levels of the even osmium isotopes, which lie in the transition re-
gion between spherical and deformed nuclei. 1In particular, we are interested
in the two collective levels at 911 and 1115 keV recently discovered in
thermal neutron capture. [6] Some of the results of a run on the 6.71 eV
resonance of 0sl89 are shown in Fig. 2. A number of transitions populating
low-1lying collective states in 0s190 have been indicated. 1Im particular, we
note the strong transitions from the capture state to the O+ ground state
and 2+ rotational state at 187 keV. Since strong primary transitions from
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the capture state to lower-lying levels are known to be almost exclusively
dipole transitions, it is evident that the 6.71 eV resonance has 1- spin and
parity, since it populates directly both the O+ and 2+ states. As a some-
what weaker argument for the same conclusion we note that the 7037 keV
transition to the 3+ state in the gamma vibrational band at 755 keV does

not appear, as it does in thermal capture. The 6882 and 6679 keV transitions
to the collective levels at 911 and 1115 keV previously found in thermal
neutron capture are present, but are very weak.

Another current exgeriment at our facility is the study of the 0.74
eV p-wave resonance in La1 9, carried out in collaboration with the Brook-
haven Chopper Group. @$Since this resonance has a neutron width 2gl',, = 8x10"7
mV, the peak cross section is very small. The study of the capture gamma
rays from this resonance should yield not only the spin_ of the resonance

but information on even parity shell model states in Lal40 ac 1 to 2 Mev
excitation not populated strongly by s-wave capture. In Fig. 3 we show a
portion of two gamma ray spectra, obtained on and below the 0.74 eV reson-
ance respectively., 1In addition to the La peaks, a number of sulfur peaks

(a diluent in the target) and the 2223 keV hydrogen line are seen. While
the two spectra resemble each other closely, the intensities of a number of
peaks with energies below 4 MeV differ by more than the statistical errors.
In particular, we note the shift in relative intensities of the 3665 and
3680 keV peaks in the two runs. The 3680 keV transition is evidently strong
in the 0.74 eV resonance capture spectrum.

Still another current experiment is the study of the U235(n,7) re-
action. The principal objective of this work is the determination of the
spins of certain resonances by observing transitions from the 3- or 4-
capture states to low-lying collective levels in U236, A great deal of
effort has been devoted to various attempts to determine the spins of v235
resonances at several laboratories with rather inconclusive results. Since
the capture to fission ratio ¢ fluctuates considerably from resonance to res-
onance in U235, our equipment has a particular advantage in providing a beam
at an energy where this ratio is most favorable. We have chosen the 4.845 eV
resonance for an initial experiment, where I') = 35 mV and I'f = 4 mV, or a
ratio ~ 20 times more favorable than at thermal energy. We find, for ex-
ample, that with a 14 gm target of U235 the fast neutron background from
fission events at our Ge(Li) detector is only ~ 10/cm?-sec. Our initial re-
sults indicate that any high energy gamma rays present are extremely weak.
Several peaks, however, were fitted by our computer program. In particu-
lar, peaks were found at 6400, 6928, and 5493 keV. The energy separation
of these peaks matches closely that of known states in U236 at 45 keV (0,2+),
148 keV (0,4+), and 952 keV (0,2+'). This gives a neutron separation energy
Sp = 6445 + 2 keV, to be compared with the least squares adjusted value of
Mattauch, Thiele, and Wapstra [7] of S, = 6467 + 18 keV. These results
should be viewed as tentative, however, until we make further runs
with improved statistics.

We have also investigated the low energy region. A careful search
of the energy region below 500 keV at high resolution (~ 1 keV) failed
to reveal any peaks attributable to neutron capture. At higher energies,
however, a number of such peaks appear. For example, the 641.7 and
687.0 keV transitions from the 687 keV level in U%%® are very strong.
A number of other peaks correspond to internal conversion lines ob-
served by Prokofiev, Balodis, and coworkers in Riga [8]. Finally, the
909 keV transition observed by Durham, Rester, and Class [9] in
Coulomb excitation is also present.
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Abstract

SIMPLE AND ACCURATE CALIBRATION TECHNIQUE FOR MEASURING GAMMA -RAY ENERGIES
AND Ge(Li) DETECTOR LINEARITY. A technique for precise calibration of Ge(Li) gamma-ray
spectrometers, which is particularly useful in studies of decay schemes, has been developed. The
differential response of a mutichanpel analyser is measured with a sliding pulse generator whose
incremental non-linearity is 0. 005 - 0.01%. The integral of this response with respect to counts is
a linear function of energy. With the use of two known gamma-ray lines the calibration constant in
counts/keV and, in turn, the energies corresponding to unknown gamma-ray peaks can be determined.
The technique is simple, fast and virtually automatic, The method was evaluated by measuring
gamma-ray enesgies (0. 27 - 2.75 MeV) from ten sources. The results obtained agree with published
values to within the measurement uncertainty of 40 - 110 eV. The accuracy of the technique depends
on the linearity of the sliding pulser and the Ge(Li) detector, From a spectrum of *Ga measured
energy intervals of 2 mocz were examined as a function of gamma-ray energy. The standard deviation
of the eight 2 mocz intervals was only 0. 08 keV, It is therefore concluded that between 1 and 5 MeV
the incremental non-linearity of the coaxial Ge(Li) detector is less than + 0,1 keV, Measurement
uncertainties due to errors in the calibration standards, peak location and the number of counts/channel
in the differential response are discussed,

* wWork performed under the auspices of the US Atomic Energy Commission, The full text of
this paper will be published in Nuclear Instruments and Methods,
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PAIR AND ANTI-COMPTON SPECTROMETER
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(Abstract only)
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Abstract

EXPERIENCE WITH A THREE-CRYSTAL PAIR AND ANTI-COMPTON SPECTROMETER FOR
(n, y) SPECTROSCOPY. The paper describes a spectrometer system that is useful in high-resolution
gamma spectroscopy. The system consists of a 10-cm® Ge(Li) central detector surrounded by a split-ring
annular Nal(T1) scintillation crystal, The spectiometer can be operated in the anti-Compton mode
and/or as a three-crystal .pair spectrometer, A computer program was developed for the automatic
analysjs of gamma-1ay spectra and includes position finding, Gaussian-shape line fitting and plotting
routines for the gamma peaks. The (n, y) spectrum from natural chlorine was measured with this
spectrometer and the energies and intensities of 190 resolved gamma-ray lines are reported, A boot-
strap technique was used to generate a self-consistent energy calibration and a Q-value of 8580.7 + 1 keV
was obtained for the ¥Cl(n, y) reaction,

L]
Permanent address: Nuclear Research Institute, Re¥ near Prague, Czechoslovakia
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Abstract

MEASUREMENT OF RESONANCE NEUTRON CAPTURE GAMMA RAYS USING A Ge(Li)-Nal SPECTRO-
METER AND AN ELECTRON LINAC, A study of resonance neutron capture gamma-ray spectra using a
Ge(Li)~Nal spectrometer and a pulsed LINAC neutron source is described, The Ge(Li)-Nal spectrometer can
be operated simultaneously in the Compton-suppression mode for gamma rays below about 3 MeV and in the
three-crystal pair spectrometer mode for higher-energy gamma rays. The gamma-ray pulse height and the
corresponding neutron time-of-flight are recorded using an on-line computer, The principal features of the

capture gamma-ray facility are described and spectra resulting from the capture of neutrons in natural tungsten
are shown.

* Supported by the US Atomic Energy Commission and performed under subcontract No, 3032 with Union
Carbide Corporation. The text and results of the paper have been accepted for publication by Nucl. Instrum,

Meth. under the title "Neutron capture gamma-ray facility using an electron linear accelerator” by the same
authors,
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SPECTROMETRY OF PHOTONS EMITTED
BY REACTIONS INDUCED BY FAST
NEUTRONS ON VARIOUS ELEMENTS
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Commissariat 2 1'énergie atomique,
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France

Abstract

SPECTROMETRY OF PHOTONS EMITTED BY REACTIONS INDUCED BY FAST NEUTRONS ON
VARIOUS ELEMENTS. The following paper describes briefly a spectrometer used for the study of photons
emitted by fast neutron reactions and gives some experimental data on various elements,

We have investigated and realized a spectrometer for studymg the
photons emitted by fast neutron réactions.

" The photons are detected by a spectrometer composed of a large-~
volume coaxial Ge(Li) detector surrounded by a 305 X 305 X 80 mm
Nal(T1) crystal divided into 4 optically separated sectors [1]. Associated
electronics perform the analog treatment of the information detected and
permit the simultaneous recording of the gamma spectrainthe 3 principal
modes: (1) photoelectric and anti-Compton in the range 0.3 - 8 MeV;

(2) pair effect above 1.022 MeV; and (3) total absorption in the range
60 - 300 keV. . :

The continuous Compton background is reduced by the anticoincidence
selector by the following factors: 8 for photons of 663 keV; 6.5 for photons
of 2.614 MeV; and 3 for photons of 6.14 MeV. The attenuation of the total
absorption peak is less than 20%.

The stability of the spectrometer is of the order of + 300 eV/d.. The
optimization of the large-volume coaxial Ge(Li) detector's time defini-
tion [2, 3] allows time discrimination of scattered neutrons and gamma
rays by a time-of-flight method.

The production time of the neutrons is defined either by the associated
particle method (E; = 2.5 and 14.1 MeV for the 400-keV Van de Graaff) or”
by the pulsed-beam method of a tandem Van de Graaff accelerator.

The time information is selected either at the output of the charge,
preamplifier (charge pulse) or at the extremities of a low-value resistor
in series with the charge resistance (current pulse). This last method"
reduced appreciably the influence of the position of photon detection. The
time resolution of our detector is about 5 nsec for photons with energy
above 500 keV,

- We have studied the response of the Ge(Li) detector to an important
background from scattered neutrons. In a coaxial diode the mean field
is weak, and the recombination of the electron-hole pairs produced by
highly ionizing particles is important. For the same energy the charge
collected is different for a Ge recoil nucleus, an alpha particle and an
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electron and consequently the {(n,a) reactions on Ge isotopes are diffi-
cult to indentify. Moreover, in an elastic collision, the recoil energy of
Ge is recorded with weak efficiency [4].

The most apparent aspect of the interaction of neutrons on Ge is the
detection of a large peak corresponding to the de-excitation of a 2Ge 0ot
level at 691 + 1 keV energy [5]. This long life (300 nsec) has an internal
conversion decay. According to our calibration, the energy of this peak

is equal to 696 £ 0.5 keV.

895.0
896.b
—

N(counts)

E(keV)

F1G.3. (n-n'y) reaction for tungsten; E, = 8.7 MeV, 6 = 90°,

This energy does not depend on the incident neutron energy which
suggests that the recoil 72Ge energy contributes only a small part to the
total energy detected. On the other hand, we have observed an increase
in the FWHM and a symmetry of this peak when the energy of neutrons
increased.

This spectrometer has been used to study the (n-n'y) reaction at
2.5, 8, 8.72 and 14.1 MeV, some typical spectra are shown in Figs 1-3.
The cross-sections and angular distributions of the more intense transi-
tions of natural Fe, 10B, 182W and 13W have been recorded. They show
that the various experimental techniques used here allow a fruitful study
of the emitted photons by reaction of fast neutrons.
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GAUSSIAN PRODUCT FUNCTIONS
APPLIED TO AUTOMATIC ANALYSIS
OF GAMMA-RAY SPECTRA™

(Abstract only)

I.A. SLAVIC
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Abstract

GAUSSIAN PRODUCT FUNCTIONS APPLIED TO AUTOMATIC ANALYSIS OF GAMMA -RAY
SPECTRA. The paper presents some new functions deduced from the Gaussian function in a simple
way. These functions, called Gaussian product functions, can be used for automatic analysis of .
gamma-ray spectra giving a real range of the peaks and their widths. Thus, it is possible to base
the analysis very precisely on the observation of widths,

* A more detailed version of this paper will be published by I. A. Slavi¢ and S.P. Bingulac in
Nuclear Instruments and Methods.
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Abstract

RECENT EXPFRIMENTS FOR NEUTRON CAPTURE CONVERSION ELECTRONS, The information on
the structure of the nucleus which can be obtained by measuring conversion electrons following neutron
capture is discussed. The electron spectrometers in operation at Munich, Studsvik, Riga, Moscow,
Leningrad and Argonne and the one planned for the high flux reactor at Grenoble are described briefly
and compared with the aid of different figures of merit,

1. INTRODUCTION

In 1938 Hoffman and Bacher [1] observed electrons following neutron
capture for the first time. They put a cadmium sheet on a photographic
plate in a neutron flux and found much more blackening without an ab-
sorber than with a thin absorber. In the same year Fleischmann [2]
independently measured conversion electronsin Cd and determined a con-
version coefficient. The first magnetic spectrometer for neutron
capture conversion electrons was constructed by Hibdon and Muehlhause [3]
in 1951, Several other groups installed spectrometers for this purpose
[4-7] but could only investigate isotopes with very high capture cross-
sections. At present there are instruments in operation in Munich,
Studsvik, Riga, Moscow, Leningrad and Argonne. Spectrometers for
coincidence measurements with neutron capture conversion electrons are
used by two groups [8, 9].

The energies and intensities of conversion electron lines provide
valuable information on transitions in nuclei. At energies between 1 and
3 MeV conversion electrons can sometimes give the most accurate energy
values. Some transitions such as EO and low-energy lines with high
multipolarity can only be observed in the electron spectrum. The intensity
enables one to calculate the multipolarity (and the mixing of the multi-
polarities) of the transitions by K: L-ratios, L-subshell ratios or con-
version coefficients. At low energies the electron intensity contributes
appreciably to the total intensity of transitions. With the multipolarity
of the transitions one can determine the parity of the levels, set limits
to the spin of the levels and give the Ritz combination principle more
reliability for new levels.

2. CHARACTERISTICS OF THE SPECTROMETERS
A spectrometer for conversion electrons from neutron capture must
have very good resolution, very good sensitivity and a low background to

separate as many lines as possible in the electron spectra, which are
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very complex in many cases (see Fig.10). The L-lines should at least

be resolved for lines below 500 keV because their intensity ratio is very
sensitive to the multipolarity. The dynamic range of a spectrometer

has to have several orders of magnitude so that large (small) branching
ratios, which are important checks of nuclear models, can be determined.

There are two possible arrangements for a conversion electron
spectrometer at the reactor: the internal target geometry (target close
to the reactor core, electrons being exiracted through a collimator) and
the external target geometry (target in an external neutron beam). The
first has the advantage of higher intensity, while the second permits
easier changes in the target and coincidence measurements. In most
cases magnetic spectrometers have been used. At Argonne a semi-
conductor spectrometer arrangement was set up [10-12] and a similar
experiment has been planned at Frankfurt [13].

It is difficult to compare different spectrometers because they differ
not only in sensitivity and resolution, but also in measuring time, back-
ground (depending on energy), reactor arrangement, reactor type and
relations between all parameters. It is, however, possible to define
figures of merit to compare spectrometers. The line intensity is pro-
portional to the target area A, the solid angle in the spectrometer @ and
the neutron flux at the target ¢:

I=A- Q-0

The sensitivity depends on the line intensity and the background counting
rate:

S = I
JI+B
and for small lines:
gL

Bieber [14] defined a figure of merit which relates the line intensity to
the maximal thermal neutron flux of the reactor:

Since there is usually a relation between the line intensity of a spec-
trometer and the resolution R =dp/p, Demidov [15] gives another figure
of merit:

1
ngﬁ

One can combine these formulas, taking into consideration that the sensi-
tivity of a spectrometer increases only with the square root of the reactor
power (< ®max ), because the background will also increase [16]:

I

Q,=—
8 R¢B®max
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3. THE SPECTROMETER AT MUNICH

The Munich spectrometer is shown in Fig.1 {17-20]. It has an internal
target geometry. The spectrometer magnet is a combination of a homo-
geneous and a 1/r sector field which deflects the electrons by 90° and
which is double focusing. With a biased target (15 kV) the electrons
are preaccelerated and it is possible to measure electrons from zero
energy upwards. The partial cross-sections {eleciron intensity per
capture times capture cross-section) of the smallest detected lines of
several isotopes are plotted in Fig.2. This gives the experimental curve
for the sensitivity (at 1-MW reactor power) of the spectrometer in de-
pendence on the energy. One can measure high-energy conversion
electrons because the sensitivity improves at about the same rate as the
conversion coefficient decreases. The reason for this is the lower back-
ground at higher energies. Therefore the Munich spectrometer was the
first to measure conversion electrons up to 9 MeV, although the con-
version coefficient is only 10°° at these high energies.

4. THE SPECTROMETER AT STUDSVIK

The spectrometer at Studsvik (Fig. 3 [21-23)) is of the 7./2 type and
has therefore a good resolution. The smaller intensity ~ because of the
external target geometry — is compensated by the high neutron flux of
the 30-MW reactor and by a multiple target arrangement. 20 target
strips are biased up to 35 kV. This arrangement can only be used below
1.4 MeV. The efficiency for higher energies is much worse because of
this reason.

5. THE SPECTROMETER AT RIGA

The spectrometer at Riga (Fig.4 [24-26]) uses the internal target
geometry. The elecirons are guided by a Mu-metal tube into a homogeneous
magnetic field. The shape of the end of this tube causes double focussing.
Electrons of different energies are registered simultaneously with a photo-
graphic plate. This permits the measurement of one spectrum within a
few hours. But the intensity error is always rather large.

T
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FIG.4. Spectrometer at Riga: 1. target; 2. reactor core; 3, magnetic shield; 4. photographic plate,
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6. THE NEW SPECTROMETER AT MOSCOW

In 1968 a new spectrometer was installed in Moscow (Fig.5 [27])
which is similar to the old one [7], but has an average radius of 60 cm
instead of 30 cm. The electrons from an external target pass through
two 7.2 spectrometers. Between the spectrometers is a transmission
detector which is in coincidence with the final detector to reduce the back-
ground. The resolution and the target size have been increased compared
to the old spectrometer. The neutron flux at the target is supposed to be
107 n cm™2 sec™! [27]). With this flux and with the target area and the solid
angle one calculates an intensity of the 1%0Sm lines [27] which is about a
factor of 10 too low. Therefore the neutron flux was assumed for the
figures of merit in Table I to be about 108 n em™ sec’! . The spectrometer
was adjusted to measure electrons with energies between 1.5 and 8 MeV.
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FIG.5, Spectrometer at Moscow. — )

7. THE SPECTROMETER IN LENINGRAD

A new type of an internal target geometry spectrometer has been
constructed in Leningrad (Fig.6 [28]). A magnetic lens produces an image
of the target outside the reactor shielding. This image is the source for
a 180° inhomogeneous sector field spectrometer. This arrangement has
good resolution and good sensitivity. Electrons with an energy up to 4 MeV
can be measured. The distance between the target and the reactor core
is larger than in the Munich and in the Riga spectrometers. This reduces
the background from core gamma radiation.

Magnet

FIG,6. Spectrometer at Leningrad.
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8 THE SEMICONDUCTOR SPECTROMETER IN ARGONNE

Burson and co-workers [10-12] were the first to measure neutron
capture conversion electrons with a semiconductor detector (Fig.7). The
main difficulty of such an arrangement is the sensitivity of these detectors
to gamma radiation. The gamma background is nearly completely elimi-
nated by extracting the electrons with the strong magnetic field of a
superconducting coil. The electrons from an external target describe
helical paths about the magnetic field lines to the detector which is 25 cm
away. Four per cent of the electrons leaving the target reach the de-
tector. This can be increased up to 50%. Since such a spectrometer
permits the analysis of all energies simultaneously, the sensitivity is
very good, especially for isotopes with low capture cross-sections. The
resolution above 2 MeV might be better than that of a magnetic spec-
trometer. Till now this system has been used only for electrons with
energies less than 2 MeV.
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FIG.7. Spectrometer at Argonne,

9. THE PROJECTED SPECTROMETER AT GRENOBLE

A new spectrometer has been planned at the High Flux Reactor at
Grenoble [29]. An improved spectrometer was calculated by Mahlein [30]
in which the electrons of the internal target are first deflected and double
focussed by a 60° sector field. The focus is the source for a 290° sector
field spectrometer which consists of homogeneous fields and a 216° 1/r
field (Fig.8). This gives a very good dispersion. Figure 9 shows the
arrangement at the reactor [31]. The target is exchanged through a
vertical tube. The tube for the electrons is slightly inclined. The ratio
of the neutron flux to the gamma flux near the target is much better than
in the Munich spectrometer because of the 80 cm of heavy water between
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target and core. Therefore a low background is expected. The inter-
mediate focus can be used to eliminate background by utilizing a slit.

It should be possible to measure isotopes with this spectrometer with less
than 1 b capture cross-section. The energy range is expected to be
0.03-10 MeV. :

10. COMPARISON OF THE SPECTROMETERS

In Table I the important data of the spectrometers are compared. It
should be pointed out that some of these numbers are only estimates. The
figures of merit should be regarded as not very accurate. A factor of
1000 was added to some quantities of the Argonne spectrometer because
about 1000 channels can be measured simultaneously. A factor of /1000 = 30
was used for quantities which increase only with the square root of the
measuring time due to the background. These factors for the Riga spec-
trograph are estimated to be 100 and 10 because photographic plates can
be exposed only for a limited time and the sensitivity does not increase
with very long measuring times.
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TABLE ‘I. COMPARISON OF THE SPECTROMETERS s
(=2}
Data Munich Studsvik Riga Moscow Leningrad Argonne Grencble
Reactor FRM R2 RT-C IRT -M -~ IAE WWR-M cpP-5 HFR-ILL
Power (MW) 4 30 2 2 10 5 57
®pnax : Max. therm, flux (n cm~sec™) 5.5x10" 3xioh 3.2x10" 3.2x10" 10" 10" 1.5x10"
Target geometry intemal extemal internal extemal intemnal external internal
Distance target - core (m) 0.1 8 0.1 4.2 0.8 5 0.7
Dist: target - sp {m) 5 0 5 0 8.5 0,25 13.5
&: n-flux at target (n cm~tsec!) 6x10% 1,4x10 s5x10'? 107 2 (10%) 10" 10’y 3x10™
Type of spectrometer inhom. sector 2 hom, f. spectrograph 2 xnv2 lens + inhom. semiconductor 2 inhom,
. field sector field +supercond. solen. sector field
Q: solid angle 1078 3x10™ 2.5%x10°° 3x107% 2,5x10°° 0.04 5x10°%
(spectrom.) (of 4 m) <
A targetaxea(cm’) 1.2x8 4x%5 3x3xnw 1x5 2x8 1.7x1,7xn 2,5%8 g
R 3 resolution 0.03-‘0.3 0.18-0.3 0,07-0.4 0¢,18-0,38 0,13-0,21 0.4) ‘ 0,04%0,15 5
(best-normal) (%) ) 3
Energy range (MeV) 0-10 0.01-4 0.03-3 1,5-10 -4 0.03-2 0.03-10
B : background (cpm) below 500 keV ¢ below 150 kevy about 80 000 about 10 at 900 keV ¢ about 100 below 500 keV:
15000 - 80‘090 40-120 at5 Mevse 1 35000 10 000 - 100 000
above 8 Me\;: above 150 kev:
500 20
Line intemsity 1= A - Q- ®(sec™)) 6x10% 8x10% 3.5 x 10° X 100 (1.5x10%) 4x10° 4% 10°x 1000 ax10"
Sensitivity S= A - 0+ &/ VB (sec”'/?) 2x10° 2x10* 1.3x10°x 10 5x10%) 2x 108 4x10%x 30 10*
Figure of merit :
Bieber: Ql=l/<bmu(cm') 10-% 3x10-? 10% % 100 (5x10°% 4x10"* 4x107" x 1000 2x10°°
Demidov: Q,=I/R (sec-!) 3x 10" 4x10° 1.4 x 10" x 100 (5x10") ax10® 10°x 1000 3x10"
Egidy: Qy= VERVE. Fpax (cm) 140 50 20 x10 (30) 160 10x 30 3000




RECENT EXPERIMENTS 137

and Munich,

E
a H <
E3 &
{° 3
£
2 G
-1 ot
g2'LL6N m v wm
- IN wl s 3
oR'267 85996 3 A =Y
04296 % s — ki
Iy Tl =
nmEeN = ° g
~ 318
. 8 L1° -
x R i
—— =
OEPYE N 692687 = — . S
€9E6N Ty g
n% 1887 m - et 73
05'cZ6N ~ 3 ...— 8
(272 o - - S =
262169 . . —_— s ——
PTALIILIR M T e .m
85'0487 I
10°9987 | (L] m
€8'0064 mN .. g
Z { I8¢ E
~
" 60'L66X ) €6°2587 td 3 aC =
4 ngBEN W= - ¢ m 2
] 296 TR0 ] & 2
g 615,95 Wt 2 g
H . [T N o= 9
o, 4
< Ciad Y] M _/ rs N
=] 10'938 ¥ s S o
3 . <
. Q =
M b . " Y M T i § 19d SN0 =
€ © © S8 %8 ¥ % R 2 & o g
3
-
B4
@
S
3 U
IS i o
S £
x i M m =
2 s__ o b
(N o @
% S UV )
3 3 & i ~ mv e
& - #__ 2
=
Z82 <
L L hrand o~ Yy
. o
x
o
3 o M S
s — i 8
= ) - ~ =3
& . <]
z ] x 3§
x 28 (8]
x x = k-1 —
£3 °___. " e >
— 0 o
’ o =
-
= 2 o)
S = ©
3 v
T T Y Y T
Ol*v o [ts) o w
m o~

o~ . — -
~— SNOYIN3N GIYOLINOW J0 H¥IGWNN/SLNNOD



138 von EGIDY

According to the values in Table I, the Munich, Studsvik, Riga, Moscow
and Leningrad spectrometers have very similar resolution. The resolution
of the Argonne semiconductor spectrometer is worse by more than a
factor two, the resolution of the projected Grenoble specirometer is ex-
pected to be better. The sensitivity of the Grenoble specirometer is
expected to be at least an order of magnitude better than any of the other
spectrometers. The spectroscopes in Riga and Argonne have better
sensitivity than the other existing ones because they collect different
energies at the same time. The spectrometers in Munich, Studsvik and
Leningrad have about the same sensitivity. The different figures of
merit show again that the Grenoble spectrometer is expected to be superior
to the others. The instruments in Riga and Argonne are better if one
includes the factor for multichannel registration. The spectrometers
in Leningrad and Munich have very similar figures of merit. The mag- .
netic spectrometers with external target geometry have a smaller figure
of merit.

The best way to compare the efficiency of the spectrometers is to
look at the measurements, especially where the same isotope has been
measured by different groups. The fastest spectrometer is certainly the
one in Riga, because this group has measured 37 isotopes in the last
5 years, while 15 isotopes were measured in Munich and 10 in Studsvik.
The sensitivity of the spectrometers which corresponds to the number
of detected lines is very similar in Studsvik and Riga. The Munich spec-
trometer in several cases found more, or at least the same number of
lines as the Riga spectrometer. The energy and intensity errors are
usually smaller in the results of the Munich and Studsvik spectrometer
than in the results from Riga.

In Fig.10 spectra of 158Gd near 900 keV measured in Studsvik [32],
Leningrad [28] and Munich [33] are compared. The resolution of the
Leningrad spectrum is slightly better than that of the Studsvik spectrum,
while that of the Munich spectrum looks worse. This is caused by the
thicker target installed for high-energy measurements. The high-energy
slope of the lines which corresponds to the spectrometer resolution with-
out influence of the target thickness is as steep as in the other spectra.
The sensitivity is about the same in all three spectra. 1%8Gd was measured
in Riga too [34], but no graph was published and the table is not in good
agreement with the other results. )

The high-energy spectrum of 150Sm was measured in Munich [35, 36]
and Moscow [24]). The resolution was 0.35% in Munich and 0.38% in
Moscow. With a measuring time of 45 min per point the sensitivity of
the Moscow spectrometer was slightly better than the sensitivity of the
Munich spectrometer with 6 min measuring time per point.
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Abstract

CONVERSION ELECTRONS AND GAMMA RAYS FROM NEUTRON CAPTURE IN 2%U, Conversion
electrons and gamma rays following neutron capture in 25U have been studied, Simple methods to distinguish
between lines from 2%U and lines from the fission products are given. Preliminary results are given for
conversion electrons in the range 0.5 - 1,2 MeV.,

Introduction

The level structure of 236y has so far to our knowledge been very
little studied. Since the capture cross section of 235U is as high as 100 barns
the reaction 235U(n,y)236U seems to offer good possibilities to study at least
the lowest level structure of 236y,

An experimental difficulty in registering the radiation from the
(n,Y) process lies in the strong competition from the radiation from the
fission process (o = 580 b). For intensity reasons a uranium target thick
enough to stop a considerable fraction of the fission fragments must be used.
Then three types of radiation will compete with the (n,y) radiation: 1) Prompt
radiation from the fission fragments, 2) radiation following beta decay of the
fragments, 3) radiation from the possible (n,yf) process.

In this report measurements of conversion electron and gamma-ray
spectra are described, which are able to distinguish the (n,y) and (n,yf)
radiations from the radiations from the fragments. The (n,yf) radiation may
be observed either by direct observation (1) or by comparison between the
present experiment and experiments detecting the gamma-radiation coincident
with the fission fragments (1, 2).

Conversion electron measurements

Provided an electron spectrometer with high enough resolving power is
used, electron lines from the fission fragments can be distinguished from
electrons from 236U simply by using a target thickness definitely smaller
than the range of the fission fragments in combination with a backing thick

141



142 BACKLIN et al.

235U( 236U
[

|
™ 687.39K )

l 734 16 (z 42)
698.95K ‘l 0.43%

l

l

\, 838 92K

COUNTS PER NEUTRON FLUX UNIT x 103

3200 3650 3700 3750
1 Al

i B QGAUSS CM

-6 4
Zks T F— .
et —_

Z e = 4
ol Ede
—F3 -
D I 1 I

9‘—,2 T T 1 +— -
wr b
o 00 600 00 800

ELECTRON-ENERGY keV

FIG,1, Top: Parts of the internal conversion electron spectrum, To the left are shown lines assigned to 236U,
To the right are the much broader lines from the decay of fission fragments, Bottom: Graph of the relative
half-width of conversion lines as a function of energy. Solid line : uranium, dashed line: fission fragments,

.

enough to stop a considerable amount of the fragments. All electrons lines
following the beta decay of the fragments and those "prompt" fission electrons
that are emitted after the fragment has stopped, will then give rise to
electron lines which are definitely broader than electron lines from236y.
Alternatively, a variation of the thickness of the backing will vary the in-
tensity of the fission product lines relative the 23y lines. The "prompt"
fission electrons, which are emitted while the fragments are moving will only
contribute to the continous background or give rise to very broad lines.

This is because the high velocity of the fragments which move in all directions
will smear out the lines, cf. the shifts of up to 50 keV observed in ref. (2).

The Studsvik double focusing beta spectrometer was employed for the
conversion electron measurements. The resolution was adjusted to 0.2 % FWHM.
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TABLE 1. THE STRONGEST CONVERSION LINES IN THE REGION
0.5 - 1.2 MeV ASSIGNED TO 236y

Electrou-energy Error Transition energy Shell Relative Error

ol
526.46 0.17 642.06 K 100 -
L 26.3 7

540.22 0.17 655.82 K 5.8 15
571.79 0.17 687.39 K 55.0 7
L 15,2 10

583.35 0.25 698.95 K 4.1 30
674.60 0.20 790.20 K 4.2 25
723.32 0.20 838.92 K 4.5 20
785.65 0.17 901.25 K 9.4 10
L 19® -

793.50 0.20 909.10 | K 5.0 15
796.76 0.30 912.36 K 4,2 30
799.50 0.25 915.10 K, 11.7 10

. L <2.3

803.30 0.30 918.90 K 3.6 20
850,20 0.25 965.80 K 4,2 30
879.34 0.25 994,94 K 7.8 15
906.73 0.25 1022.33 K 4.6 30
984.46 0.25 1100.06 K 2.3 30

a) Subtracted from 994.94 K

TABLE II. THE STRONGEST CONVERSION LINES ASSIGNED TO FISSION
PRODUCTS

Electron-energy a) Error Suggested

keV interpretation
302.2 - 133re, x 334.0
4924 - 1354, x 527
537.70 0.30

601,48 0.60 °

631.31 0.50

714.16 0.20 K~ and L-lines of
731,22 0.30 }transition in Mo
835.00 0.20 K~ and L-lines of
867.54 0.60 }transition in La

a) The energy-values given have not been corrected for the energy-loss
suffered by the electrons in the backing material.
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FIG.2, Principle of the experimental arrangement for the study of 235U(n, y ) %6U: (1) Ge(Li) detector, (2) lead
collimator, (3) reactor channel, (4) evacuated Al cylinder containing the Ni foils, (5a) Ni foil without
and (5b) with uranium, The dashed line shows the target region (b) which exposes the detector in this arrangement,
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FIG.3. Parts of the gamma spectrum: (a) the sum of all radiations from the U and Ni foil; (b) fission product
radiation from the Ni foil, -
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The target consisted of a layer of about 1 mg/cm? 235U enriched to 93 2 on
a backing of 3 mg/cm2 Al. The multi-strip target technique (3) was used,
the target area being 4 x 4 cm?. Since the target was inclined 459 to the
direction of the electrons the effective thicknesses sensed by the electrons
were 1.4 mg/cm? U and 4.2 mg/cm? Al.

) The region from 0.5 to 1.1 MeV electron energy was scanned. In fig. 1
are shown two regions clearly demonstrating the difference in line-shape between
electrons emitted in the Uranium layer and those emitted also in the backing.
Further support for this interpretation was obtained from a separate experiment
using the same uranium thickness on a backing of only 0.8 mg/cm?, in which the
intensities of the broad lines decreased about a factor of 2, compared to
the narrow lines. In table I a preliminary list of lines assigned to 236y
are given. Enrergy calibration was made relative to the 661.595 keV K-line
in 137Ba (4). The strongest lines found in the electron spectrum arise
from the highly converted 642 and 687 keV transitions, which are known from
radioactive decay to proceed in 236U (5). 1In Table II are given the strongest
of the lines arising from the fission products.

Gamma—ray measurements

In order to obtain themultipolarities of at least the strongest tran-
siticns in 2%%U found in the conversion measurements, an attempt is made to
measure the gamma-ray spectrum with a Ge(Li)-detector. In order to separate
the 236y-lines from fission product lines a special target arrangement is used,
which is shown schematically in fig. 2. Approximately 1 mg/cm? 235U (90 Z)
enriched is electroplated on 0.8 mg/cm? Ni-foil and covered with a similar foil.
The target area is 6 x 20 cm and the target plane is inclined about 3° to the
direction to the Ge(Li) detector. A 1.6 mg/cm® Ni foil is placed parallel to
the target foil at a distance of 1 cm from it. About 25 % of the fission
fragments are then stopped in this foil. Using the lead collimator at the
end of the beam-hole the Ge(Li) detector could be adjusted either to measure the
sum of all radiations from the U + Ni foil or only the fission product radiatiom
from the Ni foil. Like in the conversion electron experiment the gamma lines
emitted by the fragments in flight will be smeared out by the Doppler effect.
Figure 3 shows preliminary spectra from the two foils. Only the 848 keV
peak can be identified with certainty in both spectra indicating it as
a fission product line. The 1012 and perhaps also the 979 keV lines are
probably transitions in 236U, A weak line corresponding to the 1012 keV
line was observed also in the electron spectrum.
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Abstract

ENERGY LEVELS IN 1%6Gd, The reaction !5%Gd(n, , )!**Gd has been studied at high resolution by measuring
the internal conversion spectrum and the gamma-ray ‘spectrum, In a preliminary analysis members were found
of 4 positive parity bands and 7 negative parity states belonging to at least two bands, Some characteristics
of these bands are discussed,

Introduction

Several studies on the level scheme of 156Gcl have been made through

the years (1). Recent work of general character include investigations of the
beta-decay of 15671y (2) and of 156y (3). Several levels have been excited

in the (d,d"') reaction (4). In the reaction 5Gd(n, Y) 0G4 levels with ex-
citation energies between 1 and 2 MeV may be expected to be populated more
completely than in the processes mentioned above. Since the capture cross-
section of 135Gd is as high as 6 - 104 b, the situation is favorable for high-
resolution sg)ectroscogg/. We have undertaken an investigation of the radiation
from the 1° Gd(n,\()1 Gd reaction using crystal diffraction, high-resolution
Ge-detectors and internal conversion spectroscopy. Earlier investigations

of this reaction have been performed by Knowles et al. (5) and by Groshev et
al. (6).

Crystal diffraction measurements

1 1
The gamma-ray spectrum from 55Gd(n,y). 56Gd was measured from

0.07 to 2.5 MeV witi}gghe Rispg curved crystal spectrometer (7). The source
consisted of 18 mg Gd;03 enriched to 98.9 %. The line width was 2.7
seconds of arc, which corresponds to the energy resolution of AE (keV) =
1.1- 107 E2 for strong transitions above 200 keV. E stands for the gamma-

*¢ Part of this work was performed under the auspices of the US Atomic Energy Commission,
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ray energy in keV. About 500 lines were detected. Details of the instru-
mentation and procedure of the measurements are given elsewhere at this
conference (7, 8).

Ge(Li) detector measurements

The gamma-ray spectrum up to the neutron binding energy was meas-
ured at Idaho Falls using a high resolution Ge(Li) detector in an external
neutron beam geometry. Details on the apparatus and experimental procedure
are reported elsewhere at this conference (9). 130 lines were detected in
the region 0.08-2.4 MeV and about 100 lines were observed in the region
4-8.5 MeV.

Primary gamma-rays were also measured from capture of 2 keV
neutrons obtained from a scandium filter with an energy spread FWHM
of 0.7 keV (10, 11). About 60 primary gamma-rays were observed above
5 MeV, many of them feeding states not observed in the thermal neutron
capture reaction.

Internal conversion measurements

The internal conversion spectrum was scanned from 0.04 to 2 MeV
electron energy with the Studsvik beta-spectrometer (12). Multi-strip targets
with an area of about 15 cm® and thickresses ranging from 0.02 to 1.4 mg/cm
were made from 98.7 % enriched 155Gd. At energies above 100 keV the
source thickness was chosen so that the resolution FWHM never exceeded
0.2 %. Above 1 MeV the resolution FWHM was 0. 16 °/oco. The spectrum
obtained was extremely complex, especially in the region around 1 MeV,
cf. fig.1. To make possible the resolution of weak lines from close strong
lines a special computer program was developed, in which the line shape
is described numerically as a table of co-ordinates. This had to be done
since no simple mathematical function could be found that described the line
shape accurately enough. The spectrum contained several strong single
lines suitable for defining the line shape. Conversion lines belonging to
about 300 transitions have been resolved so far.

Level scheme

Although the evaluation of the experimental data is not yet complete,
the available data are sufficient for a beginning of the construction of the
level scheme in the 1 MeV region. The accuracy of the relative energy
measurements for the stronger lines in this region was for the internal
conversion lines about 1 in 104 and for the Ge(Li) data 0.5 parts in 104,
which forms a good basis for work with energy combinations. The final
transition energies have not yet been calculated, so all energy values given
below have been truncated to show their preliminary character. Conversion
coefficients were calculated with ~10 % accuracy and multipolarities ob-
tained using the tables of Hager and Selzer (13).

As a start the levels observed under the ''cleaner' conditions of
refs.(2-4) were looked for. With one possible exception all levels below
1.6 MeV reported in refs. (2-4) have been identified and some additional
members of the bands have been found. Furthermore a new K=0O' band
has been observed. The preliminary level scheme is shown in fig.2 and
was arrived at independently using the Idaho and Risg + Studsvik data.
To give an idea of the reliability of the level scheme one may mention that the
probability of finding an accidental combination of 2 transitions to levels in the
ground state band within 5 keV from an anticipated position is only a few percent



(T30t

(New 0* band)

p -vibration

y-vibration

i1l

1538.8

T~ (1468.7)

1407.6
1366.5
1319.7
1276.1
1262.6

[
i
1

—-—13 90811 —

BACKLIN et al,

584.7

13 L6

- — — — =

288.2
89.0

L3 8082

3

15106

f— —— e — ——a—

13 86t

13 0EZ8 —df

13 %99¢l

3 SLU
13 80€zl

13 78l

13 6186

3 91

+ 0751

(IN*1Z3 €768 —

3 renm

R

z3 Yl

1462.3

1258.0

T3 1976 —=f

+=t 111681

103°73<hin

13 TeLe

g2

04*

~
o

1293

1297.8
1049 4

I P

A+(IN*1Z3

"

— —1(03]

T3 £.li8 —=
Z3 resu

regit

Z3 L1696

T
Tll._.l:x._ 03+73 S'6001

T3 06071

Lig - 4 — — —
4 — —23 el -t — —
¢0
(=3

PRE———

I3 il —=
L’INW 13140

- {In+) 03+23

7070l

3 01”8

04"

1355.4
1248.1

03 6!
73 0096

73 S99

T3 VL9

T3 0'651t

73 ,009%

24

<OTSiE

15901
— —l7598)—

.
w
o

f— — — -y

04
02°*

00*

1SGGd

FIG.2, Preliminary level scheme of !%Gd, Only approximate energies are given, A short, thick arrow

indicates population by a primary gamma ray.



ENERGY LEVELS IN 156Gd 151

The gamma vibrational band The first three members have been identified
both in B-decay (2, 3) and in the (d,d') reaction. We found strong E2 tran-
sitions to combine according te fig.+ 2. The_*_Z+ and 3% levels are fed by
primary gamma-rays. The 2274007 and 237-.04% transitions were resolved
from the 00*.02% and (0)1 202t transitions, respectively in 5:th order
crystal diffraction. The conversion coefficients of the 1065, 1159 and 1067 keV
transitions are compatible with pure E2 with less than 25 % M1, in agrge-
ment with ref. (2). Using the branching ratios from the I = 3t and I = 4
levels we obtain a value of the mixing parameter Z, of 0.041 + 0.009 and
0.049 + 0.008, respectively, which is definitely larger than the predicted .
values of 0.020 (14), 0.021 (15) and 0.027 (16). )

The beta vibrational band The ot and 2t members of this band were found
in ﬁl'g% (d,d") reaction (4) and the 2¥ member is also populated in the decay
of Tb. We have identified the 01, 2t and 4T members according to fig. 2.
The I-I transitions are all very highly converted indicating E0-admixture.
In table I are given ratios of reduced E2 transition probabilities. Mixing
with the ground state rotational band as expressed in terms of the mixing
parameter Z, evidently does not describe the situation in a consistent way

Table I

Ratios of reduced E2 transition probabilities for E2 transitions from the
Kn=0+ bands

A. Beta vibrational band

Ratio Experimental value Theoretical value Z0 b4 103
a) b) No mixing Z_=0. 018%);
d)
2-0)/(2=2 0.22(2 0.55(5) 0.70 0.56 74(4)
2244;%242; 1.1229; 2.80(25) 1.80 2.80 -15(2)
(2-0)/(2-4) 0.19(2) 0.19(2) 0.39 0.20 19(2)
(4-2)/(4-4) 0. 35(4) 0.62(8) 1.10 0. 61 31(2)
(4-6)/(4-4) 0. 65(26) 1.15(45 1.75 3.4 -21(7)
(4-~2)/(4-6) 0. 55(22) 0.55(22) 0.63 0.18 ~ 2(7)
B. New 07 band z _=o0. 039°):
2-0)/(2-2 0.21(3 0.37(5) 0.70 0.41 76(6)
22443%2-.2; 2. 8(2()) 4, 9(&) 1.80 4.3 18(2)
(2-0)/(2~4) 0.07(1) 0.07(1) 0.39 0.095 48(4)
(4-2)/(4-4) 0.06(1) 0.27(5) 1.10 0.23 55(2)
(4~6)/(4~4) 1.15(18) 5.2(8) 1.75 6 =10(3)
(4~2)/(4-6) 0.050(9) 0.050(9) 0. 63 0.037 36(2)

a) The I-1 transition assumed to be pure E2

b) Assuming M1 admixture in Il transitions:Beta vib. band: 2-2: 60 %,
4-4: 44 %. New K=0% band: 2-2: 43 %, 4-4: 78 %

c) Weighted average of Z , for the ratios not containing the I~I transition

d) Number in parenthesis gives the error of the last digit
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unless strong M1 admixture is assumed for the 2-2 (60 %) and 4-4 (44 %)
t:lransitions. This is possible but does not seem to be very likely, since in

Gd, where a similar situation occurs, the 2-2 transition has been found
to be E2 + <2 % M1 (17).

In table II are given the strengths of the I—-I ES) transitions. These
are expressed in units of (see ref. (18))X =e R2 / B(E2; 0-2) where o
is the EO ''strength para.meter (19). From the present data X can be correct-
ly obtained only for the 0% ~0% transition for the 2¥-2% and 4t-4% transitions
approximate values of X were calculated assuming the Z, correction to be
valid for the E2 transition probabilities using Z = 0.018.

Table II

2 2 2
Values of X = p°/B(E2; 0-2) for the two excited K= 0" bands
Transition X

Beta vibrational band New O+ band
0~0 . . 0.10 < 0,018
22 ~0,16 <o0.011
4-4 ~0.25 <£0.024

Negative parity states Strong El transitions corresponding to the 17, 3" and 5~
states observed in the'(d,d') reaction (4) were observed. On basis of their -
strong (d,d") cross-sections and the systematic behaviour of these levels

they have been assigned as members of the K = 07 octupole band (4). Additional
17 and 3~ levels were found by combining strong El transitions at 1366 and
1538 keV. Only two strong El transitions were then left in the spectrum of’
which the 1230 keV transition may define a 2~ state at 1319 keV as suggested
by a primary transition and from the decay of 156Tb (3), and the 1180 keV
transition possibly defines a 4~ level at 1468 keV as suggested in fig, 2,

Since energies and branching ratios suggest strong mixing no definite con-
clusions regarding the K-quantum numbers of t:he negatlve parity states

can be made at this stage.

A new K= 0 band Six of the remaining strong positive parlty transitions in
the region around 1| MeV were found to combine to a 2% level at 1258 keV and
a 4t level at 1462 keV. The 1258 keV level is supported by a primary y-ray
in 2 keV neutron capture. Using the simple rotational formula for the energies
yielded 1081 keV for the transition from the expected 0% state to the 27 state
in the ground state band. The only remaining E2 transition with an intensity
of the expected order of magnitude has an energy of 1079 keV and it is there-
fore reasonable to assume this transition deexcites the 0% state. A possible
EC transition from this state was found by resolving the broad K- line mainly
arising from the 1169 keV transition. The E2 branching ratios show a trend fairly
similar to those of the beta-vibrational band, c¢f tablel. A rather good con-
sistency is obtained with a value of the mixing parameter with the ground
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© Table I

. . +
Approximate rotational energy parameters for the three 0 bands

Ground state Beta vib. New 0+
band band band
A keV 15.0 13.7 15.2
B eV -30 -64 ' -21

state band Zy of 0.037, assuming 43 % M1 for the 2.2 transition and 78 % M1
for the 4-4 transition. The g of the 44 transition is compatible with

this mixture, while the ag of the 2-2 transition is somewhat large, which
may be explained by E0 admixture. The upper limits of the quantity X for
the EO part of the I~I transitions are given in table II assuming only E2
competition, The small values indicate a difference in character between
this band and the beta vibrational band. In table III the rotationalenergy
parameters are given for all three K=0" band.
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Abstract

AX =2"% BAND IN®Hf. The gamma -ray spectrum and the conversion electron spectrum
in the 1-MeV region from "'Hf(n, y)1™Hf have been studied. From these data five members of a
K = 2% band, which may be identified as the gamma-vibrational band, were found, Confirmation
of the levels was obtained from a y-ycoincidence measurement, From the measured branching ratios
we have deduced a value of the band-mixing parameter Z, and this quantity is compared with
different theoretical estimates.

INTRODUCTION

The band-mixing parameter Z, for the gamma-vibrational band in
even deformed nuclei has been theoretically calculated in the microscopic
approach by several authors [ 1 - 3 ], In general these calculations show
rather good agreement both with each other and with experiment, except
for the region around A ~ 180 where Bés et al. [1] predict significantly
higher values than those of Refs [2] and [3]. The deviation is most pro-
nounced in the case of 1Hf, in which the predictions differ by almost
a factor of 10.

The experimental data for the gamma vibration in 18Hf are very
scanty, with suggestions for the band head (or the first KI" = 22* state)
ranging from 1175 to 1402 keV {4,5]. Furthermore, no reliable gamma
intensities are given for the de-excitation of this proposed band.

We therefore investigated the reaction 177Hf (n, v ) Y78Hf with the aim
to locate the gamma-vibrational band and to determine the Z4 parameter.

EXPERIMENTAL PROCEDURE

The energy region from 850 - 1420 keV of the internal conversion
electron specirum was measured with the double-focussing beta-
spectrometer at the R2 reactor in Studsvik [6].

An extracted neutron beam passed through the spectrometer at the
target position, where the beam cross-section is about 5 X 5 cm? and the
neutron flux is 108 n cm=-2 sec-1,

To increase the luminosity of the spectrometer, the target was
arranged in the voltage gradient system [6], which made it possible to
use a target with 15 cm?2 area. Targets were prepared by electroplating
91. 7% enriched 1"7Hf onto thin aluminium backing., A thickness of about
2 mg/cm? was used in the present measurement. The measurements were
made with a momentum resolution of 0. 2% and the magnetic field of the
spectrometer was regulated with a precision better than one part in 104,

155
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The gamma-ray spectrum was measured from 470 to 3000 keV with
an ORTEC true coaxial Ge(Li) detector of 25 cm?® volume. Also in this
experiment a neutron beam was extracted from the reactor. The beam
passed through a tube made of 6LiCO3 in which the target was placed,
The target was made by filling 70 mg of 91. 7% enriched " Hf into a small
bag of 0.6 mg/cm? Melinex~-foil which gave a negligible background. Some
background due to capture in the various shielding materials was, however,
present and a special run was made of these lines. The energy-resolution
of the gamma-counting system was 3, 5 keV in the 1-MeV region,
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FIG.1. A part of the conversion electron spectrum recorded with the double-focussing beta-spectrometer.
Each line is labelled by the transition energy rounded off to the nearest keV, and by the electron~shell,

Parts of the internal conversion electron spectrum and the single
gamma-ray spectrum are shown in Figs 1 and 2.

The conversion coefficients were normalized by assuming the 1175-keV
transition to be pure E2, This assignment gives a good consistency with
the conversion coefficients of the transitions that are also seen in the beta
decay of 178Ta [7], and with the conversion coefficients found for El
transitions in the spectrum.

The large number of lines observed in the 1-MeV region implies a
non-negligible probability of obtaining accidental combinations if the level
scheme is constructed purely on the basis of energy-combinations.

Because of this, we performed a v -y coincidence experiment as an extra
check of combinations involving strong transitions. A 3 X 3 -in. Nal crystal
was used in conjunction with the Ge(Li) counter. Four gates were placed

in the pulse-height spectrum from the Na(I) detector, two at the intense
transitions from the 4" and 2* level in the ground-state rotational band, and
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FIG.2. Gamma rays in the 1-MeV region as measured with the Ge(Li) detector. Each line is labelled
by the transition energy rounded off to the nearest keV. Total recording time was about 2 days with
a 70-mg target.

the other two at the background slightly above each of the mentioned peaks.
The coincident spectra from the Ge(Li) counter were stored in a multichannel
analyser with the memory grouped in 4 X 1024 channels,

RESULTS AND DISCUSSION

From the results of the coincidence measurements and by the use of
the conversion coefficients, positive parity levels could be established at
1174, 70, 1268. 70, 1384, 48 and 1533. 99 keV., The decay modes of these
levels are consistent with I" = 25, 3*, 4" and 5%, The spacings of the level
energies agree well with what can be expected for a rotational band and
the lack of members with angular momentum less than 2 units indicates a
K-quantum number of 2, Applying the energy formula [8] for K = 2* bands,

E=E, + AI+1)+ B 12(1+1)2 + D(-1)! (I-1) I(1+1) (I+2)
one finds for the coefficients:

A =15.91keV B =-31.4eV D=-56¢eV



TABLE I. PROPERTIES OF GAMMA RAYS CONNECTING THE K = 2 BAND AND THE GROUND-STATE BAND

IN 178Hf

In the first two columns the initial and final spins of the connected states are given, Columns 3 and 4

contain energies and intensities of the connecting gamma rays. The multipole assignments are based on conversion
coefficients measured in this work. These conversion coefficients have been normalized on the pure E2 value of
the 1175-keV transition. The next column gives the ratios of the reduced B(E2) values, assuming all transitions

to be pure E2. In the last two columns are shown the prediction of Alaga's rule, and the values of the band-mixing
parameter Z, obtained from the deviations from Alaga's rule.

L I¢ Transition Relative gamma Multipole Ratios of Alaga Z, X 10?
energy (keV) intensity assignment reduced B(E2) values
a
2 0 1175.55 40 10 E2 2 0=0.67i0.12 0. 70 0.8+3.0
22
2 2 1081. 55 36,5+ 2.5 E2 + < 25% M1 P
2 4 867,92 1.6 £ 0.8 - — =0.12 2 0.06 0. 05 9:8
a 22
3 2 1175. 55 60 +10 E2 324 _
3 4 962,11 12,2+ 1.2 E2 + < 15% M1 3 0-4620.08 0.40 1.0+1.3
4 1291.71 15. x 3.5 E < 40% M1
2 2.7 2+ <40% 422 18 +0.04 0.34 4.2:1.2
44
4 4 1077.19 33. x 2. Sb E2 + < 25% Ml 48 b
4 8 752. 66 2. ¢+ 0.5 - 222 20.385 0,09 0.086 (11 £ 4)
4 >4
5 4 1221. 00 3l.4+ 4.5 E2 + < 10% Ml 5—»620.57*0.1‘1 0.57 0.0£1.0
54
5 6 902.16 3.7+ 0.8 - 6o
6 4 1385.40 2.5+ 0.8 - 6—»6:0'21i0'09 ’ 0.27 1.0+1.0
6 6 1059. 66 3.1+ 1. E2 or M1 Weighted average: 1.3%1

Theory: Bés et al, [1] 7.8; Pavlichenkov [2] 0.8; Marshalek [3] 1.17.
3 These transitions could not be resolved in the single spectrum. The intensities are obtained from the coincidence measurement.
b This value can be caused by other transitions coinciding with the 752-keV line. The value of Z, has been omitted in the average.
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Using these values the expected position of the 6" member is at 1692 keV.
Experimentally we find a combination of two transitions to the 4" and 6°
members of the ground-state band at 1691. 90 keV. This combination could,
however, not be confirmed by further evidence and is thus only tentatively
assigned as the 6" member of the K = 2* band.

Although we have no strong arguments to support us, we would like to
" suggest that this K" = 2* band is the gamma-vibrational band. The energy
is higher than for the lowest 2-quasiparticle (K" = 87) band [2], but the
energy is definitely lower than the lowest K" = 2% 2-quasiparticle band
predicted by Gallagher and Soloviev [10] at 2. 3 MeV.

26— —-——— — — — —T T — 169190
25" 4= 153390
24" Ll + 130048
11
23" : 1268.70
22‘] I ié * 117470
e
[T - o~
E88E885¢288%8
LI
06* i * 632.15
04’ L_L_‘_Li306_56
02" 9317
00" 0.00

" Hf

FIG.3. Level scheme showing the de-excitation of the K = 2* band. To the left of each level is

the assignment in the quantum numbers KI", The level energies are given to the right, The estimated
energy uncertainty is 0. 2 keV. Filled arrows which terminate on a level in the K = 2* band indicate

that the level has been observed in studies of direct capture gamma rays {121, Transitions with

double arrowheads have had their place in the level scheme established by the coincidence measurements.

In Table I preliminary values of the ratios of the reduced E2 transi-
tion probabilities from the suggested gamma-vibrational band to the ground-
state band are given together with the Z, mixing parameters. All transi-
tions were assumed to be pure E2, which may not necessarily be true.
Angular correlation measurements are planned in order to deduce possible
M1 admixtures. It can, however, be said already at this stage that the
Z, value is low, thereby supporting the calculations by Pavlichenkov [2 ]
and Marshalek [3].

The part of the ™Hf level scheme containing the 2* band is shown in
Fig. 3. Very recently the three lowest members of the band have been
identified by Faler et al. {11] from studies of resonance capture gamma

rays. In this work, however, a definite assignment could only be given to
the 3*level.
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(n,v ) AND (n, e”) INVESTIGATION
OF THE 17Lu LEVEL STRUCTURE

(Short communication)

P. MANFRASS, H. PRADE, F. STARY
Central Institute for Nuclear Research,
Rossendorf Nr Dresden,

Democratic Republic of Germany, and

M. BEITINS, N, KRAMER, P. PROKOVIEV
Institute for Physics,

Riga, USSR

The measurements of the conversion electron spectrum previously
carried out by some of the authors [1] have now been supplemented by
the investigation of single and coincidence gamma-ray spectra. Especially
from the high-energy parts many new levels of positive parity with spin
values of I = 11/2, 13/2 and 15/2 with excitation energies >1 MeV could
be deduced. Energy of the capture state (13/2~ or 15/27) amounts to
7071.3 keV. The different gamma-gamma coincidence measurements
yielded probable spin values of the states directly excited from the capture
state. These values are listed in T'able I. So far, only the structure of some
of the levels could be explained, Experimental confirmation was established
of the excitation energy and the mode of deexcitation, of the three lowest
rotational levels at 1350,4(9/2%), (1480.3(11/2%) and 1630..2 (13/2") of the
known three-quasiparticle state [2] with K = 7/2%at 1241,0 keV,

Two rotational bands of the three-quasiparticle states p 7/2+ [404]
n7/27 [514]) £1/27 [510] at 1357 and 1503 keV were derived from (d, p)
and (d, t) investigations [3]. With our gamma measurements we could obtain
more accurate level energy values (in keV): 1356. 6(15/2"’), 1544, 0(17/2+),
1749. 7(19/2+); 1502.5 (13/2%), 1677.6(15/2%), 1872.2(17/2%).

The experimental (d, p) cross-sections for the 19/2 (K = 13/2) level
and the 17/2 (K = 13/2) level are too high compared with theoretical values
[3]. We assume an admixture of the neighbouring levels at 1752.1 and
1882.6 keV to be excited in the (n, v) reaction by strong direct transitions
from the capture state,
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TABLE I. HIGH-ENERGY GAMMA-RAY SPECTRUM OF

17611 (n, v) V7Lu REACTION

MANFRASS et al,

THE

Gamma Relati}/e Level Spin, parity
energy (keV) intensity energy (keV)
6802,5 % 0,5 552 & 16 268, 8 11/2*
6434,5+ 0,4 160+ 5 636, 8 15/2*
6254.7 £ 0.5 110 6 816.6 11/2%
6112,1+ 2.0 36 ¢ 12 959,2 (11/2h '
6082,5 % 3.0 54 + 25 988, 8 13/2*
5893,7 £ 0,8 116 + 14 1177.6 15/2%
5840,0 + 0.9 57+ 8 1231, 3 11/2*
5768.2 £ 0.5 322 + 25 1303, 1 (1172, 13/2)*
5727.6 + 0,5 394 £ 21 1343,7 11/72*
5600,1 % 0.5 567 + 29 1471,2 11/2%
5568.4 + 0,5 577 £ 29 1502,9 13/2*
5463,7 + 0,6 343 £ 27 1607.6 /e, 13/9*
5436.5 ¢ 1.4 97 £ 26 1634. 8 13/2%
5394,2 + 0,6 180 + 16 1677, 1 15/2%
5379,9 % 0,8 140 £ 16 1691.4 (11/2, 13/2, 15/2)*
5364,8 0,7 163 + 16 1706.5 a1/2, 13/2)*
5341,6 + 0,5 403 + 18 ‘1729.7 (11/2, 13/2, 15/2)*
5319,2 0.5 496 + 18 1752,1 11/2*
5265.5 % 0.7 155 £ 16 1805, 8 172/, 13/2)*
5211.4 + 1,0 121 # 20 1859, 9 (1172, 13/2)*
5188.7 + 0.6 241 + 24 1882.6 15/2F
5163.9 & 0,5 301 £24 1907, 4 13/2%
5109.9 % 0,7 221 & 20 1961,4 (11/2, 13/2)*
5092,9 + 2.8 ? 50 + 20 1978.4 (11/2, 13/2, 15/2)*
5080,8 + 2.3 » 61 % 20 1990. 5 (11/2, 13/2, 15/2)
5046,2 % 1,6 ? 75 £ 19 2025, 1 (11/2, 13/2, 15/2)
5016.5 + 0,5 530 + 21 2054.'8 11/2*
4981,3 + 0.8 198 & 20 2090, 0 Q1/2, 13/2, 15/9)*
4884.5 + 1,0 152 & 18 2186, 8 15/2"
4866.2 £ 0.8 340 & 19 2205, 1 13/2%
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GAMMA CALIBRATION ENERGIES IN THE
23Na(n, v )24 Na AND N(n, v)1*N REACTIONS

P,H.,M., VAN ASSCHE

SCK = CEN,
Mol, Belgium

(Presented by P. Fettweis)

Abstract

GAMMA CALIBRATION ENERGIES IN THE 2¥Na(n,y) #Na AND "4N(n, y)5N REACTIONS, Starting from
the H(n, y)D capture gamma line an energy of 6396, 93 £ 0.40 keV is obtained for the intense gamma ray
in the 23Na(n, y )24Na reaction, -

When using the 2223,29 +£0.07 keV gamrina energy from the H(n, v)D
reaction as a reference value {1], a systematic deviation has been observed
between the line at 2.75 MeV in the 23Na(n, v)2*Na reaction and the
2753,92 £0.12 keV decay line [2] of 24Na. '

100 —-
‘% decay intensity

_é_—4»—
7

/ . By tkeV)

0 1 i I I
2752 2753 2754

FIG.1. 'Energy variation of the 2,75-MeV doublet as a function of the intensity of the decay line (given at
the top). . .

Spectra are measured with 4&_14 25-cm3 Ge(Li) coaxial detector., To avoid
systematic errors, five different amplifications have been used. Conse-
quently, each of them needed a different correction for the non-linearity
in the electronic equipment, :

It has been observed that the intensity of the 2.75-MeV line was too
high with respect to the 100% decay line at 1.368 MeV. Therefore we
concluded the presence of a (n, v) line next to the decay line of 2753.92 keV,
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TABLE I. CHARACTERISTICS OF THE DOUBLET AT 2.75-MeV-GAMMA ENERGY IN THE 23Na(n, v)24Na

SPECTRUM
Decay intensity s :
E OF R= 5 : OR Dispersion
¥ t t
(keV) (keV) To "(;D)mte“s‘ Y ) E (keV)/channel

2753, 00 0,25 42,7 2.5 1.62
2753, 14 0,25 42,7 2.1 1,170
2753, 17 0.20 46,7 3.1 1,16
2753,28 0,30 51,5 2.3 1,62
é"lSS. 32 0,20 - 56,0 2.8 1.16
2753, 59 0.20 58.0 2.0 0.68
2754, 10 0,40 78 10 2,56
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TABLE II. SOME GAMMA TRANSITIONS OBSERVED- DURING THIS STUDY
All gamma energies are from the 23Na(n, v)?4Na spectrum, except those at a and c.

(kEeKI) (kZE/) Remarks (IEZV) (ljeEV) Remarks
472,39 0,14 2505, 67 0,35 DE/Ph
500,42 0.43 2752.50 b 0.30
562.6 0.6 _ 2808, 7 0.5 DE/Ph
780.6 0.6 2862, 8 0.4 DE/Ph
835,4 0.5 3097,33 0.13 DE/SE/Ph
868,81 0,18 3587, 81 0,14 DE/SE/Ph
873,99 : 0.16 3644, 3 0.7 DE
1098.5 ' Lo _ 3878.5 _ 0.4 DE/Ph
1343,7 0.5 3981, 69 0.22 DE/SE/Ph
1368, 872 0.20 5270,03°¢ 0,23 DE/SE/Ph
2026.72 o 0.24 DE/Ph _ 5298,52°¢ 0.23 DE/SE
2210, 00 0.4 5617, 91 0.32 DE/SE/Ph ‘
2414, 36 E 0.14 DE/Ph 6396, 93 0.40 DE

DE : double escape peak is well separated; SE: single escape peak is well separated; Ph : photopeak is well separated; if no remark, the gamma ray is observed
at the photopeak, .
4 Decay line of % Na,
Gamma energy deduced from Fig, 1.
€ Gamma ray from the N(n, y)!5N reaction,

SNOLLOVIY N ANV EN NI SIIOYINT NOILLVEdITVD
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TABLE III. PROMINENT GAMMA TRANSITIONS FROM 24Na AND ¥ N USED IN THE BOOT-STRAP APPROACH

Gamma-ray energies

Nucleus
Greenwood Chasman et al, [4] Marion [5] This work
#Na 3097,33 + 0,13
Na 3587,24 [3] 3587,81 + 0,14
#Na 3981. 30 [3] 3981, 69 0,22
BN 5269.20 + 0,35 [6] 5270, 60 = 0,46 5268.5 + 0,2 5270, 03 + 0,30
15N 5297.8 + 0,35[6] 5299,03 = 0,43 5297.4 + 0.3 5298, 53 + 0,30
24Na 5617,91 + 0,32
24Na 6395,1 0,4 [3] 6396, 93 + 0,40

891
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The energy and the intensity distribution of this doublet are given in Table I.
An extrapolation to zero decay intensity allows 2752.5 £ 0,3 keV to be
deduced for the energy of the (n, v) line (Fig.1).

As a previous determination (3] of the intense 6.4-MeV gamma ray in
24Na is based on the 2.75-MeV "'decay'’ line of #*Na, we decided to repeat
this measurement. To avoid any dependence of the 24Na level scheme,
the boot-strap approach has been applied up to the desired value of 6.4 MeV,
This has been achieved by including some intense gamma rays of the
14N(n, v )15 N reaction. The observed gamma energies are displayed in
Table II.

Gamma rays that are essentially used in the boot-strap approach are
compared with other results in Table III. Only the correspondence with
Chasman et al. [4] is satisfactory.

As their results are equally obtained from careful energy-interpolations
this correspondence increases the confidence in our method.

Note: After private discussion with R.C. Greenwood, it appears that the simple relation E (double escape)
+1022,012 keV = E (photopeak) = the base of the actual measurement = might have to be corrected because
of different probe formation mechanisms in the detector. This fact could at least partly explain the anomaly
observed,

The doublet at 2,75 MeV = observed in this work = was also observed previously by Greenwood.
Unfortunately he did not mention it in the reference quoted, but elsewhere (e.g. the Argonne Conference, 1966).
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GAMMA RAYS FROM THERMAL
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285i-ENRICHED SILICON*
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Abstract

GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN NATURAL AND 28Si~-ENRICHED SILICON,
The gamma radiation following thermal neutron capture in natural and in 2%i-enriched silicon was investigated
with a Ge(Li) detector, Altogether 43 gamma rays were found, most of which could be fitted into one of the
level schemes of #Si, 3Si or Si, The determination of the excitation energies of 295i was improved. The Q
values for the (n, y) reactions in the three silicon isotopes have been determined as:

288i(n, )51 Q= 8473,7 £ 0.5 keV
298i(n, )3si Q=10609,8 + 1,0 keV
308in, y) 51 Q= 6587,9+ 1,5 keV,

¢ This paper will be published in full in Nuclear Physics under the same title,
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NEUTRON CAPTURE GAMMA-RAY
STUDIES OF SILICON ISOTOPES

P.H. BLICHERT-TOFT, K.C. TRIPATHI
Swedish Research Council's Laboratory,
Studsvik, Nykoping, Sweden

Abstract

NEUTRON CAPTURE GAMMA-RAY STUDIES OF SILICON ISOTOPES. Neutron capture gamma rays
of silicon have been studied using a Ge(Li) solid-state detector. Eighteen previously observed transitions
were identified and more than 25 previously unreported transitions were observed, but all of these are not
as yet firmly assigned as emitted by silicon isotopes. The neutron separation energies were found to be
8475.2 + 0.5, 10612.331.0 and 55915 keV for 2°Si, 3°Si and ¥Si, respectively. A single-crystal
spectrometer was used to reflect the gamma=ray beam in order to suppress the Compton background from
intense higher-energy gamma rays.

INTRODUCTION

The neutron capture reaction in silicon is predominantly 28Si(n, v)?%5i
and has been investigated previously. Kinsey et al.[1] used a magnetic
pair spectrometer to study this reaction and, for the gamma-ray transi-
tions observed, reported energies with accuracies ranging from 5 to
8 keV. Adyasevich et al. [2] were able to extend the energy range
covered through the use of a Compton spectrometer. The accuracy of
the reported gamma-ray energies ranged from 10 to 30 keV. The most
accurate and extensive data at present on transition energies and intensi-
ties were obtained by Kennett [3] using a Ge(Li) counter and a Ge(Li)-Na(T1)
coincidence spectrometer. A considerable amount of information con-
cerning the level structure of 295i has been deduced from the (d, p) results
of van Patter and Buechner [4] and Browne and Radzyminski [5] and the
(p, p") data of White [6]. A summary of spin, parity and neutron orbital
momentum for several states in 2951 has been given by Endt and
van der Leun [7]. The most recent experimental value for the neutron
separation energy for 295i has been measured by Lycklama et al.[8] and
is 8473.8+1.4 keV,

EXPERIMENTAL PROCEDURE AND RESULTS

This measurement has been made at the research reactor R2 at
AB Atomenergi, Studsvik. ‘A detailed account of the experimental equip-
ment has been given by Broman [9]. A target consisting of a 30-cm?
single crystal of silicon is placed close to the reactor core in a neutron
flux of about 1013 nem=2 sec™!. The capture gammas are collimated by
a slit collimator in front of which is placed a 1-cm thick flat-type ger-
manium crystal. The (400) planes are used for diffraction., After the
passage of a second slit collimator the gammas are finally recorded by
a 3.5-cm3 Ge(Li) detector. The crystal arrangement along with the
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mounting of the Ge(Li) detector. The crystal arrangement along with
the mounting of the Ge(Li) detector is described by Broman et al.{10].
The energy of the diffracted beam is given by the well-known Bragg
formula

E=K/sin6

0 being the angle between the crystal planes and incident gammas and

K a constant determined by the crystal grating parameters. The dif-
fraction peak width is a measure of the energy interval which is possible
to scan in a single run. Since the Compton background from higher-
energy gammas is almost eliminated from the diffraction region it is
possible to discern weak gamma-ray transitions by this method. The
angle of incidence is successively set in line with the energy region to
be studied. In this particular work we have carefully scanned the
energy region between 400 and 2500 keV by this method.

The gamma-ray transition energies and intensities were determined
using a Ge(Li) solid-state detector (Princeton-Gammatech) with a deple-
tion depth of 5 mm and area of 7 cm?2, The overall resolution of the
Ge(Li) detector plus amplification system was 3.5 keV at 1.33 MeV.

The relative efficiency of the Ge(Li) detector was obtained in the energy
range from 0.1 to 10 MeV using a calibrated set of standardized gamma-
ray sources and the relative intensities of prominent neutron capture
gamma-ray transitions in titanium isotopes as established by Tripathi

et al. [11].

In Fig.1 the Ge(Li) spectrum is shown for such energy regions be-
tween 500 - 2500 keV which reveal new information as compared to results
reported by previous workers [1-3, 8]. Eighteen cm of borated paraffin
was used as a standard absorber in all runs to reduce the background of
fast neutrons to a sufficiently low level as required by the solid-state
detector. The spectra displayed in Fig.1 have all been taken in the dif-
-fraction mode [9, 10] with the diffraction peak position falling approximate-
ly in the middle of the energy range displayed on the multichannel analyser
for each particular run. A large number of similar diffraction spectra
were taken for the special purpose of a careful investigation of the energy
region from 400 to about 2500 keV for weak gamma-ray transitions which
are not seen in a direct spectrum due to the fact that the Compton distri-
butions of higher-energy gammas would not be sorted out.

Figure 2 shows the Ge(Li) spectrum at a collimator angle very close
to the central position for the energy range from 2500 to 4500 keV.. In
Fig.3 is shown the Ge(Li) spectrum with the collimator at the central po-
sition for such energy regions only which yield new information as com-
pared to previous work [1-3, 8] between 4500 and 10000 keV, Since the
collimator is at the central position in this special measurement the
gamma-ray beam enters the detector without having suffered any
deflection and becomes very intense., Therefore, in addition to 18 cm
of borated paraffin, a 5-cm lead absorber is applied in a distance of
30 cm from the solid-state detector.

The experimental results for gamma-ray energies and intensities are
summarized in Table I and compared with the results obtained by Kennett
[3] from measurements on an external target of natural silicon. The
energies and isotopic assignment of calibration lines used are designated
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with the conventions and those assigned to the background arising from capture in titanium are unmarked
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FIG.2. Singles épectrum at a collimator angle close to
to 4500 keV with an 18 g/cm?2 borated paraffin absorber.
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marked except when such lines have been used for internal energy calibration. Transitions of unknown
origin are indicated by a question mark,
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on the spectra shown. The agreement in energy and photon intensity

is in general within the experimental errors in cases where the corres-
" ponding transition has been seen by Kennett [3]. Pile-up effects due to

excessive counting rates were minimized by choosing suitable absorbers

and geometries.

The neutron capture decay schemes of 295i, 30Si and 315i are shown
in Fig. 4 and are based essentially on accurate transition energies and
photon intensity data (Table I) plus the coincidence data obtained by
Lycklama et al.[8]. Since we have not found any experimental evidence
to sustain the earlier assumption that the 3662. 5-keV line is a double
peak, we have not been able to place the 2783.0-keV transition. The
conclusion is that previously proposed levels at 5690.7 and 4814. 8 keV
are not supported by this work. We have tentatively incorporated five
previously unreported transitions to the 29Si level scheme. These
transitions are in agreement, as they should be, with the strong spin-
parity rules for electromagnetic radiation. The mean value of the neu-
tron separation energy for 29Si has been found to be 8475.2 £0.5 keV.

The neutron capture decay scheme of 30Si is rather simple, as
appears from Fig.4., Transitions considered tentatively placed are
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LIST OF GAMMA RAYS EMITTED UPON NEUTRON

Transition energy 2 Intensity
Line N, E'mitting (keV) (y-rays per 100 captures)
isotope
Present work {3] Preser;)t [8]
work
1 0si 10612.5 + 1.5 0.2
2 8952 +38 w
3 Bsi 8474.5 + 0.8 8474.6 2.9 2.1
4 8314 4 w
5 7846 +3 0,15
6 7.815 4 w
7 7696 4 w
8 7465 3 ~0.3
9 2951 7202,0 + 0.5 7202.2 9 10
10 305 6748 2 6748.2 1.4 1.5
11 Asi ? 6594 3 w
12 28j 6383.3 + 1.0 6383.2 14 14.5
13 295§ 6048 3 6048.9 0.7 0.7
14 25§ 5405 t38 A
15 5301 +3 ~0.4
16 5297 38 ~0.2
17 308§ 5274 13 ~0.8
18 305§ 5269 3 ~0.5
19 5262 +3 ~0.2
20 25gj 5109.4 + 1.0 5110.3 4.1 4.5
21 5028 +2 ~0,2
22 28 4935.7 £ 0.5 4935.8 81 61
23 38 4902 3 ~0.07
24 28] 4842 +3 ~0.3
25 4600 +2 ~0.1
26 4508 2 ~0.4
27 4408 2 0.2
28 2951 3956.2 + 0.5 3956.0 2.0 1.8
29 Ogj 3864.0+1.0 3864.4 1.8 1.5
30 si @ L 3805 £3 w
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TABLE I (cont.)

Transition energy @ Intensity
(keV) ( y-rays per 100 captures)
Line No. E;::::;:'eg

Present work [31 :r:rs:nbt [3]
31 Bgi 3662.5 + 0.5 3662.6 3.6 3.6
32 2si 3540.0 ¢ 0.5 3539.7 65 64
33 25 2783.0 0.5 2783.1 3.2 3.0
34 2593 £ 2 w
35 25 2426.6 + 0.8 2427.0 2.5 2.1
36 28 2092.8 + 1.0 2092.0 20 b 20
37 29gj 2031.5+ 0,5 2031.7 4.0 3.7
38 28gj 1778.4 £ 0.5 1779.0
39 25 1775.1 £ 0.6 4
40 2si 1764,5 £ 0.6 3
41 1757.7 + 0.6 4
42 3Si 1693 3 w
43 29éi 1273.1 £ 0.5 1273,0 19 20
44 589.5 ¢ 1.0 w
45 583.4 1.0 w
46 553.8 £ 1.0 w
47 521.5 ¢+ 1.0 w

@ All transition energies have been corrected for nuclear recoil.

b The relative photon intensities obtained have been corrected for the various absorptions of
the radiations emitted by the sample and have been normalized to the absolute intensities
given by Kennett [3] in units of gamma rays per 100 captures for the 2092.8 - keV transition.
The accuracy of the measured intensities is about 10% except where otherwise stated.

w indicates the intensity of a transition too weak for a reasonably exact intensity estimate.

shown as dashed lines, The neutron separation energy of 39Si has been
measured to be 10612.3+1.0 keV by using the ground-state transition
in N(n, v)1®*N for calibration. No earlier neutron capture decay scheme
of 31Si has ever been presented in the literature. The one shown in Fig.4
is conjectured from transition energies and intensities and should be con-
sidered as uncertain. The tentative placements shown are the ones
which should be expected on the basis of spin-parity arguments for tran-
sitions between levels known from other reaction data.

The fact that we have not been able to place consistently all the pre-
viously unknown transitions (Table I) in the level schemes of silicon
isotopes indicates that these are not yet known as completely as we might
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FIG.4. Levels in ®Si, *°si and %'Si populated in neutron capture reactions of silicon isotopes.. Spin,
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energies and intensities and should be considered as uncertain or ambiguous placements. Intensities in
gamma rays per 100 captures for the case of ?%Si(n,y)?Si are given within parentheses.

desire from (d, p) or (p,p') reactions. It would also be very helpful if the
existing level energies were known a little more accurately from these
reactions., It may also indicate, however, that we have been unsuccessful
in identifying one or the other of these transitions:as belonging to the
intense background radiation present, although we would emphasize that
we have tried hard during the rather cumbersome and painstaking identi-
fication process.

To account for our endeavours on these aspects and to characterize
the organization of the data obtained we have classified the lines which
may belong to silicon isotopes into four categories:

(1) Lines which have been firmly determined on the basis of the
spectra taken and which we have not been able to identify with any back-
ground radiation known at present, These lines are shown in Table I.
Where it has been possible to associate the radiated line with a particular
silicon isotope this has been indicated in column 2. Our assignments of
gamma rays with number 14, 24, 39 and 40, however, are quite uncertain
since these assignments have been based on an energy fit only. Whereas
lines number 17 and 18 are clearly seen as a doublet we cannot be quite
certain about the origin of these transitions.

(2) Lines of rather weak intensity which we have attributed to either
silicon or titanium isotopes,. partly on the basis of information given in
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the work by Tripathi et al. [11]. Such lines, determined with an ac-
curacy of 1 or 2 keV, are the following, in order of increasing energy:

725, 1731, 752, 858, 1582,
2206, 2236, 3054, 3104 and 7057 keV

The upper limit of the intensity of these lines is 4 gamma rays per
100 captures.

(3) Transitions which have been poorly indicated by our experimental
data, either due to overlapping with other radiations or a lack of sufficient
statistics of the peaks. These transitions have been determined with an
accuracy of 2 or 3 keV and are the following, in order of increasing energy:

1252, 1306, 1448, 1534, 1566, 1868,
2027, 3772, 6447 and 7112 keV

Since the existence of the above-listed lines is to some extent doubtful
we have not attempted to place them.

(4) It is clear that weak lines emitted by silicon isotopes may exist
which are hidden by prominent neutron capture gamma-ray transitions of
titanium isotopes (our target holder consisted of titanium). To find out
which line energies could come into focus the reader is referred to Figs 1,
2 and 3 and the extensive work by Tripathi et al. [11] on neutron capture
studies of titanium isotopes. We are here, of course, limited in our ef-
forts to see any of the weaker gamma rays emitted by silicon isotopes
which belongto the above-mentioned category. This would require an experi-
mental geometry which would allow the background radiation to be con-
siderably reduced with regard to number of lines as well as in intensity.

An attempt will be made to give a further description of the level
schemes presented in this paper in the light of existing theories of
nuclear structure within the particular mass region to which silicon
isotopes belong.
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‘ Abstract

THERMAL NEUTRON CAPTURE GAMMA-RAY STUDIES OF NATURAL TITANIUM. Detailed and
precise measurements of the gamma rays following thermal neutron capture in natural titanium have been
made by means of a single flat crystal diffraction spectrometer and Ge(Li) detectors below 3.5 MeV and
as direct spectra above 1.6 MeV. Many previously unreported transition energies have been observed and
fitted into the level schemes of *"Ti, “#Ti, *°Ti, %Ti and ®'Ti. The neutron binding energies obtained for
the titanium isotopes from the transition assignments are in agreement with the values calculated from mass
measurements within the experimental errors (about 2 keV), More accurate values of a number of levels
in the titanium isotopes have been determined as compared to earlier (d, p) measurements.

INTRODUCTION

Earlier measurements on capture gamma-rays from natural titanium
have been done by Motz [ 1], Adyasevich, Groshev and Demidov [2],. Kinsey
and Bartholomew [3], and Knowles et al. [4]. These measurements were
made by means of Compton or pair spectrometers or crystal diffraction
spectrometers using Nal(T1) scintillation spectrometers. Knowles et al.{4]
and Carlos et al.[5] have performed concidence measurements. Trumpy
[6] and Vervier [7] have contributed with polarization measurements.
Tenenbaum et al,[8] have used a Ge(Li) detector in their investigations.
The present work reports on the measurements made by a single flat crys-
tal diffraction spectrometer in combination with a large Ge(L1i) detector.

In this method the Compton background and double-escape peaks due to
lines beyond the diffraction region are almost absent. This makes it ahigh
resolution and an effective apparatus. The investigation has led to the
detection of 146 gamma-rays, many of which were previously unreported.

EXPERIMENTAL ARRANGEMENT AND PROCEDURE

This work was performed at the Swedish Reactor R2 at AB Atomenergi,
Studsvik, An internal target geometry was used where the reactor channel
is tangential to the reactor core so as to avoid the detector from seeing the
core and facilitate sample changing. The target was placed as close as
possible to the core to obtain a maximum of neutron flux of approximately
1013 n em=2sec™l, The target used consisted of a rectangular slab of natural
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metallic titanium of weight and purity 51 g and 99, 9%, respectively. The
specira were recorded with a 1024-channel analyser exhibiting a small
deviation from linearity which was taken into proper account by the experi-

ment and energy calculation.

1. Measurements of direct spectra

For these measurements a 17-cm® Ge(Li) detector was used with a
resolution of 5,5 keV at 1, 33 MeV. The detector was placed so as to see
the direct incident beam of gamma rays. A 15, 5-cm thick lead absorber
was put at a distance of 50 cm from the detector, allowing the low-energy
X-rays to be absorbed in the air before reaching the detector and thus re-
ducing further the dead time of the multichannel analyser. This absorber
also decreases the neutron background at the detector to the required level.
The energy region between 1.6 and 10, 0 MeV was well spread along the
energy axis and divided into a number of parts, each of which successively
overlapped the neighbouring one. Long-time measurements were made to
obtain reasonable statistics for analysing even the weaker transitions

emitted by the titanium isotopes.
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FIG.1. Spectrum of thermal neutron capture gamma-rays of natural titanium in the diffraction region
of 800-1300 keV using the (400) diffraction plane of the flat crystal. A 5-mm lead absorber was put in

front of the detector,

2. Single flat crystal diffraction measurements

The energy region below 3.5 MeV has been investigated using a single
flat crystal diffraction spectrometer in combination with the above-mentioned
Ge(Li) detector. This arrangement is described in more detail by Broman
[9] and reviewed by Blichert-Toft et al. [10].

In most measurements the (400) planes of the germanium flat crystal
have been used for diffraction of the gamma rays. In some cases, however,
the information has been obtained by diffraction in the (200) and other planes.
Below 200 keV the absorption in the germanium crystal starts to play a
dominant role and results in a lower limit of about 100 keV,
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F1G.2. Observed direct spectrum of thermal neutron.capture gamma-rays of natural titanium in the
region of 3100-5300 keV taken with a 17-cm® Ge (Li) detector, The information obtained is based on two
different experimental runs, A 15,5-cm thick lead absorber was put in front of the detector.

3. Experimental data

A typical spectrum from the diffraction measurements which cover the
energy region from 150-2900 keV is shown in Fig. 1 and a typical direct
spectrum in Fig, 2. The direct spectra cover the energy region from 2200-
9300 keV and have all been observed with a 17-cm® Ge(Li) detector with an
energy resolution of 5,5 keV at 1,33 MeV,

Figure 3 is part of a spectrum taken by Blichert-Toft et al. [10] during
an investigation of thermal neutron capture gamma-rays from silicon iso-
topes. Since a target holder consisting of titanium has been used, strong
titanium lines are observed as background because the neutron capture
cross-section of titanium is much larger than that of the silicon isotopes,

For energy calibration IAEA standard sources were used up to about
3 MeV and precise energy values of these sources were adopted from the
compilation of Legrand et al. [11], For determination of the higher energies
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the position of double and single-escape peaks of strong higher-energy
titanium lines falling below 3 MeV were determined and the corresponding
photolines were used for calibration above 3 MeV, This process was re-
peated to obtain successively higher calibration lines.

By means of a computer program the peaks were fitted to a Gaussian
and the positions of the peaks and the areas below them were determined.
By another computer program the energies corresponding to the peaks were
computed by means of the known calibration lines. From various runs in
the same energy region a mean value was adopted for the energy of each
line. The non-linearity in the multichannel analyser was accounted for.
The energies above 4 MeV were corrected for nuclear recoil. Later on
these energy values were checked by using the well-known 15N neutron
separation energy and the neutron separation energies of silicon isotopes
for calibration as shown in Fig. 3.
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FIG.3. A part of the direct spectrum observed by a 3,5-cm® Ge (Li) detector and a 4096-channel analyser
in the energy region of 7000-9900 keV, Only the parts of general interest are shown in the figure.

To determine intensities the areas under the relatively strong peaks
calculated by the computer were used, while a manual procedure was
adopted for the weaker lines. In the case of a direct incident beam of
gamma rays corrections were made to account for self-absorption, absorp-
tion due to air, crystal and lead between sample and detector and the
efficiency of the detector itself. For diffraction measurements a correction
for the crystal reflectivity was added,

4, Results

The gamma rays observed following thermal neutron capture in natural
titanium originate from five isotopes. The relative abundances and thermal
neutron capture cross-sections of these isotopes as taken from the Nuclear
Data Sheets along with their relevant contributions to neutron capture have
been given in Table I,

The calculated energies with errors and intensities have been tabulated
in Table II. The accuracy of the intensities is about 20% unless otherwise
noted. On the basis of the known relative contributions to neutron capture
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TABLE I. RELATIVE ABUNDANCES AND THERMAL NEUTRON
CAPTURE CROSS-SECTIONS OF TITANIUM ISOTOPES AND RELEVANT
CONTRIBUTION OF TARGET IN NATURAL TITANIUM

T Abundance Isotopic Relevant contribution Approximate contribution
arget of target of target
%) Ona )
dory 7.95 0.6 4.71 0.7
41T 7.5 1.7 13.18 2.2
4875 73.45 7.1 565,586 95.0
T 5.51 1.8 9.92 1.7
s 5.34 ~0.4 2.1 0.3

it is evident that the most intense gamma-ray lines are emitted by #9Ti. The
lines with energy larger than the neutron separation energy of 4%Ti are
likely to be emitted by 47Ti, 48Ti, 50Ti or 51Ti, On the basis of a careful.
energy determination, most of the observed energies have been fitted in
the respective level schemes of titanium isotopes. The neutron-binding
energies based on the calculated energies of the observed lines and their
placements in the relevant level schemes agree within 3 keV with the
corresponding values obtained from mass data [12]. By using the Ritz
combination principle it has thus been possible to determine the energy
values of a number of levels belonging to above-mentioned isotopes with
more accuracy than earlier measurements. A few previously unreported.
thermal neutron capture gamma-ray transitions have been given in Table II
and in many cases of previously known transitions the transition energies
have been determined more accurately than before.

In some cases where transition energies may fit in the level schemes
of more than one isotope it may be possible to predict the origin of such
lines on the basis of .a comparison of the relevant intensities with the rela-
tive contributions to neutiron capture b'y the various isotopes as presented
in Table I. In other cases, however, in which a unique isotope assignment
was not possible the transitions in question have been placed in the level
schemes of the relevant isotopes. Table III presents the energy values of
the levels and spins of 4"Ti, 48Ti, 49 Ti, % Ti and 51Ti as determined in the .
present work.

INTERPRETATION OF LEVEL SCHEMES

According to the simple shell model the titanium isotopes 47Ti to 51Ti
consist of a doubly magic core of *°Ca surrounded by two protons plus an
appropriate number of neutrons in the f 7/ and higher orbits. McCullen
et al, [13] have made calculations based upon shell model theory and pre-
dict the energies and wave functions of states of pure (f;/5)" configurations
for all of the nuclei in the shell, On this basis the neutron wave functions
of the ground states of #'Ti, *®Ti and %Ti may be represented by £,5, £/,



TABLE II.

OBSERVED ENERGIES AND INTENSITIES OF GAMMA RAYS EMITTED AFTER THERMAL
NEUTRON CAPTURE IN NATURAL TITANIUM AND ASSIGNMENTS OF ISOTOPES TO WHICH THEY MAY
BELONG, AND POSSIBLE TRANSITIONS

Energy? b Isotope Probable Energy? b Isotope Probable
Line No. {keV) Intensity assignment transition Line No. (keV) Intensity assignment transition
1 10647 & 2.0 0.03 “ri C~ 983.5 23 6557.2¢ 1.0 3.9 oTi C— 1586.0Q
50, - 49 -
2 9389.1+ 2,0 0,09 T1 C- 1553,4 24 6532 1 5 v { Ti Cc—1618
3 9326 1+ 6 vw “11 C~2295.6 SOTq C—4422
4 9235 & 8 vw ? 25 6419.6+ 3.0 29 oT§ C—+1722.9
43 a7 -
5 9209 1 3 0.13 Ti C~ 2420,8 26 6378 s+ 2 v { Ti C— 2500
6 8410 1 5 >0,06 1y C-» 3224,3 sirq C-g
1 8390 1 5 =0.06 4T C~» 3239.5 27 8146 + 8 vw soTi C~- 41799
8 8281 3 5 <0.01 a1 C~ 3342 28 6011 ? vw ITi C—»2852
9 8265 1+ 3 0.17 T C~ 3362 29 5637.5+ 2.0 ~1 Ti C-+ 2505
0. - 50
10 0256 1+ 2 0.02 Ti C-» 2688 30 5561 2 5 ~0,5 Ti C—+5394
1y C- 3371 31 5472 110 w 18 C— 2662
1 8114 & 5 0.02 ey C-» 3514 32 5428 210 w 11 C-+ 27117
12 8013 + 2 0.15 i C~ 3623 33 5365 & 10 vw T 5365~g
13 62T £ 2 0.2 ITi C~+1248 34 5214 £ 10 vw S C-+1159
14 7554 10 vw “T1i C~+ 4087 35 4969.5% 1.0 4.0 “Tq C-+3174.9
15 7334 3 2 <0.1 T C-+ 1541 36 4883.0+ 1.0 5.6 o1 C— 3262
16 17217 & 5 0.03 o1y C-» 4410 37 4716.0+ 2.0 ~ ®Ti C— 3429
48 49 -
17 1 s 4 0.12 Ti C-» 4465 38 4675 & 3 w Ti C— 34170
soT§ C=- 37170 39 4659 2 5 w
18 7083 & 2 <0.1 T C~ 1793.4 40 4418 % 5 w R v 4422 ¢
@ C~ 1818.4 41
19 7063 1+ 4 0.45 R ” 352 ¢ 05 M
soTi C~ 3879 42 4247 & 2 w ri C— 12132
20 6819 & 6 0.04 Ty C~+ 4809 43 4177 :+ 8 vw “Ti?
@i c 1,
21 6761.62 2.0 41 { i ~ 1381.5 392174 2.0 2.1 o1 {(5:3::-2-2:3'351 s
soTy C-» 4184 .
22 6604 + 3 w ©Tq C~ 1540.1 45 3762.6 ¢ 2.0 0.1 Sty 3762.6— g
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TABLE II. (cont.)
Energya b Isotope Probable Energy? Isotope Probable
Line No. (keV) Intensity assignment transition Line No. (keV) Intensity? assignment transition
46 3734 & 2 0.7 e {c» 4410 C- 5310
5120~ 1381,5 70 2841.5 4 1.5 0.8 oTi 5310~ 2464
47 37118 & 2 4224 1381, 5
43 3642 1+ 8 ®TL2 7 2128 % 5 0Ti?
49 3556 & 5 {“Ti?
49 —
50 3544 1 3 0.44 T 5800 2260 72 2712 & 5
41 -
51 3530 110 <0.1 Ti €~ 5365 13 2692.5+ 2.
52 3508 310 w 74 2635 & 2 0.3 aTi 3623 983.5
53 3476 1 2 1.5 oT§ C— 4668 agi 2617 g
75 2617 + 2
54 3462 £10 w Ty Stri C-+3763
55 3360 & 4 “Ti 3362+ g 6 2535 & 5
56 3284 + 5 1 2513 &+ 5 w A ¥ 4809->2295.6
51 3225.2¢ 0.5 o 2500 g
78 2500 & 5 W
58 3197 & 4 11 Yriy
43
59 3099 & 8 Ti? 79 2475 & 4 w o7 4980~ 2505
It -
60 3083 & 2 0,2 9 T 5800~ 2717 80 2407 & 5 w aTi 3377 983.5
61 3069 3+ 8 81 2318 1+ 5 W aTi 3362~ 983.5
62 3048 & 8 w T 5310~ 2260 82 2350 1 5 w ori € 5800
63 3027,2+ 1.0 2.1 “Ti {C—» 5120 fep (2) 2316 10 w g 3879 1553.4
4410 1381,5 83 2260 i 4 0.2 ar 3239.5— 983.5
SIT§ —
84 3003.5 & 3.0 w Ti 5135,5- 2132 a4 2939 & 2 0.08 oy 3224.3~ 983.5
65 2994.6 2 vw 85 2216 + 4 0.2 0T 3770 -~ 1553.4
66 2967.4 ¢+ 2.0 0.8 oy
) 86 2192 & 4
67 2945.0 ¢+ 1.0 0.8 7] 4668~1722.9 {5, Ti 2192 ¢
68 2931 7 \A aTi
4T 2852 87 2158 ¢+ 5
89 2855 2 5 w { b g {497”
T§ 4422 1553.4
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TABLE II. (cont.)
Energy2 ) Isotope Probable X Energy® b Isotope Probable
Line No, Intensi ) .
No (keV) ensity assignment transition Line No (keV) Intensity assignment transition
88 2132 & 2 w R 2132~ g 110 -1586.0¢ 0.2 10,4 STi 1586,0—~ g
89 2090.6+ 3.0 i » 111 1553,4 ¢ 0,2 1.7 OTQ 15534 g
©Ti 7
90 2077 & 5 11z 149854 0.5 a9 { i 3262 17619
L1 B 50
- 2420, T -
o1 2047.45 2.0° { Ti 4465~ 2420.8 i 4184 2688
e " P
T 3429~ 1381.5 113 14733+ 1.0 0.2 { Ti?
92 2027.5+ 2.0 aTi 3010+ 983.5 4TI
93 198 3 1 0.5 aTi 4410~ 2420 114 1451 & 2 0.2
94 1940.2 ¢ 1.0 115 1437.3¢ 0.5 0.7 i 2420. 8- 983. 5
95 1915 & 2 “oTi ® 7 -
116 13815 0.5 82 T 1381.5~ ¢
{ 3262 1381.5 i 1541 158,6
96 1881 & 1 0.5 9T
: 3470— 1586 -
117 1328.3¢ 0.5 0,38 TN {3623 2285.6
97 1842,2+ 0.5 ~1,2 i ¥ 3429~ 1586 3752 2420.8
4T Tj .
o8 181845 1.0 { Ti 1818— g 118 13121+ 0.3 0.77 Ty 2295.6-+983,5
Ti 119 1282 & 1 w
9T 3174, 9 . i -
99 1193.44 0.4 2.0 { i 174, 9 1381.5 120 1242 & 1 w S Ti C- 5136
a1y 4087 2295.6 121 1214 & 3 w #Ti 3514 2295, 6
100 1761.9¢ 0.5 4.5 @ Ti 1761.9~ ¢ 122 1159 & 2 w SITQ 1159~ g
101 1738 & 1 123 1134.6 ¢+ 0.5 0.14 SOT§ 2688 1553. 4
102 M8 & 2 2505— 1381, 5
. T
103 1675.2+ 0.8 0.22 T 3262+ 1586 124 1121 £ 1 1.0 2662 1540, 1
104 1669 & 1 w T 4465~ 3342
105 1850 + 3 w 0T 3 oTi,
125 1064 + 3 w
108 1640 ¢ 3 w {«n 3362~ 2295,6 »
107 aTi .
1632 & 3 w Ti 1793 158.6 wri 2669 1618
108 622 s 3 v oti, 126 1046.2 ¢ 1.0 0. 07
i 3342 2295.6
109 1618 & 3 w 4410+ 3362

1618—+ g

061

‘18 19 [HLVdN.L



TABLE II. (cont.)
. Energy? b Isotope Probable . Energy? b 1sotope Probable
Line No. (keV) Tatensity assignment transition Line No. (keV) Intensity assignment transition
127 983.5+ 0.4 2.9 “ari 983.5~ g 138 608 ¢ 1 w “Ti
Al 5 - 40T
128 943.71+ 0.5 0.19 {*h 3362 ?420.3 139 602.3+ 0.5 w Ti?
oTi 3239, 5- 2295, 6 140 482 & 2
129 928.7¢ 0.7 0,08 hat ¥ 3224, 3 2295, 6 141 454 ¢ 1° w OTi 2717 2260
- LI
T 2>
130 98.2¢ 0.5 0.18 *Ti » 142 3515+ 0.5 i 3362~ 3010
©Ti » 143 341.4¢ 0.5 29 OT 1722,9- 1381.5
131 902.0¢ 0.6 0.19 144 328 & 2
132 889.1+ 0.5 0.12 ®1i 2505~ 1618 145 251,54 0.5 w STj 2717 2464
574 — 41T N
133 878.5% 0.5 0,05 5Ti 2260 1381.5 146 1586 0.5 { Ti 158.6-+ g
134 860.2¢ 0.5 0.04 o7 4087 3224, 3 oTi . 1540~ 1381, 5
135 819 & 1 w T 3239 2420, 8
136 793 & 1 w “Tir
137 637.8¢ 0.5 w 4T§ 2260+ 1618
; The transition energies have been corrected for nuclear recoil,

The relative photon intensities obtained have been corrected for the various absorptions of the radiations emitted by the sample and have been normalized to the absolute intensities given by

Knowles {4] in units of gamma rays per 100 captures for the 1381.5-keV transition. The accuracy of the measured intensities is about 20% except where otherwise stated. w and v w indicate
the intensity of a transition too weak for a reasonably exact intensity estimate. Where no intensity has been given,an estimate of the proper intensity was not possible due to overlapping

of radiations.

€ This peak appears to be a doublet line,

WNINV.LIL TYINLVYN 40 SAIANLS
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TABLE III. LEVEL ENERGIES AND SPIN VALUES AND CALCULATED
MEAN VALUES OF NEUTRON BINDING ENERGIES OF TITANIUM
ISOTOPES AS OBTAINED IN THE PRESENT WORK

41Ty l’ri SITi “Ti SOTi
Energy In? Energy 2 Energy I3 Energy  Ind Energy Ind
(keV) (keV) {keV) (keV) (keV)
1] 5/27 0 172" 0 3/2° 0 ot 0 o*
158.6 + 0.5 17/27 1381.5+ 0.5 3/2- 1159 2 1/2° 983.5+ 0.4 2* 1553.4 0.5 2*
1248 2 1/2" 1540.1 £ 0.5 2132 2 s/2” 2295.6 £ 0,5 4* 2688.0+ 0.5 4
1541 2 372" 1586.0 + 0.2 3/2° 3762.6 + 2.0 5/272 2420.8 1 0.5 2° 3770 + 2
1793.4 £ 2.0 1/2- 1618 22 5136 5 5/2” 3010 1 ot 3879 10 ot
3224.3+1.0 4" 4184 :10 2%
1818,4 £+ 1.2 3/2% 1722.9¢ 1.0 1/2° 6378.7 & 1.0b 1/2% 2 3239.5 £ 1.0 (49 4422 + 8 3
3342.0 4 0.5 =4 4793 £ 10
2500 +3  1/2 1761.94 0.5 6379 & 5° 3362 +1 37,2% 5394 + 8
2617 &3 2260 +4
2852 5 (3/27) 2464 5 1/2° 3372 25 4t 10943.3+ 2 b 3,47
5365 1+ 10 2505 +2 s/2° 3514 &5 =5t 10944.4 + 3.5¢
8873.2 + 3.0P 1/2* 2662 138 36238 28§ =4t
3752 5 =4°
8875.4 + 2.5 2717 13 4087 5
3174.9+1.0 1/27 4410 5
3262.0+ 1.6 3/27 4465 5
3429 2 4809 4
3470 +4
4224.5+1.0 11628.7 1 2.3D
4410 :2 11628.0 + 2.7° 2,3°
4668 2
4980 5 2 In cases of disagreement between spin values
5120 5 reported in the literature these values have been
based upon the transition intensities obtained in
5310 : 8 this work,
5800 &4 b The value of the neutron binding energy as calcu-
lated on the basis of transition energies obtained
8143.3 + 1,27 1/2* in this work,
c -
The value of the neutron binding energy as
1 .2¢ g energy
8146.0 + 2.2 derived from mass data [12] .,

a

Our results, in agreement with Konijn et al. {23],
do not support a spin value of 6% as reported
elsewhere,

and f%/z configurations or, in terms of holes in the closed f;/y shell, by

£7%,, £79; and £}, configurations respectively. In50Ti the f,/ shell is full
and in 51Ti the last neutron is in the pg/o state, For all these isotopes except
one the experimental ground state spins are in agreement with these calcu-
lations. *7Ti has spin 5/2 instead of the theoretically predicted value of

7/2. McCullen et al. [13] account for this discrepancy by assuming con-
figuration mixing. Malik and Scholz [14], however, account for the anomaly
by using the strong-coupling symmetric-rotator model including Coriolis
coupling between bands.
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The present investigations of thermal neutron capture gamma-ray
measurements in general seem to agree reasonably well with the theoretical
work by McCullen et al. [13]. The observed energies, calculated intensities,
isotope assignments and probable transitions, given in Table II, are shown
in the level schemes of 4'Ti, ¥8Ti, *° Ti, ®Ti and ®ITi in Figs 4 -8.

The calculated neutron binding energy of 47Ti is 8873.2 £3.0 keV. The
level energies determined on the basis of energy fit are in agreement with
the (d, p) measurements by Rapaport et al. [15]. The level at 1248 keV
may have 17 = considering the relative intensity of the 7627-keV transition and

1

2
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that it may have a (f7/9)" configuration. It may, however, have a long half-
life, The levels at 1818.4 and 2617 keV may be candidates for hole states,
since Kashy and Conlon [16] do observe an 1, = 2 distribution with appreci-
able spectroscopic strength for the 1818, 4 state in (p, d) reactions. But
considering the intensity of the 7063-keV transition, 1, = 3 is favoured since
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FIG.7. Levels in® Ti as decided on the basis of energy fit, Other information taken from the sources
indicated in Fig.4.
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FIG.8. Levels in ®'Ti as decided on the basis of energy fit, Other information taken from the sources
indicated in Fig.4.

this transition has a higher spectroscopic strength, The 1818-keV state

may belong to the (1fs/3) configuration, Iy/E},3 from (n, y) reactions are

in general proportional to reduced widths (spectroscopic factors) of (d, p)

reactions. Moreover in the present (n, v) measurements no feeding to the

2617-keV state from the capture state was observed., A comparison could

be made with the (n, v) coincidence measurements by Tenenbaum et al, [17].
The calculated neutron binding energy of 48Ti 15 11628, 7 £2. 3 keV,

The level energies, shown in Table III, seem to agree well with the (d, p)

measurements by Bjerregaard et al, [18)], Barnes et al. [19] and Alty et
al, [20].
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More accurate energy values of the levels have been determined. The
983, 5-keV level (which is a 27 state) is fed by a transition from the capture
state, from the 2295, 6-keV level (which is a well-established 4% state).
and from the 2420.8-keV level (which is a 2% state). These feedings
are in agreement with the shell model. A transition energy of
2027 keV, observed by us, seems to fit reasonably well with the trans-
ition from the 3010-keV 0% level to the 983.5-keV 2% level. This is in
agreement with the collective model. The 3010-keV 0T state may be formed
due to mixing of rotational and shell model states [21], Theoretical cal-
culations by Mukherjee et al. [22] on the collective behaviour in some
1£7,9 even-even nuclei on the basis of asymmetric rotor-vibrator predictions
seem to agree with the experimental results of 48Ti, The 2295.6-keV
level is a well-established 41 state, Possible level feedings on the basis
of energy fit are shown in the level scheme. No direct feeding to the level
at 3010 keV (0t state) from the capture state has been observed. The
3342-keV level may not be a 6% state but its spin should probably be less
than 4 as suggested by Konijn et al, [23]. The 6% state lies most probably
at 3331,8 keV. We do not observe any direct feeding to the 6% state which
is in agreement with theory.

Some ambiguity exists in the literature regarding the 3362-keV level.
Bernstein et al, [24] have reported that this level is a doublet consisting
of spin 3” or 4%, Konijn et al. [23] have reported a level at 3361 keV
with spin and parity 1*, 2% or 3=, On the basis of energy fit 2* seems to
be in agreement with the general theory. On the other hand, the 3~ state
has unusual characteristics and generally the lowest 3~ state consists of
most of the octopole strength. Horoshko et al. [25] indicate that 37— ot
could have an intensity up to 2%. On this consideration 3~ assignment can-
not be completely ruled out.

The calculated neutron binding energy of 4*Ti from the present experi-
ment is 8143.3 £1.2. The levels agree well with the (d, p) measurements
by Bjerregaard et al. [18], (d,d') measurement by Wilhjelm et al, [26]
and (n, v} work by Carlos et al, [5].

Kashy et al. [16] has assigned 1, = 2 for the 2, 62-MeV level, This
energy is actually at 2662 keV and the corresponding level is a candidate
for a hole state.

Feeding is observed from this level to weakly fed levels at 1540 keV
and 1618 keV. Both of them are very weakly fed from the capture state as
well, At present it has not been possible to explain this. In the present
measurements many new transitions are observed.

During an attempt to see if the energy at 1586 keV was a doublet no
change in line width was observed as compared with the 1498, 5-keV line
(except for a tail on the higher-energy side) when using a Ge(Li) detector
of 5.5-keV resolution at 1. 33 MeV. This rules out the possibility of two
lines of equal intensity at 1583 and 1586 keV as reported by Knowles et
al, [4]. The present observation is in agreement with the work of
Tenenbaum et al, [8]. During an investigation using a detector of resolutlon
3.5 keV at 1,33 MeV on capture radiations from isotopes of silicon by
Blichert-Toft et al. [10] two lines with a large intensity ratio were observed,
one at 1586 keV and the other at 1592 keV, The line at 1592 keV has been
interpreted as a double-escape line on the basis of its intensity, considering
the reflectivity variation of the crystal, Moreover, the 1586-keV level is
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populated by transitions whose intensities are in agreement with that of the
depopulating 1586-keV line. ‘

On the whole the shell model (f%/z) (fg/2 ) configuration seems to agree
rather well in the case of 49Ti but it is generally considered that a nuclear
deformation takes place in this mass region.

The calculated neutron binding energy of %0Ti is 10942.2 +2, 0. Hinds
and Middleton [ 27] have discussed the levels on the basis of particle-hole
interactions. The transitions shown in Fig. 7 seem to agree well with this
work. The energy observed at 2316 keV may belong to the cascade
0f->2*-> 0" in 50Ti. But due to the uncertainty indefining it as a full-energy
peak it has not been shown in the level scheme, The energy at 7063 keV
is rather well fitted as a transition from the capture state to the 3879-keV
level. There is some doubt, however, about this transition. Since the
proton core is unchanged, for an explanation the levels could to some
extent be compared with the levels of 48Ti.

The calculated neutron binding energy of 51Ti has been determined to
6378.,7 £2.0 keV, The lines with low intensity which have not been fitted
in the other isotopes have been tried for a fit in 51Ti. In cases where
transition placements turned out to be possible these seemed to agree well
with the (d, p) measurements by Barnes et al, [28]. The percentage abundance
of ®Ti is 5, 34% and its neutron capture cross-section Opy = 0.4 barns, On
this consideration the observed intensities seem to agree well, The lines
which have been fitted in ?1Ti depopulate levels which have been observed
with strong strength functions in (d, p) measurements.

The gamma energy observed at 6378 £2 keV may be the transition
energy from the capture state to the ground state of 81Ti since the neutron
separation energy of ®1Ti is 6379 5 keV. As the ground-state spin of 51Ti
is 3/27, a strong transition between the capturing state and the ground
state should be expected to occur, The 5214 +10-keV line may be a trans-
ition from the capturing state to a‘level at 1159 £2 keV., This level is
supposed to have J7= 3~ according to the literature and therefore should
combine with the capturing state to give a relatively strong transition, We
observe also a line at 1159 £2 keV, The occurrence of two 1, = 3 states
with an energy of 3 MeV between them (at 2132 and 5135. 5 keV) with
relatively large and nearly equal strength functions are accounted for rather
well by the nucleon-nucleon interaction theory by Vervier [29]. The sum
of the energies observed at 2617.1 and 3762, 6 keV is 6379, 7 keV which fits
well with the neutron separation energy of 51Ti, The 2617, 1-keV transition
may therefore proceed from the capturing state to a level at 3759 keV ob-
served by Barnes et al. [28] and reported to have 1;,=4 and 1" = 9/2%, How-
ever, Verviér [29] did not give any evidence for a level having such a high
1, and spin value., The experimental data indicate the possibility of a
transition from the capturing state to the 3/27 level at 2189 keV, and a
transition from this level to the ground state.
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ENERGIES AND INTENSITIES OF
GAMMA RAYS FROM SLOW NEUTRON
CAPTURE IN NITROGEN

L. JONSSON, R. HARDELL
Chalmers University of Technology,
Gothenburg, Sweden

Abstract

ENERGIES AND INTENSITIES OF GAMMA RAYS FROM SLOW NEUTRON CAPTURE IN NITROGEN,
The "N(n, y)!°N reaction has been studied using Ge(Li) spectrometers. The principal aim was to
establish this reaction as a standard for energy and intensity calibration in (n,y) spectroscopy.

1. INTRODUCTION

During the past few years Ge(Li) detectors have been taken into use
very widely for the measurement of gamma-ray spectra in a broad energy
region. The high resolution of these detectors has implicated requests
for accurately determined calibration lines in the energy region 1-10 MeV.
Recent measurements of calibration lines from radioactive sources have
been tabulated by Marion [1]. These measurements have been done with
magnetic and crystal spectrometers and refer to the annihilation radiation
511.006 keV or the 411.795-keV line following the decay of 1%®Au. The'
primary gamma-ray calibration energies in the compilation of Marion [1]
cover the energy region 26 - 2754 keV. In nuclear reaction experiments
the gamma-ray spectrum may, however, be extended up to several MeV
where calibration lines are very rare. For measurements of prompt
gamma rays, following thermal neutron capture, calibration lines from
the 14N(n, v} 15N reaction have been used as this reaction can easily be
produced at reactors and even constitutes a background source in certain
types of experimental arrangements. In Ref.[1] recent measurements of
gamma rays from this reaction are tabulated and the adopted energy
values are presented. It can be observed that the results of Greenwood
quoted in this reference are not in agreement with other results {2, 3]
also given by Greenwood. The need for an accurate determination of the
gamma-ray energies in the ¥N(n,v)1°N reaction motivated a new investiga-
tion. As pointed out by Marion it is also of interest to measure the inten-
sities of the gamma lines as they cover a broad energy region and con-
sequently are suitable for relative efficiency calibrations.

2. EXPERIMENTAL ARRANGEMENTS

The experiment has been performed at the 1-MW heavy-water re-
actor Rl in Stockholm. The target was natural nitrogen gas at the pressure
of 4 atm which was passed into a through reactor channel. The capture
gamma rays pass a 6-mm diam. by 1.5-m long collimator before reaching
the detector which is situated about 4.5 m from the centre of the reactor.
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FIG.1. Low-energy pair and direct spectra following thermal neutron capture by nitrogen. The insets
are taken from anticoincidence spectra.

The effective target quantity can be estimated to be roughly 350 mg and
the thermal neutron flux is gbout 3 X 1012 n cm~2 sec-1. A staff-shaped
Ge(Li) detector, length 2.0 cm, volume 1.5 cm®, followed by a cooled FET
preamplifier, both manufactured by AB Atomenergi, Studsvik, have been
used for the detection of the gamma-ray spectra. The preamplifier is
followed by a Tennelec TC 200 main amplifier and an Intertechnique

4096 -channel pulse-height analyser. The energy resolution of the de-
tector is about 3 keV at 1 MeV and 6 keV at 6 MeV. To simplify the
response function above the pair-production threshold the Ge(Li) de-
tector can be used in a pair spectrometer arrangement. The two side
crystals are made in the form of a Nal annulus, 15 cm diam. by 10 cm
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long and with a 4-cm diam. through hole. The annulus is bisected and
the two segments are optically isolated. For the measurement of low-
energy spectra the detector arrangement described can be used in the
anticoincidence mode. It is then complemented with a Nal crystal, 12.5cm
diam. by 10 cm long and with a 1.8-cm through hole, placed in front of
the bisected Nal annulus to detect backscattered radiation. Further ex-
perimental details can be found in Ref.[4].

The purpose of using pair or anticoincidence spectrometer arrange-
ments is to remove possible ambiguities in the spectra. A high-energy
line gives rise to three peaks in a direct spectrum, a full-energy peak,
a single and a double-escape peak. Only double-escape peaks appear in
a pair spectrum. In an anticoincidence spectrum the Compton distribu-
tion associated with every photopeak is reduced; anticoincidence spectra
are often useful in the low-energy region. For the energy calibration of
a high-energy spectrum it is obvious that the distance between the three
peaks associated with one gamma line gives a measure of the energy
scale in the direct spectrum. At gamma-ray energies higher than about
4 MeV the photopeak as well as the first-escape peak are quite small com-
pared to the strong double-escape peak. In an anticoincidence spectrum |,
the escape peaks are depressed; for the 6.3-MeV line it is found that the
ratio between the areas of the photopeak and the double-escape peak in-
creases with a factor of 8. The depression of the Compton distribution:
and the secondary peaks associated with the photopeaks facilitates the
determination of the channel number separation between photopeak and
escape peaks. Previous experiences from the analysis of (n,y) spectra
with a small Ge(Li) detector have shown that direct spectra may be use-
fulfor the identification of weak lines inthe energy region above 6 MeV, whereas
pair spectrahave their definite advantage inthe energy region2-6 MeV, Anti-
coincidence spectra are generally takenfor energies below 2 MeV, Inthe present
casedirect spectra as well as pair and anticoincidence spectrahave beenused for
the whole energy region as discussed below, The caracteristics of the direct and
pair spectra canbe studiedin Figs 1 and 2, TheinsectsinFig, 1 are takenfrom
anticoincidence spectra. Ahigh-energydirect spectrum is shownin Fig, 3,

3. RESULTS

To make an accurate energy determination possible it is necessary
to know the response function of the detector and associated electronic
equipment including the multi-channel analyser. The integral linearity
was determined with a precision pulser and with radioactive sources.
These measurements were in good agreement and could be used for the
construction of an S-shaped calibration curve which showed a maximum
deviation of 0.4 channels from linearity between channel number 50 and
4000. This curve was used to apply small corrections between calibra-
tion points in the N spectrum. The determination of gamma-ray energies
up to 5.3 MeV in the 1®N spectrum was made using other energy standards.
The detector was irradiated with 137Cs, %9Co or %Na sources and 15N
capture gamma rays simultaneously and accurate values could be ob-
tained from the composite spectra for the 3N lines up to 3.8 MeV. A
small graphite target was introduced in the reactor channel and a com-
posite 15N-18C spectrum was taken. The very accurate determination
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TABLE I. CALIBRATION ENERGIES USED IN THIS WORK

Energy - Source Reference
511,006 £ 0,002 Annihilation radiation [6]
661.635 £ 0,076 131y [

1173.226 % 0,040 %co rn
1261,92 + 0.06 ¢ (n, y)%c [5]
1332.483 £ 0,046 8o [7
1368.526 + 0,044 ®Na L7
1778,70 % 0.17 a1 [8
2753.92 0,12 %Na [7
3683,94 0,17 2c(n, p)tic 5]
4945,46 +0.17 12C(n, y)13C [5]

by Prestwich et al.[5] of the 13C capture gamma rays was used for the
calibration of the 1°N gpectrum up to 5298 keV. The calibration lines
used for the energy determinations in this investigation are given in
Table I. The single-escape peaks and photopeaks of the 5270 and
5298-keV lines were used for the determination of the 5533, 5563 and
6323-keV gamma-ray energies. The 7300-keV line was easily deter-
mined as its double-escape peak is very close to the 6323-keV photo- -
peak. As the 7300-keV photopeak is partly hidden in the 8311-keV
double-escape peak, only the 7300-keV first escape peak could be used
for the calculation of the 8311-keV line. From the 1N decay scheme

it is seen that the 8313-keV state is also de-excited via the 3014~ 5298
and 1990 - 6323-keV gamma-ray cascades. The energy of the 8311-keV
transition could thus be checked with the sums of these cascades. The
energies of the 8568, 9047 and 9149-keV lines were determined using
the escape peaks of the 8311-keV transition. The energy of the 9924-keV
line was obtained from the escape peaks of the 9149-keV line, and the
energy of the 10830-keV line has been estimated from the energy value
of the 10834-keV capturing state, which is determined from several
gamma-ray cascades. The energy values of the gamma lines with errors
are given in Table II. The errors quoted are due to statistical uncertain-
ties in peak positions, uncertainties in the deviations from linearity of
the analyser and errors quoted for the calibration lines. The spectra
used for the energy calculations have been taken in several different runs
with varying amplifier gain to minimize the influence of errors in the
differential and integral linearities of the analog-digital converter. In
Table III the gamma transitions used for the Q-value determination are
given. The average Q-value = 10834.0 + 0.5 keV was calculated without
weighting since systematic errors may be as large as statistical ones.
The standard error in the average Q-value is calculated to be as low

as £ 0.1 keV. An estimation of the influence of a possible systematic
error in the gamma-ray energies above 5.3 MeV shows that the probable
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TABLE II. GAMMA-RAY ENERGIES AND INTENSITIES FROM THE
“N(n, v)'* N REACTION

Gamma-ray energy  Recoil energy  Transition energy  Intensity : y-rays per 100 neutron

Ne. (keV) (keV) (keV) captures

1 10829.8 + 0.62 4.2 10834,0 14¢

2 9924 £ 3b 3.5 9927,5 © 0,201
3 9149,3 # 1,0P 3.0 9152.3 1.6 £ 0.2
4 9046.6 + 2,00 2.9 9049.5 0.2£0.1
5 8568.0  3.0P 2.6 8570.6 0.1£0.05
6 8310,8 £ 0,92 2.5 8313.3 3.8:0.4
7 7299.5 £ 0.8 1.9 7301.4 9.2 % 1,0
8 6322.7 + 0.6 1.4 6324, 1 18.4 + 1.3
9 5562.5 0.6 1.1 5563,6 10.4 £ 0,7
10 5533.8 & 0,6 1.1 5534, 9 18.5 £ 1,3
11 5298.1 + 0.6 1.0 5299.1 21.4 £ 1.5
12 5269.5 + 0.6 1.0 5270.5 31.4 £ 2.2
13 4509.1 £ 0,6 0.7 4509.8 16,5 + 1.2
14 3884.2 £ 0.6 0.5 3884, 7 0.9+0.2
15 3855,2 + 0.6 0.5 3855, 7 1.0 0.2
16 3678,0 & 0.4 0.5 3678.5 15.0 £ 1.4
17 3532,0 £ 0.4 0.4 3532.4 9.3+ 0.6
18 32997 + 1.5 0.3 3300, 0 0.2 0,1
19 3013.7 + 0,6 0.3 3014.0 0.7%0,2
20 2831.1 ¢ 0,6 0.3 2831,4 2,0£0.3
21 2520.6 + 0,3 0.2 2520, 8 6.0+ 0,4
22 1999.6 + 0.6 0.1 1999.7 4.2 £0.3
23 1989,5 + 1,0 0.1 1989.6 0.5£0,2
24 1884,9 £ 0.3 0.1 1885.0 18.3 # 1.5
25 1853,6 + 1.5 0.1 1853.7 0.4 £0,2
26 1681.3 £ 0.3 0.1 1681.4 1.7+ 0.4
27 1678.2 £ 0,3 0.1 1678.3 8.0 £ 1,0

2 For the determination of this energy value both cross-over transition and cascades have been used.
b This determination is made relative to the 8310, 8-keV line,
€ This value is taken from Ref. [14].
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TABLE III. Q-VALUE DETERMINATION FOR THE “N(n, y)?*N
REACTION

Gamma-ray transitions corrected for recoil Sum
(keVv)
5563.6 + 5270,5 10834,1 £ 0.7
5534,9 + 5299,1 10834,0 + 0.9
4509.8 + 6324, 1 10833.9 £ 0.9
3678,5 + 1885,0 + 5270.5 10834.0 + 0.8
3532.4 + 7301.4 10833.8 £ 0.9

Q-value = 10834.0 £ 0.5
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FIG.4. Decay scheme of !N,
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TABLE IV. INTENSITY BALANCE FOR 1N LEVELS

Eyx Intensity balance Energy sum for cascading gamma rays
(keV) LMo (keV)

0 100,83/~
5270.5 + 0.6 29.8/31.4 10834.2 £ 0,9
5299.1 £ 0.6 20.2/21.4 10834.0 + 0.9
6324.1 0.6 19.0/18,4 10833,9 + 0,9
7155.5 £ 0.6 19.2/18.3 10834,0 + 0.8

© 7301.4£0.8 9.7/ 9.2 10833.8 £ 0.9

8313.2 £ 0.6 6,0/ 5.0 10834.1 + 1,0
8570.5 + 1.5 - /0.8
9049,5 2.0 - /0.2
9152.4 £ 1.0 1.7/ 1.6 10833.7 + 1,1
9155.3 + 0.7 8.0/ 8,5 10833.6 + 1.0
9927.5 £ 3.0 - /0.2

error in the average Q-value is about + 0.5 keV. The present value may
be compared with previous values Q = 10833.2 £ 0.6 keV and
Qm = 10834.8 £ 0.8 keV in Refs [3, 9].

To obtain relative-intensity values for the 15N lines the efficiency
curve of the deterctor must be known. The pair peak efficiency curve
was primarily constructed using the capture gamma rays from natural
nickel as determined by Groshev et al. quoted in Ref. [10]. This efficien-
cy curve was successively complemented to iriclude the 1368 - 2754-keV
cascade in 2¢Na decay, the 1262 » 3684-keV cascade in 13C, the 3532 ~
7300 keV cascade in 1N and a few other simple intensity relations in
the 15N, 21Ne and *!Ar decay schemes as reported in Refs [11 - 13]. The
extrapolation of the efficiency curve to energies higher than 9 MeV was
made using the intensity value for the 10830-keV line determined by
Motz et al. [14]. The relative intensity values obtained are adjusted to
an absolute scale in accordance with the decay scheme in Fig.4. In
Table II the intensities are thus given in gamma rays per 100 neutron
captures. In Table IV energies are given for the 1°N states found to be
excited in the (n, y) reaction. The intensity balance for each level is
fulfilled within the error limits for all states to which feeding is observed.

4. DISCUSSION

The intensities of the primary transitions from the capturing state
in 15N as shown in the decay scheme in Fig.4 are in very good agreement
with the results found by Thomas et al. [11]. The 9.15-MeV state is,
however, found to be a doublet [3] which was not observed in Ref. [11].
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The decay modes of 15N states excited in (d,p), (d,n) and (°He, p) reac-
tions have been studied in Refs [15, 16] and most spin values in Fig.3
have been taken from Refs [15, 17]. The present results are mainly in
good agreement with previous findings and a few more weak transitions
are reported. The good energy resolution of the Ge(Li) detector allows
one to detect the 1678 - 1681-keV doublet that feeds the two states at
9152 and 9155 keV (see inset in Fig.l). The de-excitation of these states
is found to agree with the results of Greenwood [3]. From these results
and the branchings from the capturing state one may propose that the
9155-keV level has spin (5/27) whereas the 9152-keV level has spin
(3/2%). Primary transitions to the 8571, 9050 and 9928-keV states have
not been observed in this investigation. The decay of these states has,
however, been studied in Refs [12, 13] and the de-excitation lines shown
in Fig.4 are in agreement with previous results. The 9928-keV state
has not previously been found to be excited in the (n, y) reaction.
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GAMMA RAYS FROM THERMAL
NEUTRON CAPTURE IN #Mg

R. HARDELL
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Gothenburg, Sweden

Abstract

GAMMA RAYS FROM THERMAL NEUTRON CAPTURE IN #Mg. The energies and intensities of
gamma rays following thermal neutron capture in #Mg have been determined with a Ge(Li) detector used
in pair and anti-Compton arrangements. An internal target of enriched #Mg has been used, Excitation
energies and branchings from Mg levels have been determined. The reaction Q-value was found to
be 7330.0 £ 1,0 keV.

1. INTRODUCTION

The close similarity of the structure of the low-lying levels in the
mirror nuclei Mg and 25Al1 has been discussed by Litherland et al. {1].

A rotational description of the levels up to about 4 MeV has proved very
successful and the decay modes of mirror levels in the two nuclei have

been compared by several authors. For the classification of higher excited
levels the present experimeéntal data seem insufficient and additional studies
of the level scheme will be required,

A recent study of the gamma rays following neutron capture in *Mg
was rhade by Spilling et al. [2], Targets of natural element and enriched
25Mg were used and the measurements were gerformed with Ge(Li) detectors.
The gamma branchings from a few states in Mg excited in the (p,p") re-
action were measured by McCallum and Sowerby [3]. Lifetimes and decay
modes of energy levels in Mg also excited in the (p, p') reaction were
recently determined by Sharpey-Schafer et al, {4]. Other relevant re-
ferences up to 1967 are compiled in the review article by Endt and van
der Leun [5].

2. EXPERIMENTAL ARRANGEMENTS

The measurements were performed at the 1-MW heavy-water reactor
R1 in Stockholm. The target consisted of 1 g of Mg enriched to 99. 84%
in #Mg, chemical form MgO, and was on loan from the Eleciromagnetic
Separation Group at Harwell., The neutron capture cross-section for
Mg is about 52 mb [2]. The experimental equipment used for the present
work is described elsewhere in these Proceedings and in detail in Ref. [6].
Energy and intensity values were obtained using accurately determined
lines following neutron capture in nitrogen [7, 8] and nickel [9].

3. RESULTS

An anticoincidence spectrum from neutron capture in 2Mg, recorded
for 17 h, is shown in Fig. 1. The low-energy part of the spectrum shows
a fairly strong background distribution which makes the identification of

209
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FIG.1. Anticoincidence spectrum following neutron capture in ¥Mg. Accumulation time 17h,

weak gamma lines somewhat difficult. The pair spectrum is shown in
Fig. 2, The background lines in the spectra are due to neutron capture and
neutron inelastic scattering in the graphite container and in the impurities
of the target. The dominant contaminant in the magnesium target is chlorine,
whereas most other impurities have not been identified. Background lines
were distinguished from magnesium lines by making a comparison between
the gamma spectra from enriched targets of all stable Mg isotopes; the
contaminants are supposed to be the same in the three different Mg samples
studied. The 1369 and 2754-keV lines in the gamma-ray spectra probably
result from neutron inelastic scattering in 2*Mg; the 1809-keV line may
be due to neutron capture in ®*Mg. According to the mass analysis for the
magnesium target it should contain Mg to 0.13% and ®Mg to 0. 04%. The
1809-keV line is the strongest line in the gamma-ray spectrum following
neutron capture in 25Mg [2].

The energies and intensities of the gamma rays from the *Mg(n, v)
reaction are listed in Table I. Energy values are corrected for recoil.
The intensity of the 3917-keV transition has been set to 1000. The over-
lap between the relative intensities in the pair and anticoincidence spectra
was conveniently achieved by the presence in both spectra of the 1368-keV
line from inelastic neutron scattering in Mg and the 2223, 3-keV line
from neutron capture in hydrogen. The errors in the intensity values are
about 15% for strong lines and increase to about 100% for the weakest lines.

In the review article of Endt and van der Leun [5] 45 excited states
in 2°Mg are reported up to the capturing state at 7330 keV. A computer
was used to calculate and list in order of increasing energy the differences
between all these energy values. The assignments for the gamma transi-
tions obtained in this way are shown in Table I. Because of the uncertainty
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TABLE I. GAMMA RAYS FROM NEUTRON INTERACTION WITH *Mg

el 1 . b
No. Y Assignment
(keV) (rel, intensity)
1 389.7 £ 0.5 130 975 —» 585, ( C — 6940)
2 577.6 + 0.8 140 (6038 —» 5455, 3977 - 3397T)
3 585.2 % 0.4 1650 585 0
4 706.9 £ 0.5 160 (6561 > 5853)
5 718.7 £ 0.8 100 (7175 - 6460, 6460 - 5742)
6 805.6:1,2 260 (4708 - 3903, 5515 —» 4708)
7 968.4 £1.5 : 85 C - 6361, (5245 — 4277)
8 974.2 £ 1.5 208 975 -0
9 1187.6 : 1.0 83 (5465 —» 421T)
10 1237.8 £ 1.5 . 88 (5515 ~ 42177)
11 1368.7:1.0 . 1420 Amg
12 1396.8 £ 1,0 100
13 1435.5 £ 1.0 150 (57864353, 3397 »1960)
14 1606.0 £ 1.5 68 1606 — 0
15 1661.7 £ 2.0 97 (6772 5112)
16 1714.1£ 3.0 . 61 4277+ 2564
17 1809.3+1.0 74 EMg, (C - 5515)
18 1925.1+1.5 32 (7175 > 5245)
19 1979.2 £ 1.5 26 2564 —» 585
20 2264.4 2.0 12 (5005 — 2738)
21 2438.6 1 1.0 142 3414 > 975
22 2459.4 £ 2.5 23 6361 - 3903, (7175 - 4715)
23 2483.0.1 3.0 24 (6460 — 397T)
%u 2550.6 £ 2,0 14 5112 -+ 2564
25 2558.2 1 2.0 15 (6460 ~ 3903, 5974 ~ 3414)
26 2565.0 & 2.0 10 2564 - 0
27 2622.4 £2.0 . 19 6038 - 3414
28 2676.7+ 2.5 22 (6075 —» 339T)
29 2753.5 £ 2.0 20 Mg
30 2802. 2 + 2, 0 Co12 28020
31 2828.7 1.0 770 3414 - 585
32 2864.0:1.5 15 (6772 3903, 7215 -»4353)
33 2918.0: 1.5 10 (7273 -» 4353)
3 2930.7 4 2.5 11 3903 975
35 3052.9 1.0 - 250 C = 4277
36 3239.5 £ 2.0 12 6038 - 2802
37 3271.1 1 2.0 7 (6667 - 3397, T175 - 3903)
38 3301.9 1.0 190 427171915
39 3413.2+1.0 113 . 34140
10 3506.9 2,5 7 (5465 —» 1960)
41 3525.5 £ 2.5 6 (6940 ~ 3414) .
42 3559.8 2.0 5 6361 - 2802, (5515 —» 1960)
43 3818.1+2,0 3 (7215 - 3397)
4 3823.7: 2,0 2 (6561 —» 2738)
45 3917.0 £1.0 1000 - C 3414
46 3980.1 £ 2.5 8 (3977 0)
41 3997.9 £ 2.5 6 (6561 —2564)
48 4016.5 + 2.5 6 (5974 — 1960)
49 4248.9 + 2.5 6 (5853 —» 1606)
50 4526.7 + 2.0 14 5112 - 585, (C - 2802)
51 4765.9 £ 2,0 . 11 C 2564
52 4813.6 £ 2.5 4 (6772 > 1960, 5786 > 915)
53 5333.8 £ 3.0 3 (6940 - 1606)
54 5661.3 2.5 3 (7273 - 1606)
55 5685.8 + 2.5 6 (6667 —» 975)
56 6037.4 3.0 4 60380
57 6355.0 ¢ 1.5 24 C—975
58 6575.5 £ 2.5 2
59 6744.3 £ 2,5 5 C 585
60 6750.6 +1.5 10
61 6762.4 £ 2.5 2

3 Energy values are corrected for recoil,
C-capturing state, The assignments given in parenthesis are mainly based on the gamma-ray
energies; they are not confirmed by an intensity balance and have thetefore been omitted in the
decay scheme.
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in previous determinations of the energy values of the Mg states, the
assignments should be regarded as more or less tentative. Assignments
that are given in parenthesis are not shown in the decay scheme in Fig. 3.
In Table II excitation energies with errors are given for some of the Mg
levels. The Q-value 7330, 0 keV was calculated from sums of gamma-
ray cascades. Previous determinations of the Q-value yield

7330.3 £ 1.0 keV [10] and 7332,8 + 0,4 keV (2],

«
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FIG.3. Decay scheme of Mg as obtained from the present work. Branchings are given in per cent.

4. DISCUSSION

All excited states in 2°Mg up to the 4277-keV level have been identi-
fied as members of four rotational bands [5]. The two principal bands
have K = 5/2 and K = 1/2, which implies that the perturbations of the bands
should be quite small and facilitates the identification of the rotational
states. The comparison that can be made with the %Al level scheme has
also been helpful for the deduction of spins and parities of 25Mg levels,

The spins and parities given in the level scheme in Fig, 3 have been taken
from previous work [5]. The present results do not contradict any of
these previous spin assignments. Other conclusions on the level scheme
that can be made from the present investigation are summarized below.

The 585-keV level

A mismatch in the intensity balance for this level and a comparison
with the results in Ref, [2] seem to indicate that the intensity value of
the 585-keV transition is overestimated, No background lines are ex-

TABLE II. EXCITATION ENERGIES (keV) OF SOME #Mg LEVELS
EXCITED IN THE NEUTRON CAPTURE REACTION

585.2+ 0.4 974.8 2 0.6 1606.0 +1,5 2564,4 £ 1.0

2802.2 + 2.0 3413.4 + 0.8 4276.8 £ 1.0 6037.8 £ 2.0

Q-value = 7330.0 £ 1.0
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pected around 585 keV and the mismatch in the intensity balance remains
unexplained.

The 975-keV level

The decay mode of this level as found from the present work is in
good agreement with previous results [2,4]. Considering the high back-
ground level in the low-energy region of our spectrum, it seems probable
that the determinations of the branchings in Refs [2,4] are more accurate
than the present values.

The 1606-keV level

The energy value of the ground-state transition is in disagreement
with the value 1613.7 + 1.5 keV found by Spilling et al. [2]. In Ref.[4]
the 7/2% 1606-keV level is proposed to be fed from two 9/2* states at
3399 and 4055 keV. As the spin of the capturing state at 7330 keV is 1/27,
high spin levels are not expected to be strongly populated which may explain
that transitions from 9/2" levels have not been observed. In Table I three
gamma lines have tentatively been interpreted as transitions from the
7273, 6940 and 5853-keV states to the 1606-keV level.

The 2564-keV level

As the K-values of this state and the ground state differ by two units,
a ground-state dipole transition should be forbidden. The de-excitation of
the 2564-keV level has been found to proceed mainly via the 585 nad 975-keV
levels in (p, p') experiments [3,4]. This result is in agreement with
the decay mode found for the mirror level in %Al In the (n,y) experiment
of Spilling et al. [2], however, a 2561-keV line has been interpreted as a
ground-state transition from the 2564-keV state. In the present experiment
a 2565-keV line was found, which has been given the same assignment.
Another interpretation for this line would be that it represents a 7273 —
4708-keV transition. As the spin value 9/2* has been proposed for the
4708-keV level [4], this interpretation does not seem probable. The
results from (n, v) and (p, p") experiments are thus concluded to be in
disagreement as far as the branching to the ground state is concerned.
The tentative character of the present assignments must, however, be kept
in mind. The discrepancy observed might be due to errors in the excita-
tion energy values given for Mg, '

The 2803-keV level

In the present-work only a ground-state transition was observed from
this state. In Refs [3,4] a 2219-keV transition to the 585-keV state was
also reported. A gamma line of this energy may very well be hidden under
the strong 2H line at 2223 keV.

The 3414-keV level

This level is the lowest negative parity state in Mg and is found to
be very strongly populated in the (n, y) reaction. The branchings to the
three lowest states in Mg were found to agree exactly with.the values
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reported in Ref. [2]. The mirror level in %Al shows a very similar de-
cay mode [1]. The results of Sharpey-Schafer et al. [4], however, do not
quite agree with the present findings.

The 3903-keV level

According to Ref. [4] a 19% ground-state de-excitation line from this
level should be seen. In the present experiment a 3903-keV line will be
hidden in the low-energy tail of the intense 3917-keV transition. The only
de-excitation line observed is the 69% transition [4] to the 975-keV state.

The 4277-keV level

In Ref. [2] transitions from the 1/27 4277-keV state were observed to
the 585, 975 and 2564-keV levels. In the present measurement the3692-keV
transition to the first excited state is hidden under the 3C line at
3684 keV and has been indicated in the level scheme as a broken line,

The 5112-keV level

This level was found to be de-excited via the two 1/2* levels at 2564
and 585 keV. If the 5112-keV state is fed from the capturing state, the
corresponding 2218-keV transition would not be observed in the pair spect-
rum as it would be hidden by the 2223-keV line in ?H.

Higher excited levels

Among the higher excited levels that may be populated in the neutron
capture reaction only two have been included in the decay scheme, the
6038 and 6361-keV levels. As can be seen from the tentative assignments
in Table I several more levels may be excited, The quality of the low-
energy data is, however, not good enough to make the identification of
weak transitions from the capturing state to high-lying excited states
possible. Only a few of the assignments made have consequently been
considered definite and are included in the decay scheme,
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THERMAL NEUTRON CAPTURE
GAMMA RAYS FROM 3% AND 41K
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Abstract

THERMAL NEUTRON CAPTURE GAMMA RAYS FROM ¥K AND *K, Energies and intensities of the
gamma rays following thermal neutron capture in enriched samples of K and 4K have been measured
using internal reactor targets and a three crystal Ge(Li) pair spectrometer and anti-Compton spectrometer.
The reaction Q-values, excitation energies and decay schemes of %K and ‘X have been deduced.

13

1. Introduction.

The cross sections and abundances of the potassium isotopes in-.
dicate that studies performed with a target of natural composition
essentially give information of the 9% (n,v) 49K reaction. _The na-
tural potassium composition is 93.1 % 39K0 0.012 % %% and 6.9 7 4l
and the thermal cross sections for 27K, 'K and 41K are 1.94+0.15b,
70+20b and 1.24*0.10b respectively (1).

The most detailed picture of the gamma spectrum resulting from
thermal neutron capture in natural potassium has been given by Ken-
nett et al. (2), who used a neutron beam impinging on a KOH sample
and a conventional Ge(Li) spectrometer. There are also some measure-
ments with lower resolution performed with magnetic pair spectrometers
(3,4,5), magnetic Compton. spectrometers (6,7,8) and with scintilla-
tion spectrometers (9,10). Recently, Harvey et al. (11) reported an
investigation of the level structure of 2K from thermal neutron cap-
ture in an enriched fluoride sample of K. They used an external
beam of thermal neutrons from a reactor and a 6 am”® Ge(Li) crystal.
UB to now,1 no gamma rays, which definitely have their origins in the
80 (n,v) 41k reaction have been reported.

In this work thermal nmeutron capture in enriched samples of 39K
and 41K has been investigated. The results from this experiment are
in very good agreement with those published by Kennett et al. (2)
and by Harvey et al. (11). The work by Kennett et al. gives a rather
complete picture of the gamma rays resulting from capture in 27K in
the energy intervals 0-2.5 MeV and 3.9-7.8 MeV, but in the region
2.5-3.9 MeV the direct spectra from the Ge(Li) crystal seem to have
been too complex-to be interpreted. Howevetr, the gamma spectra from'
the two spectrometers used in this work are complete enough over the
whole energy region to construct a tentative decay scheme of VK.
Harvey et al. give a decay scheme of 2x, in which gamma rays from
the capturing state to low lying states and gamma rays deexciting
these states are shown. This decay scheme is confirmed from the re-
sults of this work and furthermore it is extended to include levels
up to 3.7 'MeV. '

Energy levels in 4OK are well known.froﬁ the (d,p) work with
magnetic spectrograph performed by Enge et -al. (12), who also assig-
ned ln—values to most of the levels. The (d,p) data of 428 are not

2117
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so complete as in the case of 4OK. Moore et al. (13) have deter-
mined the energies of the levels up to 4.8 MeV, but they only pro-
posed 1 _—values for four levels. However, in a recent work by Lynen
et al. (14) the 1 n-values of seven low lying levels are determined.
LGen et al. have also proposed spin for the five lowest levels in

2. Experimental details

The experiments have been carried out at the 1 MW heavy water
reactor Rl in Stockholm, where the high sensitive facility designed
for measurements of thermal neutron capture gammas with Ge(Li) three
crystal pair and anticoincidence spectrometers and internal targets
(15,16) has been used. The potassium targets, which were separated
in the form of KCl and then converted into K,C04, were encapsulated
in graphite target holders and placed in the centre of a through
channel of the reactor in a thermal flux of 3-1012 n/em2,s. The tar-
get quantities were 100 mg potassium enriched to 99.97 Z in °’K,

100 mg pota331um enriched to 99.18 7 in 41K and 3.5 g potassium of
natural composition.

3. Analysis of the measurements

For energy calibration of the pair spectra, nitrogen gas at a
pressure of up to 3 atm was passed into the normally evacuated through
channel. A mixed spectrum containing gamma lines following thermal
neutron capture in nitrogen and potassium was then recorded. As gam-
ma rays of well known energies (16) are properly distributed in the
energy region 1.5-11 MeV in the gamma spectrum resulting from thermal
neutron capture in nitrogen, this is a convenient method of getting
a reliable energy calibration. Energy determination in the low ener-
gy region was performed by irradiating the Ge(Li) crystal with the
radiation from radiocactive sources of °“Co, 7cs and Eu at the
same time as the capture spectra were taken.

The relative efficiency of the Ge(Li) pair spectrometer has been
determined from the measurements mentioned above, when the spectra
from nitrogen and potassium targets were recorded simultanously. The
nitrogen intensities were taken from ref. (16). The anticoincidence
spectrometer efficiency was determined with radioactive sources. In
the case of the ““K spectra the relative intensities obtained were _
transferred to absolute values as the line at 1525 keV due to the B
decay of 2x appears both in the pair and in the anticoincidence spectra.
% absolx&e intensity scale for the pair spectrum resulting from the

K(n v) K reaction was determined by setting the sum of the inten-
sities of the gauma lines, which could be identified to deexcite the
capturing state in 40k to 100 photons per 100 captures. As several
gamma lines from this reaction were found in both the pair spectrum
and the anticoincidence spectrum, the intensities in the anticoinci-
dence spectrum could be transferred to the same scale as was used for
the pair spectrum.

4. Experimental results

8a1r and anticoincidence spectra from the two reactions
39K(n y)4 K and 4 K(n »¥Y) K are shown in figs. 1-4. The background
11ne§ are Sgsentlally the Same in both reactions. The peaks label-
led 7Fe’ and B(n,y) Li originate from neutron inter-
actlons 1n alumlnlum, iron and boron comstruction parts. The graphite
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target holder is the source for the 13¢ 1lines and also for the broad
distributions around 4.43 MeV resulting from inelastic neutron scat-
tering in 12¢,  As the §amp1es are hygroscopic, a line at 2223 keV
appears from the H(n,y)“D reaction. The 36¢1 lines have probably their
origins in the samples as they were originally separated as chlorides
and then converted to carbonates.

The recoilcorrected energies and intensities in photons per
100 neutron captures for the gamma rays in the -’K(n,y)“%YK reaction
are given in table I. The errors in the intensities are estimated
to about 20 7 for strong lines and increase successively to about
100 7 for the weakest lines. The ratio ZiE.I./IOO B (B = 7799 keV)
is calculated to be 1l.1,i.e. close to the theoretical value 1, which
is an indication that most of the gamma rays in the decay are inclu-
ded in the table. However, one must bear in mind that, as the inten-
sity scale was based upon setting the sum of the intensities deexci-
ting the capturing state to 100 photons per 100 captures, one cannot
exclude the possibility of a systematic error in the intensities.
When the interpretations of the gamma lines were done, a computer
program was used, where all the energy differences between levels in

OK were calculated. The energy values of the levels were taken
from table 40.3 in the review article Energy Levels of Z = 11-21
Nuclei (IV) by Endt and van der Leun (17). 1In table I, the inter-—
pretations are given in the last column. In this column, C denotes
the capturing state. In three cases, cascades were found, where
levels not reported earlier must be supposed to be involved. How-
ever, there is no possibility to pick out the primary gamma rays
from the members of the cascades, In these cases the energies of
the gamma rays in the cascades and their sum have been written in
the interpretation column. All gamma lines which could be given
an interpretation are inserted in the decay scheme shown in fig. 5.
There is a doubtfullness concerning the 890 keV level. No gamma
rays leading to this state could be identified, but the 890 keV line
with the relatively low intensity 2.5 photons per 100 captures has
been assigned the deexcitation of the 890 keV state and there are
probably some gamma rays, which are too weak to be observed feeding
this state. There are also som high energy levels, which are fed
by weak primary rays, for which no deexcitation could be seen. The
energy values of the levels shown in the decay scheme are determined
from this experiment and are in very close agreement with the values
given by Endt and van der Leun in their review article mentioned
above.

From the cascades leading to the ground state and to the first
excited state a determination of the O-value for the 39K(n,y)4nK re-
action has been done. The result is Q = 7798.6£1.0 keV, which is in
agreement with the value 7797+3 keV determined by Kennett et al. (2).

In tabli II, CES energies and intensities for gamma rays obser-
ved in the *'K(n,y)"“K reaction are shown. The absolute intensity
scale is supposed to be rather definite in this case as it was based
upon the 1525 keV line from the B decay of ™K, which appears in
both the high and low energy spectra. The ratio ZE;I1./100 B (B=7535
keV) was for this reaction determined to 1.2, which is also close to
the theoretical value. The computer program mentioned above for cal-
culation of energy differences between energy levels was also used
for identifying transitions between “4K levels, but in this case,
there is a systematic difference between the energy values determined
in this work and those determined by Moore et al. (13) from the (d,p)
reaction. The energy values of the ““K levels used in the computer



Counts per channel

2,
s, .
s 60 2 56 52
0ol 65 6 83 528 59 . JE\).. J\, s %, A 5 50
20f RNV ) ViV w NI MNM/J\—M VN VL W T 2 S o WL T A
100 : 1
—
2000 %0 13¢
36
wol
3 %
300 28,, 4 ‘ 37 2 .
200 R ST i Y L a2 440 38 o =N % /\/\
M{-M.‘va- o P ™ AN
100} °
¢ 351(1) -
3000
2%
400 [ 20
100 2 "
17 Al
30 29 26 25 2 19
wE g 32 28y 2 W 2 zn\/\}‘{' 18 I i | 2
100 frand N N
)
—
4000 9 450 6 N
o 3¢
? )

3001 28y, ) 5

13 il x ‘% 22
20018, u 2 10 L' - — 5

1 28, p W P N LV
100 7 ‘ N\
L B

5000 §500
200
150
100 -
sob 3 3¢ 285 28,

- A, N, =
2 6000 6500 Al \
sof
sof
“or 57,;, 28y, "
' . o AP AIN
8 ., - . o o V. Sy

» ks MmN A A . NN e N ot Nt S AN NN Nt e R P, L

7000

7500

FIG.1. Three-crystal Ge(Li) pair spectrum following thermal neutron capture by ¥®K. Accumulation time 42 h,

02¢

LaALSddaANS



Counts per channel

300
200
100

«00
300
200
100

400
300
200
100

200
150

. 2 98
42 B - o Mo o w0
e by R AN A :SCKW*\)\AM\/V\_ j\/gg\.w A "~
" 198
[ Iw\/\"‘I VA‘ AN M 102 VaV.\ PRI e
—L 1
2000 572500
B 83 8079 68
L % 9y, % 08 87 35 o5 82 78 77 69
; o,
L AA ™ N 'V\/\..a,r-v‘.
1 1
2000 \'2 00
sz'{,c \c af a2

83
68 64
85

35 ) PES 4000
= 3 2 33
5 4 40,4 37 X n
t 7 Sew™,
Aol —‘

2 [ 5000 y sm
o ”
L 19 x2 16 2 nf
- \ 15 Beru

’ WP_A g e . w-"/\"‘ /W—J\,.\af
- 1
N 6000 %00
L . , .
: 35 5 -8 2 g "% 2
PP Y o N —~——n A e AN o e Ao
7000 T "‘; y
FIG.2. Three-crystal Ge(Li) pair spectrum following thermal neutron capture by *IK, Accumulation time 45 h.

My, ANV Mg WOUI SAVY VINIAVO

122



(444

Counts per channe!

Annihilation peak
15000 -
g 10wl
4000 |-

u.\

10000+
)
B VNN o,
SN,

- M,, o, el wtapho, ¥ a2 )

L Bnas - NSRS

t- L
500 1000

el inern s
MA"‘”"”‘“"‘”\“""?‘.‘—.’—-{’»'-L Mok s e, 67 gg 2,
ok PN A e S ;"?m‘_w‘qv“.m,._, vt .
,mmwzuwiqkm
o SRR
— i - —
1500

keV

FIG.3, Low-energy gamma-ray anticoincidence spectrum following thermal neutron capture by ®K, Accumulation time 23 h.

LA3LsddaNs



Counts per channel

#00000 ABK
. 300K
M000 s Wl\l\
wwen | \\,\ -
-
Y {T\\
v, SO0K 1
\’\n

200K

Annihilaﬁlon peak vu!’— M&

"Bunodli

=t S

3
100K
200000 |- r
weo00 - 30K L
1
00
15000
n 2
0 pair peak
poit peck , 4,
o000 £ i (13- us
A ..’-‘/-‘.o‘f\,b'jg{r " “tnfk
AN - N, A
: Ay o il b /}uc—\MM" ® “
s b MWM.:‘*M_ ' - e
. K-
1K~
— SR W
000 1500 keV

FIG.4. Low-energy gamma-ray anticoincidence spectrum following thermal neutron capture by *)K. Accumulation time 19 h,

gy ANV Mg NOUI SAVY VANYD

€2¢



224 SKEPPSTEDT

Table 1

Gamma rays observed in the 3g!((n,v)mk reaction

Peak E Intensity Interpretation Peal E, Intensity Interpretation
number (iev) (number of y-rays (keV) number (keV) (number of y-ravs (keV)
per 100 captures) per 100 captures)
1 77701 7.6 Cs 30 k2] 345122 3.5 4253~ 800
2 69991 3.5 ¢+ 800 38 340443 1.5 C+439%6
3 584123 0.3 C+1958 39 334822 1.5 3650+3348+800=7738
4 5753:1 9.0 €+2047 40 333642 1.5 C+4462
5 5730+1 3.6 2069 41 3327-2 1.5
6 569621 8.6 €+2103 42 330323 1.6
7 550921 4.8 €-2290 43 3262:1 3.8 C+4537
8 5380+1 13 C+2419 44 3055+1 4.1 3943+3055+800=7798
9 5174x1 3.5 2625 45 2839:1 3.1
10 5070+1 2.1 46 28n5:2 2.8 2807 N
11 5043:1 3.4 2756 47 2798+3 1.3 3599+ S0
12 5013:1 1.4 2786 48 275642 2.1 2756+ 0
13 4491¢1 3.2 -2807 40 272642 1.5 2756+ 30
14 4671+1 1.3 £-3127 50 2637:2 1.0 4360+2637+800=7797
15 4653+1 0.7 C+3146 51 261Nn:3 1.9 3411> 800
16 450721 1.2 4537~ 30 52 2544+1 4.8 2419+ 0
17 4431:2 0.7 4462~ 30 53 241921 2.1 2419+ 0
18 44062 0.9 C+3393 564 23872 2.5 2419+ 30
19 4386+1 1.9 3411 55 234622 1.5 3146+ 800
20 . 436021 5.5 4360+2637+800=7797 56 2289:1 4.5 2290+ O
21 4223:3 0.7 4253+ 30 57 218422 1.8 425342069
22 4200+1 3.0 €+3599 58 207341 12 2103+ 30
23 416921 1.3 €-+3630 59 2047:2 3.8 2047+ O
24 413542 5.2 3664 60 203922 4.9 2069+ 30
25 406111 2.5 c+3739 61 2017:1 4.0 2047+ 30
26 400211 2.0 €+3797 62 2007:2 3.7 2807+ 800
27 397841 1.6 C+3821 63 195622 3.6 2756+ 80
28 3959+1 1.8 C-~3840 64 1928-2 4.0 1958+ 30
29 394341 0.8 3943+3055+800=7798 65 170522 C 40 36641958
30 393111 2.2 C~3868 - 66 161921 4.4 2419+ 800
31 391122 1.0 3888 67 161421 6.2
32 377942 0.9 C+4020 68 13022 3.5 2103+ 800
33 3739:3 1.1 3738- O 69 12461 3.9 2047+ 800
34 3650+1 3.0 3650+3348+8007798 70 1159.3:0.5 8.3 1958+ 800
35 362022 0.6 71 89nz2 2.6 890+ 0
36 3546+1 7.1 €-+4253 72 868-2 0.9
2 800+ 30

73 769.5:0.5 6

calculation have consequently been adjusted to valués resulting from
this work. The values used are given in table III, where they are
compared to the values determined by Moore et al. (13). The differen-
ces in excitation energy of the levels between the two measurements
are given in the last column and they are also shown graphically in
fig. 6. . .

In the interpretation column of table II, there are a number
of assignments shown in brackets. These belong to transitions feeding
or deexciting levels not reported in the work by Moore et al. or le-
vels where the difference in excitation energy plotted in fig. 6 is
far from the dashed line in the figure. These levels are listed in
table III as tentative levels and they are shown as dashed lines in
the decay scheme in fig. 7. There are in all cases transitions fee-
ding and deexciting these tentative levels. Concerning :these levels
the gamma ray of highest energy has been chosen as the primary ray
in the cascade. It cannot be excluded that this choice is wrong,
and that some levels have been fitted at wrong places in .the level
diagram. However, in all of the cascades, where well established
levels are intermediate states, the gamma ray of highest energy is
the primary ray, so this somewhat dubious choice of the primary ray
seems to have a rather high probability to be correct.

For the determination of the Q-value for the AlK(n,Y)azK reac-
tion only cascades leading to the ground state were used. The re-
sult is Q = 7535.2+0.5 keV, which is to be compared to the value
Q = 7534.9 keV given by Harvey et al, (11).
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The 39K(n,y140K reaction

The ground sta§s of 39K is found to have J" = 3/2+; S0 s-wave
neutron capture in ~°K results in a 2% or 1% capt ring state in 40g
The ground state configuration of 40K is (ldq/9)" (1f7/2) from the
shell model point of view. The spin values of levels arising from
this configuration are 27, 37,'4” and 5, This quadruplet has been
identified as the four lowest levels in 40K. The spins of these
are, in order of increasing excitation energy from the ground state
and up, 4, 3, 2 and 5. El transitions from the capturing state to
levels belonging to this quadruplet are possible to the 30 keV, 37—
state and ‘the 800 keV, 2 -state. Strong transitions to these two
levels were also recorded in the high energy spectrum. Transitions
to the 4~ ground state and the 890 keV 5~ state cannot proceed by
dipole radiatfon and primary gamma raps to these two states could
not either be found. The deexcitation of the three excited states
belonging to the (1d3/2)_1(1f7/2) configuration, shown in the decay
scheme in fig. 5, is 1n agreement with the assigned spin values.
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Table II

. 4 4 .
Gamma rays observed in the 1K(n,y) 2K reaction

Peak E, Intensity Interpre- Peak E Intensity Interpre-

number +(keV) (number of Y-rays tation number (keV) . (number of y-rays tation
per 100 captures) (keV) per 100 captures) (keV)

1 7535:1 3.4 Cs 0 69 349123 0.8

2 74281 5.9 Cs 107 70 342942 0.7

3 6896+2 1.6 C+ 639 71 342112 0.8 3419+ O

4 685341 12 C> 682 72 340611 3.5

5 6761+3 . 0.2 (C+ 772) 73 3381+1 1.4

6 6692:2 1.1 C-~ 843 74 337042 0.5 3368~ 0

7 64242 1.2 c-+1111 75 332343 0.4

8 639243 0.3 76 3311#2 0.9 3419 107

9 6281+1 2.5 C+1255 77 318212 1.1

10 626912 1.4 (C-+1268) 78 3163t1 1.1 (3163> 0)
11 6263'3 1.2 79 311842 2.8

12 6158°1 1.6 €-+1378 80 310642 1.6 (3212» 107)
13 . 6135'3 0.5 81 309142 0.7 (3196-> 107)
14 6129+3 0.4 C->1408 82 305242 1.1

15 607213 0.4 C-1463 83 3032:3 3.6 3674~ 639
16 5813'2 0.8 84 300942 0.8 {3009~ 0)
17 5692*1 3.8 (C+1842) 85 297742 0.7
18 56731 5.7 C-1862 86 295842 1.1

19 5621'2 0.9 87 2942+3 0.4
20 5597'1 2.2 C+1938 88 292412 0.9 (2925~ 0)
21 5491'1 3.1 C+2044 89 290813 0.4
22 546311 3.9 2072 90 2861+3 0.6 (2862~ 0
23 5374'3 0.5 91 28323 0.4 2939, 107
24 5296'1 4.3 . G»2239 92 2788+2 1.3
25 5284'2 1.1 93 27812 1.0 (3040, 259)
26 5168'1 11 2367 94 2766:1 3.4 2766+ 0
27 5146'1 1.5 95 27281 1.9 3368> 639
28 5133'1 5.8 2403 96 2680+2 0.9
29 51141 2.8 A{C»2421) 97 240342 1.0 2403> 0
30 5052'1 3.1 2483 98 2366x1 6.3 2367, O
31 496143 0.5 C+2574 99 2316:1 1.6 (2421 107)
32 492842 0.7 2607 100 2295+1 5.3 2403> 107
33 490742 1.0 C+2628 101 2260+1 3.3 2367> 107
34 489042 | 1.3 >2645 102 2239:1 3.3 2239+ 0
35 4816' 1 2.4 2719 103 208442 2.0 2719+ 639
36 4769°1 6.5 C+2766 104 12072:1 2.9 2072~ 0
37 467212 0.5 (C~2862) 105 203522 1.0 (2878+> 843)
38 46571 2 1.0 (C~2878) 106 193741 1.2 1938+ ]
39 4618*3 0.3 107 18621 5.0 1862+ 0
40 4609* 3 0.4 (C>2925) 108 1842+2 1.2 1842~ 0
41 4596* 3 0.5 Cc>2939 109 1698:2 1.5
42 452612 1.7 (C¢>3009) 110 1453+2 0.4
43 4514%2 2.5 111 1408.3:1.0 1.0 1408~ 0
44 449522 0.5 (C>3040) 112 1377.9+1.0 1.0 1378+ 0
45 4373:2 0.7 (6> 3163) 113 1269+2 1.3 (1268> 0)
46 433921 1.6 (C>3196) 114 1256.3+1.0 1.4 1255+ O
47 4323:2 1.0 (¢»3212) 115 1210+2 0.6
48 4301+2 0.6 116 1179.9+1.0 0.8 1862+ 682
49 42511 1.3 C>3284 117 1111.9:1.0 1.6 1111+ 0
50 4230:3 0.3 118 843,3+0.5 13 843> O
51 4211:3 0.5 119 829.6+1.2 ' 1.1
52 416912 0.6 Cc+3368 120 785.3£1.0 1.7
53 4116+ 1 3.8 G 3419 121 771.7¢1.0 0.8 (772~ 0)
54 40872 0.8 122 735.5¢1.0 3.2 843~ 107
55 4025+2 0.5 : 123 694.,7+1.0 1.2

56 4015+2 0.8 (C+3520) 124 682.4+0.5 13 682+~ 0
57 3914:3 0.4 125 " 638.8:1.0 3.3 639> O
58 38761 1.2 C-+3659 126 620.4:1.0 1.5 1463~ 843
59 386142 0.8 C+3674 127 61642 0.9 1255+ 63%
60 38381 1.4 C~+3697 128 612+2 0.8
61 3739:2 1.5 -~ 129 532.3+0.5 6.2 639+ 107
62 3673+3 0.8 3674~ 0 130 431.5£1.0 © 2.7 1111+ 682
63 365842 1.1 3659»> O 131 269.0:1.0 2.2 1111+ 843
64 3645+2 0.7 132 232.6x1.0 1.7
65 36003 0.4 133 151.5+1.0 6.1 259+ 107
66 3590+2 0.6 3697> 107 134 143.1£1.0 2.5 1255+1111
67 3520+1 2.9 (3520~ 0) 135 116.2+1.0 6.3
68 349612 “1.2 136 107.420.5 42 107+ 0
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FIG.6. The differences between the excitation energies in **K from the present (n, y) work and the (d, p)
work in Ref, (13) as a function of E, .
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Energy levels observed in the “K(n,v) K reaction compared to

levels ohserved in the“K(d,p)“K reaction
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confimmed levels reported excitation confirmed levels reported excitation
levels (keV) levels energy (I-II) levels (keV) levels energy (I-1T1)
(keV) (keV) (keV) (keV) (keV) (keV)
0 0 o 2483 2470 +13