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RÉSUMÉ

L'ensemble accélérateur Tandem-cyclotron supraconducteur (TASCC) sera un
complexe de stature internationale. L'étude de la structure nucléaire et de
la dynamique des réactions y sera un domaine de recherches majeur. Nous
proposons la construction du SPECTROMETRE 8TT, un instrument universel
d'avant-garde qui augmentera considérablement la puissance des techniques de
spectroscopie gamma.

Le SPECTROMETRE 8if comprendra un ensemble de 20 détecteurs au Germanium
du type n, équipés d'un suppresseur Compton, et d'une couche intérieure,
presque sphérique, composée de 72 détecteurs. Ceux-ci sont agences de
manière a capturer la plupart des radiations gamma émises lors d'un événement
nucléaire. Cette couche, ou coeur creux, permet la mesure de l'énergie gamma
totale, de la multiplicité gamma et de l'orientation du spin du noyau pour
chaque événement, augmentant de ce fait la spécificité des détecteurs au Ge.
Le coeur et les suppresseurs seront tous fabriqués avec du Germanate de
Bismuth (BGO), un scintillateur aux propriétés révolutionnaires. Celui-ci
est maintenant disponible en quantités commerciales.
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L'ensemble des détecteurs au Ge équipes de suppresseurs permettra
l'accumulation de spectres de coïncidences Y doubles et triples de très
grande qualité et à des taux de comptage plus élevés d'un ordre de grandeur
que tout appareil existant. En conjonction avec les faisceaux d'ions lourds
fournis par TASCC, nous sommes convaincus que ce spectrometre mènera a des
progrès majeurs dans notre compréhension de la structure nucléaire, en
particulier à énergie d'excitation et à moment angulaire élevés. Mais, étant
donné que le SPECTROMETRE 8ir est un instrument polyvalent, il aura également
un impact considérable dans les recherches sur la dynamique des réactions et
sur tous les phénomènes comportant des modes de désintégration rares.

Ce projet représente un effort conjoint du personnel de CRNL et des
Universités. Dans cet esprit, nous avons demandé que le coût et la
possession du SPECTROMETRE 8TT soient partagés à parts approximativement
égales entre les associés. Nous nous attendons à ce que l'instrument soit
utilisé par au moins 19 chercheurs universitaires, 12 de l'ÉACL et 5 du CNR.

Branche de Physique Nucléaire
Laboratoires Nucléaires de Chalk River

Chalk River, Ontario KOJ 1J0

(préparé en Octobre 1983)

Mars 1984 AECL-8329
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Abstract

The Tandem Accelerator Superconducting Cyclotron complex (TASCC) will be
a world class facility, and one major associated field of research will be
the study of nuclear structure and reaction dynamics by Y~ray spectroscopy.
We propose construction of the 8ir SPECTROMETER, a versatile state-of-the-art
instrument that will greatly increase the power of Y-ray spectroscopy.

The 8TT SPECTROMETER will comprise an array of 20 hyperpure Germanium
detectors equipped with Compton suppression, and an inner, nearly spherical,
shell of 72 detector elements arranged to capture most of the Y radiation
emitted in a nuclear event. This shell or hollow core measures the total
Y-ray energy, Y-ray multiplicity, and the spin orientation of the radiating
nucleus for each single event, thereby vastly increasing the specificity of
the suppressed array. Both the core and suppressors will be fabricated of
Bismuth Germanate (BGO), a revolutionary scintillator only recently available
in commercial quantities.

AECL-8329
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The suppressed array will accumulate 2- and 3-fold Y~ray coincidence
spectra of superb quality at rates an order of magnitude faster than any
existing device. In conjunction with heavy ion beams from TASCC, we are
convinced that the instrument will lead to major advances in understanding
nuclear structure, particularly at high angular momentum and excitation
energy. But, because the 8ir SPECTROMETER is such a versatile instrument, it
will also have a large impact on investigations of reaction dynamics as well
as in many other fields where there will be new opportunities for studying
rare decay modes.

The proposal is a collaborative effort between CRNL and University
staff. In that spirit we have asked that the cost and ownership of the 8ir
SPECTROMETER be shared approximately equally between the partners. We expect
the instrument to be used by at least 19 researchers from the Universities,
12 from AECL and 5 from NRC.

Nuclear Physics Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ UO

(Prepared 1983 October)
1984 March AECL-8329
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P A R T O N E
E X E C U T I V E S T A T E M E N T

1. Introduction

The proposed instrument, the 8TT SPECTROMETER, will be a world-class,
state-of-the-art device for gamma-ray spectroscopic studies of nuclear struc-
ture and nuclear reaction mechanisms, exploiting the capabilities of the new
heavy ion superconducting cyclotron (TASCC). Design, planning and prepara-
tion of this proposal have been a collaborative effort between AECL and
university personnel and, if funded, the construction and commissioning will
be carried out by teams from Chalk River, Universite de Montreal, and
McMaster University. The facility will be open to all qualified investiga-
tors from Canada and elsewhere for independent or collaborative experiments.

The proposed equal sharing of costs also represents a cost-effective
collaboration between AECL and NSERC. Through this cooperation, the partners
will be able to continue and strengthen their roles in the maintenance of
Canada's traditional position at the forefront of research in nuclear
physics.

In this section of the proposal we summarize the main points of the
scientific justification (treated in detail in PART TWO of the proposal) and
address questions such as comparison with other existing and proposed facili-
ties, location and accessibility, other users, and management organization.

2. Summary of the Scientific Justification

Systems involving three to a few hundred particles are as yet poorly
understood: there are too many particles to calculate the motion of each, and
too few to form a good statistical ensemble. Needless to say a dynamical
system of a hundred close-packed strongly interacting particles, such as a
nucleus, can exhibit many different types of behaviour. For example, it has
been found that a delicate interplay exists between the collective and
single-particle modes of motion.

Out of the wealth of detail accumulated on the nucleus in the past 50
years, a reasonably clear picture of states up to about spin 30 and with
little excitation with respect to the yrast states^ is beginning to be
established. Yet this is a very small region of the excitation-spin phase
space open to nuclei; a space known to be widely populated in reactions with
heavy ions. For example, nuclei can sustain very large angular momenta (up
to K 60 fi) before the Coriolis and centrifugal forces disrupt them and lead
to fission. These states decay predominantly by long chains of cascading Y
rays to the ground state. In this spin range (30-60 fi), many fascinating
questions have been raised that could not be adequately addressed because of
the inadequacies of existing techniques in Y-ray spectroscopy. For example:
do the nuclear shapes that have evolved from prolate to triaxial at spin
20-30 ft, change to oblate with single-particle characteristics at spins
30-40 ft, and finally evolve into a collective super-deformed system? Can the
gradual pairing loss for protons and neutrons be traced to the point at which
there is a total pairing collapse? Which nucleons are taking part in a

the states of lowest energy for a given spin
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particular mode of excitation either individually or collectively? How will
shell structure effects come into play? What changes in nuclear structure
are induced by temperature i.e. by excitation with respect to the yrast
line?

It is precisely with these and other equally intriguing questions in
mind that the proposed Y—ray facility, the 8ir SPECTROMETER, has been
designed. In addition it will have a very large impact on the investigation
of reaction mechanisms, collision dynamics and the evolution of fused systems
as well as in the field of low spin physics entailing rare decay modes. It
is more than likely that new directions of research will arise from questions
that will be raised by the use of the 8TT SPECTROMETER.

We believe that such a unique system as the nucleus is well worth
studying because of its intrinsic value to the development of science. Of
the currently used probes of nuclear structure, Y-ray spectroscopy was the
slowest to reach fruition because of the many technical difficulties
involved. However, in the recent past a great deal has been revealed about
nuclei, and could only have been revealed, by Y-ray spectroscopy. Now, with
the new technical developments that make this proposal possible, we are
poised on the threshold of a revolution in Y~ray techniques that will surely
advance our knowledge of how nuclei behave.

3. Proposed Facility

Since Y-ray spectroscopy is the most important experimental method for
the determination of the energy, total angular momentum, parity, magnetic and
quadrupole moments, lifetimes and modes of decay of each individual state, it
has played a preeminent role in developing our understanding of nuclear
structure. Our proposed facility, the 8ir SPECTROMETER, is thus primarily
intended to carry out such studies. As discussed in Design and Performance,
PART 3 of the proposal, every attempt has been made to design a versatile
instrument with sufficient capability for both reaction mechanism studies and
coincidence spectroscopy.

The spectrometer is a second generation instrument which is comprised of
two subsystems: (1) a spherical shell of 72 bismuth germanate (BGO) scintil-
lation detectors surrounded by (2) an array of 20 Compton suppressed hyper-
pure Ge detectors. Each subsystem can perform effectively as a stand-alone
instrument, but for optimum impact they should be operated as one system. In
this latter mode, the 8ir SPECTROMETER will provide on an event-by-event
basis: (i) the spin, (ii) the spin orientation,(iii) the total Y-ray ener-
gy of the entry state, and at the same time will allow (iv) high resolution
spectroscopy of discrete lines with (v) low Compton background and
(vi) strong enhancement of high-multiplicity cascades. Points (i) - (iii)
and (vi) are derived from the BGO core and points (iv) and (v) from the
suppressed array.

The BGO core is of much smaller dimensions than the first generation
Nal(TA) instruments now operating at Oak Ridge National Laboratory (ORNL) and
Heidelberg or the BaF2 instrument funded for GANIL. Such spectrometers are
not suitable for efficient operation with an array of Compton suppressed

* 2

detectors on account of the bulk of obstructing Nal(T ) or BaF . It is the
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recent developments in the fabrication of BGO, which has an absorption coef-
ficient larger (by a factor of 2.2 to 4 depending on photon energy) than
Nal(T^), that make the compact facility that we propose feasible.

A key feature of the 8TT SPECTROMETER is the Compton suppression on the
high purity germanium array provided by BGO scintillator elements arranged to
detect Compton-scattered Y-radiation from each Ge detector in the likely
event a photon were not completely absorbed. Without suppression, Compton
scattering severely degrades a detector response by generating pulse heights
not indicative of the photon energy, thereby making it very difficult, if not
impossible, to detect weak Y lines frequently vital to our understanding,
e.g. those originating from very high spin states. At typical photon ener-
gies of interest we hope to suppress about 80 - 90% of Compton events in each
Ge element. We expect to have at least 65% of the events in the photopeak,
compared with about 15-20% in the absence of Compton suppression.

The efficiency of the array for recording Y~Y and Y~Y~Y coincidences is
an important parameter. We have chosen to put 20 suppressed detectors in the
array in order to achieve a very high efficiency. It is essential to the
research programs envisaged that Y"Y data be accumulated extremely rapidly
and furthermore we believe that some features of nuclear behaviour will only
become known through acquisition of 3-fold or Y~Y~Y coincidence data. At
present, no instrument in the world is capable of accumulating a useful
amount of high resolution 3-fold coincidence data; this can only be done with
a Compton suppressed array of the power proposed here. Firstly, the large
number of detectors (20) affords 1140 combinations of 3-fold coincidences
which greatly enhances the efficiency. Secondly, Compton suppression results
in about 20-30% useful 3-photopeak events, whereas without suppression, less
than 1% of the data is useful.

No other existing or proposed device combines a suppressed array of this
power with a high performance and fully instrumented core. This feature,
whilst guaranteeing that the BGO core will be a valuable stand-alone instru-
ment in a wide variety of experiments, also provides far more powerful selec-
tion processes in experiments where the full capacity of the instrument is
involved.

The only first generation instrument that attempts to combine the advan-
tage of the Compton suppressed array with a BGO core is the immensely
successful TESSA 2 at Daresbury. However, TESSA 2 is not a versatile instru-
ment; it does not allow good sum energy or multiplicity determination.
Neither is the array extensive enough (it has only 6 detectors) to carry out
many of the experiments that are possible with our proposed second generation
facility.

An excellent Compton suppressed array of 21 detectors has been funded at
Berkeley, but the instrument has been optimized for high coincidence
efficiency and will not have the versatility of the facility proposed.
Formal proposals incorporating some improvements over first generation
spectrometers have been submitted to their funding agencies by MSU-Pittsburg,
Argonne National Lab, Stony Brook and ORNL.

We are confident that we have designed an instrument that is highly
competitive on an international scale and cost effective as well.
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4. Scientific Approach and Objectives of the Proposed Research

«•» In t.his. section we shall summarize the specific research programs to be
pursued by the grant applicants and their immediate colleagues. Many other
applications of the 8TT SPECTROMETER are discussed in Part Two, the Scientific
Justification.

The major characteristics of the 8TT SPECTROMETER are:

1) Nearly 4T detection efficiency, with good total energy and multiplicity
resolution in the BGO core.

2) Selection of nuclear spin orientation.

3) High efficiency for Y~Y and Y-Y-Y coincidence studies in the Compton
suppressed array.

4) Excellent Compton suppression on the Ge detector array.

5) Sufficient free space within the core to permit the use of auxiliary
equipment such as recoil distance apparatus for lifetime measurements,
transient field equipment for g-factor measurements and particle
detection for particle-Y coincidence or reaction mechanism studies.

6) Sophisticated electronics which permit, if required, complete
characterization of events in the BGO core.

These features greatly extend the range of present day techniques and open up
completely new possibilities.

The research program will be concerned with the application of Y-ray
spectroscopy to problems of nuclear structure and heavy ion reactions.
Measurements we would expect to carry out in the first few years of operation
and their relevance to scientific goals in nuclear structure are summarized
in short form below. The numbers in parenthesis refer to sub-sections in the
Scientific Justification where more details may be found.

Objectives of the proposed research program in Nuclear Structure

1. Activity: Measurement of Y~Y and Y~Y~Y coincidences
[The impact of the 8it SPECTROMETER is given in 2.3.]

Results: Detailed level schemes to very high spin and excitation
energy.

Objectives: Quasi-particle structure of nuclear levels [2.2.1]
Nuclear shapes [2.2.3]
Pairing correlations, nuclear structure in the absence of
pairing correlations [2.2.2]
Response of spherical, oblate, stable prolate and
transitional nuclei to rapid rotation [2.1]
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2. Activity: Study of continuous radiation
[The impact of the 8TT SPECTROMETER is given in 2.9.]

Results: E-y-Ey correlation maps, and continuous spectra gated on
discrete Y rays and selected entry regions of excitation
energy and spin (Ex,l)

Objectives: Nuclear moments of inertia as a function of rotational
frequency and temperature [2.9.1, 2.9.3].
Quasi-particle structure, aligned angular momentum and band
crossing frequencies at high rotational frequency [2.9.3]
Evolution of nuclear shapes with rotation and the effects
of temperature [2.9.1, 2.9.3]
Search for super-deformed nuclei [2.S.2]

3. Activity: Recoil distance and Doppler broadened lineshape lifetime
measurements
[The impact of the 8ir SPECTROMETER is given in 2.5 and
2.9.4.]

Results: Lifetimes for individual levels, and collectivity of
specific bands [2.4.3, 2.4.2]
Collectivity of average decay paths from a specified entry
region spin and temperature to a specific state near the
yrast line [2.8.2, 2.9.4]
Collectivity of average decay paths through a specified
region of nuclear spin and temperature [2.8.2, 2.9.4]

Objectives: Collectivity and nuclear shapes [2.4.2, 2.4.3, 2.4.4]
Influence of nuclear temperature [2.8.2]
Search for super-deformation [2.8.2]

4. Activity: Isomer decay studies, quadrupole moments by TDPAC methods
[The impact of the 8TT SPECTROMETER is given in 2.7.]

Results: Weakly populated isomers of high spin or lying above the
yrast line
Decay schemes of isomers and feeding isomers
Static quadrupole moments [2.6.2]

Objectives: Characterize the oblate coupling scheme [2.4.4]
Effects of rotation and temperature on nuclear shapes
[2.6.2, 2.8.2]
Shell structure effects [2.6.2]
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5. Activity: Transient field measurements of g-factors for short-lived
states
[The impact of the Sir SPECTROMETER is given in 2.7.]

Results: g-Factors for individual levels following Coulomb excita-
tion and HI reactions [2.6.1]

Objectives: Proton or neutron character of nuclear states [2.6.1]
Status of nuclear pairing as a function of spin [2.6.1,
2.1, 2.2.2]

A full description of the impact of the 8ir SPECTROMETER for each program
listed may be found in the references given. We present a summary of the
discussion in what follows.

At present, our detailed knowledge of nuclear level schemes extends up
to about 15 MeV excitation above the ground state and spin =40 "n in a few
favourable cases. Above this region existing techniques fail because they
have insufficient sensitivity to resolve and detect above background the very
weak transitions emitted by individual nuclear states. To carry out further
research with existing techniques it has become increasingly necessary to
study the apparently continuous radiation composed of many weak overlapping
transitions. The distinction between discrete and continuous is purely one
of instrumental performance, and with the proposed instrument we expect to
extend the domain of discrete line spectroscopy well into what is presently
called the continuum region.

The 8TT SPECTROMETER impacts on this in several ways. With the BGO core,
a single reaction channel as well as the highest initial spins in that chan-
nel can be selected for study in the Compton suppressed array. A relatively
small region of excitation energy and spin in the entry domain can also be
specified thereby substantially reducing the number of subsequent competing
decay paths within a given nucleus. The power of the array for analyzing the
data has already been alluded to; basically the spectra will be of very high
quality and will be accumulated at unprecedented rates. The 3-fold coinci-
dence data, particularly, will result in a radically improved sensitivity.
With these virtues we expect to extend the study of detailed level schemes
well beyond the present limits.

Even with the sensitivity of the 8ir SPECTROMETER there will be regions
of nuclear spin and temperature that are not accessible to discrete line
spectroscopy. But the instrument is also extremely well suited to spectros-
copy of continuous radiation which can be studied either directly or by newly
discovered techniques involving Ey-Ey correlation maps, i.e., three-
dimensional relief maps of coincident counts versus the energies Eyj and
Ey2. Such maps show the correlations of continuous radiation characteris-
tic of the underlying nuclear structure, and will prove extremely valuable in
extending our knowledge of average nuclear behaviour beyond the region
characterized by detailed level schemes. Because of the high efficiency of
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the 8TT SPECTROMETER for triple coincidences, it will be possible to apply a
discrete line gating condition on Ey-Ey correlation maps thus specifying
the final nucleus. With the information from the BGO core we can impose con-
ditions of Y~ray sum energy and multiplicity which are directly related to
the entry energy and spin. By subtracting Y spectra or Ey-Ey maps
arising from adjacent areas of the excitation energy-spin domain it will be
possible to study the y radiation emitted from well-defined regions. This
will permit the investigation of the effects of nuclear temperature on
nuclear structure at high spin.

In both discrete and continuous Y radiation studies, the nuclear align-
ment produced in reactions has many applications. The measurement of angular
correlations is crucial for establishing spin sequences and multipole
mixing. The influence of hyperfine interactions on alignment is central to
the determination of nuclear moments. With the fully instrumented BGO core,
the nuclear spin orientation can be extracted for each event by examining the
hit pattern of Y rays. It is then possible to measure angular correlations
with respect to the nuclear spin vector. These are much stronger than those
measured about the beam axis, and lead to larger effects.

The accuracy of recoil distance techniques for measuring lifetimes has
been severely limited by uncertainties in feeding times through unobserved
paths to the level of interest. With the 8TT SPECTROMETER this problem can be
resolved by Y~Y coincidence techniques, selecting gates on transitions higher
than the one of interest.. This method has not been widely applied because no
existing system can acquire sufficient Y~Y events in a reasonable time inter-
val, namely a few hours per setting of the recoil flight distance. A similar
argument applies to magnetic moment measurements of shortlived levels which
to date have been determined by observing accumulated precessions through
several levels in a cascade. Therefore it has been very difficult and
generally impossible to extract individual values. With the high rate of
acquiring Y~Y coincidences in the 87T SPECTROMETER it will be possible to
measure precessions of individual states through effects on Y~Y correlations.

Measurements we expect to carry out in the first few years of operation
and their relevance to scientific goals in reaction mechanisms are summarized
in short form below. The numbers in parenthesis refer to sub-sections in the
Scientific Justification where more details may be found.

Objectives of the proposed research program in Reaction Mechanisms

1. Activity: Study of compound nucleus decay, i.e. fission, Y-emission,
nucleon evaporation, etc. [section 3.2]

Results: Identification of residues
Entry region (Ex,l)
Spin alignment
Out-of-plane light ion angular distributions with internal
light ion detector
Angular momentum removed by light ion

Objectives: Spin and temperature dependence of fission and of
evaporation channels
Test and improve statistical models
Reconstruct pre-emission nuclear shapes
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2. Activity: Measure entry region and spin alignment for strongly damped
collisions with heavy ion coincidence [section 3.3]

Results: Angular momentum
Spin alignment
Amount of damping

Objectives: Trace the evolution of angular momentum in the entrance
channel to its appearance as rigid rotation in the
dinuclear system
Determine time and energy dependence of fragment spin
misalignment

The proposed studies form a subset of the many possible reaction appli-
cations of the 8ir SPECTROMETER that are discussed in section 3 of the Scien-
tific Justification.

An understanding of the relationship between the spin, shape, and
temperature of a compound nucleus and its subsequent decay mode has been
pursued for many decades. The ability of the 8ir SPECTROMETER to identify the
decay mode while establishing the spin and excitation energy of the residue
would probe the limits of nuclear cohesion under extreme conditions. Coinci-
dent measurement of light-ion angular distributions is made feasible by the
spherical design which allows placement of particle detectors within the core
at any angle, in or out of the reaction plane. The spin and possibly the
shape of the excited system prior to particle emission may then be recon-
structed, leading to substantial improvements in the statistical model of
nuclei.

When two heavy nuclei interact in an extremely inelastic collision, much
of the entrance channel angular momentum is transferred to a rotation of the
intermediate dinuclear system before the system separates into a target-like
and a projectile-like fragment. An understanding of the interaction between
the two nuclei therefore hinges upon measurement of the spin transfer as
determined from the spins of the final fragments. Both the amount of angular
momentum transfer and the degree of spin alignment in the exit channel vary
with the inelasticity of the reaction. The 8TT SPECTROMETER is superbly
suited for measuring the fragment spins and identifying the residues by
characteristic gamma rays. Equally importantly, the amount of internal space
for heavy ion counters permits simultaneous detection of the heavy fragments
to establish the reaction plane and the degree of inelasticity.

We reiterate that the specific programs listed here represent the mid
range research interests of the grant applicants and their immediate col-
leagues, and in no way define the limits of the 8ir SPECTROMETER. Many other
programs are mentioned in PART TWO, the Scientific Justification, and pros-
pective users have suggested programs in letters of support.
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5. Location and Accessibility

The Tandem accelerator-superconducting cyclotron complex (TASCC) will be
a world-class heavy-ion facility. For this reason, the proposed instrument
will be permanently installed on that site. It is envisaged that about 30%
of the scheduled experimental time on TASCC will utilize the 8n SPECTROMETER.

It should be emphasized that the 8tr SPECTROMETER will be a national
instrument, available for general use by the nuclear physics community. For
many years there has been widespread use of the Chalk River physics
facilities by groups from many Canadian institutions including Simon Fraser,
Manitoba, McMaster, Toronto, Guelph, Queen's, NRC, McGill, Laval and
Montreal, as well as by scientists from several other nations such as the
United States, Great Britain, Denmark, France, Germany, Israel and Finland

6. Users

Potential users of the 8ir SPECTROMETER have been made aware of the
proposed facility through a workshop held April 9-10 on the McMaster campus.
This was attended by 32 physicists from Canada, representing 9 institutions.
The proceedings of the workshop (AECL-MISC-251) provide a very detailed
examination of some of the physics that can be done with the 8TT SPECTROMETER,
and descriptions of other functioning and proposed instruments. Contacts
with Canadian physicists have bec-n maintained throughout the summer and
copies of the NSERC grant appication were forwarded to each Canadian
inst itution.

We expect that the facility will be a major research effort of 4
physicists at Chalk River (H.R. Andrews, M.A. Lone, D. Ward and a new staff
member) and of 2 University groups (McMaster: J.C. Waddington et al., and
Montreal: P. Taras et al.) which will provide 3 students and 2 research
associates or postdoctoral fellows. A significant fraction of the research
effort of other University groups may also be involved. For example,
0. Hausser (Simon Fraser) and J. Crawford (McGill) have indicated their
interest in supporting research associates at the facility. We have decided
to classify as major users all researchers who intend to use the 8it
SPECTROMETER on a regular basis at least 20% of their research time. The
minor users include those with definite intentions of performing experiments
with the 8TT SPECTROMETER but at a level less than 20% of their research time
together with those who anticipate using it but have no concrete plans at
this time.

The present list of users, arranged by institution is shown on page 10.
We expect that after the 8ir SPECTROMETER becomes operational, and the first
results appear, many other scientists will become users.
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M A J O R U S E R S

AECL McMaater
T.K. Alexander J. Cameron
H.R. Andrews A. Pilt
G.C. Ball J.C. Waddington
E. Hagberg
D. Horn
M.A. Lone Simon Fraser university
H. Schmeing 0. Hausser
D. Ward
New Staff

McGill Dniversity université de Montréal
J. Crawford J.P. Martin
J. Kitching P. Taras

M I N O R U S E R S

AECL Q u e e n ' s
W.G. Davies H.C. Evans
J.S. Geiger G.T. Ewan
J.C. Hardy J.R. Leslie

H.-B. Mak
Guelph W. McLatchie
J.J. Simpson B.C. Robertson

P. Skensved
McMaster
J.A. Kuehner

HRC Université de Montréal
W.F. Davidson S. Monaro
W. DiKon
D.C. Santry
N.K. Sherman University of Toronto
R. Storey A.E. Litherland
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7. Ownership and Management Organization

If, as proposed, each partner provides about 50% of the total cost of
the 8TT SPECTROMETER, the ownership of various components of the system will
be equally divided. This can be achieved relatively easily in the present
case: AECL would own the BGO core and associated electronics together with
the local computer and the support structure while the universities would own
the 20 Compton suppressed detectors of the array with associated electronics
and the LN2 system.

The maintenance and operation of the 8ir SPECTROMETER will be the respon-
sibility of a management committee composed of 2 representatives from AECL
and 2 from the Universities (initially they will be H.R. Andrews, P. Taras,
J.C. Waddington and D. Ward, the cosigners of the NSERC grant request).

It is suggested that future membership of the committee will consist of
two members appointed by CRNL and two chosen by the cosigners of the NSERC
infrastructure support grant applications. Membership wili be reviewed by
CRNL and the infrastructure grant cosigners at the end of each calendar year.

Although it is intended that access to the 8TT should be as unfettered as
possible, it should be noted that, because of its complexity, it is likely
that one or more of the charter members will participate in any experiment
undertaken with the 8TT , at least during initial operation.

Procedures and rules of use will be set up by the committee and
administered by a mentor. The mentor will be a CRNL-based person appointed
by and responsible to the committee. It shall not be a duty of the mentor to
participate in or assist in experiments by outside users.
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P A R T T W O

S C I E N T I F I C J U S T I F I C A T I O N

1 . INTRODUCTION

The atomic nucleus is a unique laboratory for studies of the many-body
problem in a quantized, finite system. Systems involving three to a few
hundred particles are as yet little understood: there are too many particles
to calculate the motion of each, and too few to form a good statistical
ensemble. Needless to say a dynamical system of a hundred close-packed
strongly interacting particles, as nucleons in the nucleus are, can behave in
many complex ways. In the last 50 years an incredible variety of behaviour
has been observed through radioactive decay, in-beara particle and gamma-ray
spectroscopy and hyperfine interactions measurements. Nuclear sizes, shapes
and modes of excitation have been carefully followed as functions of N and Z.

In the last ten to twenty years these studies have been extended with
the use of heavy ion beams to states of high angular momentum and excitation
energy in both deformed nuclei and those near closed shells. The addition of
angular momentum and excitation energy to the nucleus adds further dimen-
sions; new coordinate axes upon which to study nuclear structure and
behaviour. These are perhaps the two most important axes that are still
somewhat unknown, and provide a very large parameter space. In these studies
many new phenomena have been observed and a detailed understanding is begin-
ning to emerge of the response of nuclear systems to the large Coriolis and
centrifugal forces generated by rapid rotation. New modes of single particle
motion have been discovered that carry large angular momenta more efficiently
than the collective motions seen in lower spin states.

The Chalk River Tandem Accelerator Superconducting Cyclotron Complex
(TASCC) is one of a number of new heavy ion facilities that will greatly
enhance research opportunities in nuclear physics. The maximum output energy
from TASCC, ranging from 50 MeV/A Li to 10 MeV/A U is well above the Coulomb
barrier for any projectile on any target. This will make possible studies of
any system that can be formed in a heavy ion reaction. The high recoil velo-
cities associated with many of these reactions will extend the applications
of measurement techniques in use today.

Advances in detector technology, particularly the development of high
density bismuth germanate (BGO) scintillator, and improvements in data acqui-
sition equipment make possible new systems for gamma ray spectroscopy that
will be revolutionary in both quality and quantity of data obtained from
heavy ion studies.

The 8TT SPECTROMETER is one of these devices. It consists of a spherical
shell of 72 BGO elements surrounded by an array of 20 high resolution Ge
detectors each with BGO Compton suppressors. This device will provide an
"exclusive" measurement of gamma rays following a reaction rather than the
"inclusive" sampling measurement heretofore. For each event, the BGO core
will define the initial spin, spin direction, and energy (from the gamma ray
multiplicity hit pattern and total energy) and the suppressed array will
provide high quality singles, Y~Y and Y~Y~Y coincidence data for detailed
spectroscopic studies and measurements of level properties.
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This instrument will be a state-of-the-art device designed for as
general an application as possible to encompass a broadly based research
program in discrete line spectroscopy, in properties of the high spin
continuum, and in more specialized measurements of lifetimes, static magnetic
dipole and electric quadrupole moments. It will in addition be suited for
new research on reaction mechanisms, together with specialized studies not
involving high spin states and collective phenomena.

In the following sections we shall examine the physical phenomena and
the underlying changes in nuclear structure associated with large angular
momenta. In each case we shall summarize the role of the 8ir in exploiting
these phenomena to gain a deeper understanding of nuclear physics in a regime
fundamentally different from that obtaining in nuclear ground states or
states of low excitation. The penultimate section of the physics case will
describe the advantage of combining the 8TT with systems of particle detectors
to study details of nuclear reaction mechanisms; the final section will deal
with some other applications where the high gamma ray detection efficiency is
a major asset. Many other applications will certainly evolve when the
instrument is in operation, and physicists with other interests become
involved.

2. NUCLEAR STRUCTURE PHENOMENA AT HIGH ANGULAR MOMENTUM
2.1 ANGULAR MOMENTUM AND NUCLEAR STRUCTURE

The total angular momentum of a nucleus results from a combination of
the angular momenta of individual particles, of collective vibrations and of
rotations of the nucleus as a whole. With increasing angular momentum,
inertial forces modify nuclear structure considerably; they weaken pairing
correlations, induce shape changes, and cause the transfer of angular
momentum from collective modes to energetically more favoured single particle
motions. The interweaving of these effects leads to the great variety of
phenomena observed in the study of high spin states.

Many nuclei, particularly in the rare earth and -ctinide regions, have a
permanent deformation in their ground states. Their low energy spectra are
dominated by rotational bands with regular energy spacings, and greatly
enhanced transition probabilities for electric quadrupole (E2) transitions
between band members. Collective rotations about an axis perpendicular to
the symmetry axis are characterized by a rotational frequency w, a moment of
inertia y and an angular momentum Ix about an axis perpendicular to the
symmetry axis. Ix is given in terms of the total angular momentum I, and K
the projection of the intrinsic angular momentum on the symmetry axis by:

M l ) = /(I+1/2)2 - K2 (2.1)

The rotational frequency "> is defined by:

(2.2)

where E(j) refers to the energy of the state of spin I.
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In most cases where I » K this reduces to the relationship:

•fi(i)(l) = -_L___ , (2.3)
2

i.e. numerically, "nu> is one half the corresponding Y ray transition eneigy
and Ix reduces to the observed spin I. The moment of inertia, Lj , is given
by.- '

% -
(2.4)

158
Data for a typical example, Er, are shown in Fig. 2.1. The top panel

shows the moment of inertia vs. TUO. At low spin *} is about 1/3 of the rigid
body value. This is due to pairing correlations in the ground state. With
increasing angular frequency, the Coriolis force lifts the degeneracy of the
time-reversed pairs (Coriolis anti-pairing (CAP) effect) and the moment of
inertia slowly increases. Sudden jumps occur at "Kw = 0.27 MeV and 0.43 MeV.
These "backbends" are now believed to be due to band crossings. In the
example, the ground state band is first crossed by the Stockholm or "S" band
which remains yrast until TIU) = 0.43 MeV, where it is in turn crossed by a
second band. Such band crossings are prevalent in most deformed nuclei.

A qualitative interpretation of the "S" band was first given by Stephens
and Simon^'. It is due to a pair of il3/2 neutrons that under the
influence of the Coriolis force, have broken away from the core and aligned
their angular momenta with the axis of rotation, thus tranferring up to 12 "h
from the collective motion. This is best studied by a consideration of the
"aligned spin", i((u), as shown in the bottom panel. i(ui) represents the
difference in spin projection on the rotation axis between the band of
interest and the extrapolated reference band, i.e.

) (2.5)

In this example the aligned spin after the first backbend is about 10 "n,
after the second, about 6 4i.

The realization that the rotational frequency, w, is the vital factor
for the systematic examination of nuclear band structure has led to important
theoretical developments in the analysis and interpretation of the very
detailed high spin level structures that are available for many nuclei.
These will be discussed in some detail in the next section that deals with
the impact of the 8ir SPECTROMETER on level scheme studies.

As mentioned, the most important underlying determinants of nuclear
behavior are the shape of the nucleus and the strength of the pairing field.
The disappearance of pairing correlations at some critical w value consti-
tutes a phase change that has often been compared to the Meissner effect in
superconductivity. In the nuclear case it is the Coriolis interaction asso-
ciated with to that breaks the time reversal symmetry of nucleons coupled in
±j states, whereas in the Meissner effect, it is the magnetic field which
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Fig. 2.2 The Lund convention for shapes of ellipsoidal symmetry and the
orientation relative to the angular momentum vector expressed by
the parameter Y. Three 60° sectors are required to describe the
possible configurations, [after G. Leander et al. ]
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breaks the electron pairs coupled in ±k states. Pairing is a strongly
complicating factor in understanding the motion of individual nucleons in
nuclei. One of the motivations for studying nuclei at high angular momentum
is the hope that they may be much simpler to describe than is the case near
their ground states.

Nuclear shapes are generally parameterized by ellipsoidal figures speci-
fied by a deformation 3, and an angle Y. The evolution of these shapes with
rotational frequency is then represented in a plane described by the coordi-
nates f$ and Y. The semi-axes of an ellipsoidal figure are given in the Lund
convention^' by:

^ = RQ[l +/I"
1 3 cos(Y + |*k)], k = 1,2,3. (2.6)

Quantum mechanically allowed collective rotations must be perpendicular
to the symmetry axes, whence Y values in the region 0° to -60° encompass all
possible collective rotations. However, the coupling of the microscopic
structure to the rotation can take the system out of the collective sector
into the two other sectors shown in Fig. 2.2., and "rotations" about the sym-
metry axis at Y = 60° or Y = -120° can occur as stable modes through the
alignment of single particle spins.

Self consistent cranking model calculations^' show that for to = 0 most
nuclei have prolate deformation (Y = 0), but with increasing rotation tend to
move off into the 3,Y plane, sometimes preferring an oblate deformation, Y =
60°, or a triaxial shape at higher rotational frequency. The case of Yb
shown in Fig. 2.3 is typical. Nuclei near closed shells, which are spherical
at low w, generally move to increasingly oblate shapes, carrying angular
momentum by particle alignment along the oblate symmetry axis. A charac-
teristic of this type of non-collective motion is the occurrence of very
irregular level spacings and isomers along the yrast line. However, on
average, over a sufficiently large spin region, the yrast line is remarkably
linear in a plot of Ej versus 1(1+1), with a slope corresponding to the
moment of inertia of a rigid body of the same shape and size.

There are many physical observables that allow us to track the under-
lying changes in pairing and nuclear shape as a function of excitation and
angular momentum. These include detailed analysis of band structures, the
measurement of the properties of individual levels such as lifetimes and mag-
netic moments, and studies of the unresolved radiation from the highest spin
regimes. We shall examine recent progress of each of these in turn and
demonstrate how the power of the "8ir" can be used to great advantage in each
case.

2.2 LEVEL SCHEMES AMD BAUD STRDCTURES

In-beam gamma ray spectroscopy with bare Ge detectors has established a
few lgyel schemes up to about spin 40 h by heroic efforts. Recent results
for Yb are shown in Fig. 2.4. The detailed study of these and similar
data yield valuable information on quasi-particle motion, pairing and nuclear
shape. With the 8ir SPECTROMETER such results will be routine and heroic
efforts should extend our detailed knowledge to spin 50 h or higher - into
regions of oblate deformation and pairing collapse.
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Recent developments in this field are best understood in terms of the
quasi particle diagrams introduced by Frauendorf and Bengtsson^'. Their
calculations start with a basic Nilsson model in a modified harmonic oscilla-
tor potential. The potential is cranked around the x-axis by adding a term
-wj X J and pairing is included. Results for Er are shown in Fig. 2.5 as
quasi particle energies in the rotating frame, E'(UJ). With cranking, the
time reversal degeneracy of Nilsson orbits is broken and each Nilsson level
is split into two components characterized by the quantum number, a • ±1/2,
usually designated "signature". (it is the eigenvalue of the operator
e^Jx.) The line E11>) = 0 is the Fermi level, and each state is reflected
about this line and appears twice. Promoting a pair of particles from the
levels -a and -b to the levels a and b excites a 2-quasiparticle band, desig-
nated AB. The energy of this band, which in this example has rotation
aligned ij.3/2 components in it, falls rapidly with increasing rotational
frequency, and it crosses the vacuum at (0i. This corresponds to the first
band crossing shown in Fig. 2.1. From the viewpoint of the yrast sequence it
is as if two nucleons have unpaired in the ground state band.

The alignment gain defined by:

= I (w) - I (ui) (2.7)
x xg

is shown in the bottom panel of Fig. 2.1. Here IXg is the spin of the
reference or vacuum configuration, to which the quasi-particle excitation
refers. In the figure, this is taken to be the ground state band for the
analysis of the alignment gain at the first crossing -RID = 0.27 MeV and the
yrast band (containing already a quasi particle excitation) for the analysis
of the alignment gain at the second crossing •fiu - 0.43 MeV. These reference
bands are indicated by the dashed extrapolations in the centre panel. In the
cranking calculation, the alignment gain is given by the slope of the
trajectories in the rotating frame:

i = -de'/du). (2.8)

where e' = E'(u>) - E'((u) (2.8a)
g

In figure 2.5 the sum of the slopes in the AB configuration responsible for
the first crossing is 9.9 -ft, which is very close to that observed experimen-
tally. The second alignment gain at "fiw - 0.43 MeV is not predicted in the
neutron diagrams; it is identified with a proton crossing associated with the
nll/2 orbital.

The cranked shell model diagrams have proven very useful in
understanding the behaviour of rapidly rotating nuclei. In the case of odd
mass nuclei, the diagrams can be compared directly with experiment. There,
the one quasi particle trajectories are essentially observables, although
there may be some uncertainty in choosing the correct vacuum state. Usually
the vacuum state parameters are taken from the average of the two adjacent
even-even nuclei and the odd-even mass difference is included explicitly.

The diagrams predict the existence of many excited 2- and 4-
quasi-particle bands. It is interesting that the quasi-particles AB in our
example will unpair, or align, at the frequency ti>i in all 4-quasi-particle
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Fig. 2.6 Aligned spin diagram for the yrast band in Yb compared with
the quasi particle K and F bands in Yb. All 1 bands
experience the AB crossing, however it occurs about 20 keV lower
in the odd systems due to reduced pairing. [After R.M. Diamond,
Proc. of the McMaster Workshop, p.232]
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bands that contain them. This gives rise to the phenomenon of multiple band
crossings, where several bands are observed to backbend at a common rota-
tional frequency but at widely varying excitation energies.

2.2.1 Probes of Quasi-Particle Structure

A spectroscopy of band crossings has grown out of this work.
For example, experimental crossing frequencies and alignment gains can be
used as a basis for quasi-particle assignments. A more powerful technique is
that of "blocking". In the odd mass system it is possible to choose bands of
a known quasi-particle character, say the A band in l Er. Since the A orbi-
tal is blocked, this band cannot experience the AB crossing seen in Er.
The frequency will therefore increase smoothly with spin until the band is
crossed by the 3-quasi-particle ABC band. Clearly, the "blocking" method
constitutes a powerful spectroscopic tool since in our example, the absence
of the tox crossing in the A band of Lt> Er guarantees that the 2 quasi-
particle band responsible for the Wi crossing in X Er contains an A quasi-
particle. These arguments have been applied in Tm where the absence of
the (02 crossing proves that h^j/2 protons are responsible for the observed
(02 crossing in Yb and Er (cf L.L. Riedinger, McMaster Workshop, p.11).

2.2.2 Probes of Pairing Correlations

In the simple CSM calculation we expect that all bands contain-
ing a particular quasi-particle configuration should experience the band
crossing at the same frequency. In fact, the systematics now show that the 3
quasi-particle bands containing say XYZ experience the crossing at a slightly
lower frequency than the corresponding 2 quasi-particle band YZ. An example
is shown in Fig. 2.6. This is a consequence of pairing correlations. In the
odd system, the extra quasi particle blocks an orbit available for pairing in
the even system, consequently reducing the pairing correlations. From the
shift in crossing frequencies the reduction in the pairing can be evaluated
quantitatively. It has been found that not all quasi particles, X, have the
same effect on the pairing, and this can be correlated with higher moments of
the pairing field. For example, orbitals having a good spatial overlap with
the prolate deformed high-j, low-fl aligning orbitals have a bigger effect on
the pairing correlation^. Such studies, which can be carried out over
many nuclei, promise to be very rewarding. With improvements in the
instrumentation for y-ray spectroscopy the data could be extended to higher
spins where the total collapse of neutron pairing sets in. We would then
have the possibility of dissecting the pairing contributions and thereby
performing a microscopic analysis of nuclear structure between the
superconducting and normal phases.

2.2.3 Probes of Nuclear Shapes

In an odd Z nucleus, the proton cannot of course block alignment
of neutron quasi particles. In these cases, if a proton band can be observed
to sufficiently high spin, its behaviour is a powerful probe of the effects
of neutron alignment in the core. In an odd-even or an odd-odd nucleus, it
is possible to observe signature splitting that cis sensitive to a number of
important nuclear properties. Signature splitting is a characteristic of
single particle motion in a rotating frame. It shows up in rotational bands
as an energy staggering between alternate Al = 1 transitions. In a cranking
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Fig. 2.8 Correlation of signature splitting with core softness in Ho
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description the two sets of spins are actually associated with two bands. At
io=0, the signatures are degenerate because of time reversal symmetry, but for
co#O the Coriolis interaction violates this symmetry and generally induces
splitting. In Fig. 2.5, the trajectories a and b are the two signatures of
one band; these are observed separately in the odd-N nucleus.

Signature splitting is particularly sensitive to the degree of
triaxiality in the nucleus as discussed recently by Leander et al.5). An
impressive example, l Tm, is illustrated in Fig. 2.7. The K=7/2[523] band
shows a strong signature splitting up to spin 33/2 which corresponds to the
rotational frequency where the AB crossing occurs in the even-Z isotone
1 Yb. Above this point, the signature splitting goes essentially to zero.
Clearly something happens to the nucleus because of the AB crossing. A
plausible explanation is that the aligned ii3/2 neutrons induce a change in
the Y shape parameter.

The influence of aligned particles on nuclear shape depends
sensitively on the position of the Fermi level. At the beginning of a shell
(il3/2 neutrons in this case) aligned particles drive the core towards more
positive Y, whereas particles in the middle of a shell (hll/2 protons) have
the opposite effect. In the Tm case it seems likely that at low
rotational frequencies the [523]ir quasi particle establishes a negative
Y-value in the core (with an associated large signature splitting cf
Fig.2.7); at the AB crossing the neutrons restore the core to Y " 0° where
the 7/2-[523]ir quasi particle shows no splitting. Evidently the behavior of
the signature splitting in this, and a few other similar cases, is qualita-
tively explained by these considerations. A more quantitative discussion
requires some analysis of the softness of the core to the deforming effect of
the quasi particles. The isotopes Ho, Ho and Ho, discussed by
Hagemann et al.6), represent increasingly stiff cores, and in Fig. 2.8 it
can be seen that signature splitting below the AB crossing varies correspon-
dingly. The healing of the signature .splitting in Ho requires a change
from Y = -20° to Y = 0° at the crossing frequency.

Further indications of core alignment and shape changes in odd-Z
nuclei are provided by B(E2) and B(Ml) transition strengths. Their ratio can
be derived from gamma ray branching and multipole mixing ratios; absolute
values depend upon additional lifetime measurements. As illustrated in Fig.
2.9 for Ho (ref. 6), the B(M1), or (gk~gR) values connecting the two
signatures of the proton band increase dramatically in the region of the
neutron crossing, by up to a factor of 10 in B(Ml) in some cases. There is
also a signature splitting in B(Ml) and B(E2) values for Al=l transitions
that disappears above the frequency corresponding to the AB crossing in the
even-even isotone. This is analogous to the signature splitting of
transition energies already discussed. In Ho, there is neither signature
dependence in the energies nor in the B(M1) values.

With further theoretical and experimental work a consistent
description of signature splitting effects should emerge, ensuring that they
will become a powerful tool for probing the nuclear shape charges expected
with increasing angular momentum.



2.3 IMPACT OF THE PROPOSED INSTRUMENT ON DETAILED SPECTROSCOPE OF LEVEL
SCHEMES

In this chapter we have examined what can be learned from the spectros-
copy of nuclear level schemes. The proposed instrument will greatly extend
the scope of these studies by making it possible to see more bands, in more
detail, to higher spin regions where large charges in nuclear pairing and
shape are expected.

The standard tool used in the construction of detailed level schemes is
high resolution Y-Y coincidence measurements following heavy ion fusion reac-
tions. The poor photopeak efficiency of Ge(Li) detectors means that the
lines of interest appear on a large instrumental background and more than
95% of the coincidence events are useless. With Compton suppressed Ge detec-
tors on the other hand;, the background under the peaks is considerably
reduced, and up to- half of the events recorded will be useful photopeak
coincidences. The sensitivity of Y~Y coincidence measurements with good
Compton suppression has been demonstrated in several laboratories. An
example of the effect is shown in Fig. 2.10. With the proposed array this
data will be accumulated much more rapidly than presently possible; this will
greatly extend the limits imposed by counting statistics and available
running time.

The selection of an entry region with the spin spectrometer will reduce
the background by eliminating other reaction channels - this has been demon-
strated by results from TESSA 2 [cf P. Nolan, McMaster Workshop, p.109.]
Typical experimentally determined entry region maps are shown in Fig. 2.11.
It can be seen that only a modest resolution in total energy and multiplicity
is required to separate reaction channels. However the high performance of
the 8TT will allow selection of temperature in the entry region; this will
influence the deexcitation path sufficiently to emphasize or deemphasize cer-
tain features or bands- in the level scheme. The data shown by Lee et al. [cf
I.Y. Lee, McMaster Workshop, p.61] illustrate large differences in the
unresolved high spin cascades following the decay of hot and cold entry
regions.

A major ' feature of the 8w will be its capability of carrying out high
resolution triple Y coincidence measurements. To date there has been no
instrument in existence capable of doing this, and it is difficult to foresee
all the possibilities; in fact it is no exaggeration to say that triple Y
coincidences are a new way of thinking about Y-ray spectroscopy. An obvious
application occurs in complex level schemes with accidentally overlapping
transition energies. Also, as pointed out by Riedinger [cf McMaster Workshop
p.11], these techniques can be used to permit Y-Y coincidence studies in
weakly populated bands. We believe, however, that the most important appli-
cation of triple coincidences will be the extension of discrete line spec-
troscopy deep into the presently unresolved continuum.

Triple coincidences will greatly extend the sensitivity of conventional
Y~Y techniques. In singles, the highest spin discrete peaks appear on a very
high background. This is also true in Y coincidence spectra projected on all
Y rays, even within a single reaction channel. In other words, when a gate
is set on a very high spin state, most of the projected events arise from the
background under the line. On the other hand, projected on a discrete line
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gate in its main cascade, the peak to background for a high spin transition
improves enormously. Thus, in a double gated projection, the signal content
of the gating condition is greatly enhanced. This is mainly because
sidefeeding below the lower gate is eliminated. Spectra with several
moderate to high spin 2°d gates can be summed, yielding up to ten times the
statistics of one projection. Unlike the y-y case, this summing process does
not dilute the information content of the projection, since the weak high
spin transition always defines the sampling point in the decay scheme.

The nuclear alignment produced in reactions or in Coulomb excitation has
many applications. For example the measurement of angular correlations is
crucial for the establishment of spin sequences, and multipole mixings. The
influence of hyperfine interactions on alignment is central to the determina-
tion of nuclear moments or to studies of the atomic environment itself. With
the 8ir SPECTROMETER it will be possible to define the spin orientation on an
event-by-event basis making possible in situ angular distribution measure-
ments with better results because these distributions about the spin axis are
much more pronounced than those about the beam direction, [cf J. Beene,
McMaster Workshop, p.160] The nuclear spin orientation for each event is
determined by analysis of the hit pattern on the spin spectrometer. The
uncertainty in the result depends on the proportion of stretched E2 transi-
tions in the cascade as shown in the simulation Fig. 2.12. This enters like
an attenuation factor in conventional measurements. Each of the ten detec-
tors situated at 79° in the suppressed array provide an independent measure
of angular distributions about the nuclear spin direction. The data could be
sorted in bins of about 20° in nuclear spin orientation. A stretched E2
transition has coefficients typically A2 K "0.7 and A4 ~ -0.3 measured with
respect to the spin axis, versus A2 " +0.35 and Ait K -0.1 with respect to the
beam axis.

This technique will extend multipole mixing determinations to much
weaker transitions and greatly enhance the signals in the g-factor and
quadrupole moment measurements to be discussed in section 2.6.

2.4 MEASUREMENTS OF NUCLEAR LIFETIMES
2.4.1. Introduction

It is possible to extend our information on nuclear structure
beyond that obtainable from level scheme studies through more specialized
measurements such as, for example, lifetimes of individual levels. These
include electronic delayed coincidences with pulsed beam techniques which are
applicable to isotners and states living longer than * 10" sec. For shorter
lifetimes the recoil distance Doppler shift method is applicable down to
about 10" sec and Doppler broadened lineshape studies in the range <10~
sec. These techniques depend on the Doppler effect, and inverse reactions
i.e. A(beam) » A(target), greatly extend their sensitivity and accuracy.
Beams up to U will be available from the TASCC facility. A schematic view
of typical apparatus is shown in Fig. 2.13. Lifetime measurements are an
important part of our research program and the 8ir SPECTROMETER is designed
with an internal volume large enough to accommodate the special equipment
required for these studies.
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Lifetime measurements include the study of transition moments
in ground state bands, in aligned bands, and the study of non-collective
"rotations" about the symmetry axis.

2.4.2 Transition moments in ground state bands

The most obvious manifestation of collective nuclear rotation is
the enhancement of E2 transitions connecting members of a band. For rigid
rotation of an axially symmetric nucleus:

B(E2' li + If) = TOF e V < hK2Q I JO (2.9)

where Qo is the nuclear quadrupole moment evaluated in the intrinsic frame,
and K is the projection of the intrinsic angular momentum on the symmetry
axis. This relationship has been tested to about spin 10 in many nuclei and
to spin "24 in a few cases (cf ref. 7). It is extremely well satisfied in
nuclei where the ground state deformation is high. In a few odd nuclei,
where the laboratory quadrupole moment, Q, of the ground state has been
measured with high precision, the rotational relationship:-

Q = Q ,,,K^f"1,),,. (2.10)
^ ô (K+1K2K+3) U l '

has been verified to an accuracy of about 2%.

In more typical cases, where the ground state deformation is not
large, and is not stable with respect to rotations, interesting effects
occur. At low rotational frequency, there can be centrifugal stretching
effects which result in a slight increase in deformation, 6. Since Qo * 3,
this shows up as an increase in the B(E2) values beyond those predicted by
eq. 2.9. (e.g. ref. 8)

2.4.3 Transition Moments in Aligned Bands: Effects of Triaxiality

With improved techniques it has become possible to measure B(E2)
values in aligned bands. As first noted in ref. 9 and extended in subsequent
measurements (e.g. ref. 7), these aligned bands are apparently less collec-
tive than the ground bands of the same nuclei. Plausible explanations
include a decrease in deformation, 3, and/or the development of triaxiality.
The i-13/2 neutrons, before alignment, have a driving effect toward
increasing prolate deformation and after alignment, a driving effect toward
triaxiality (Y > o). (cf L.L. Riedinger, McMaster Workshop p.11).

For purposes of quantitative discussion it is useful to define a
transition quadrupole moment, Qt, that removes the trivial spin dependence:

Q2 = Hin B ( E 2 ; ^ + If)/<IiK2o/ifK>
2 (2.11)

For high spin transitions within a rotational band, Qt is given in terms of
3 and y by:

Qt = 2 ^ ZeRQ
23 cos (30° + y) (2.12)
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The effect of a non-zero y parameter depends on detailed structure considera-
tions, but as first discussed in ref. 10 there are two limiting situations.
If the total angular momentum tends to be aligned with the 1-axis (the oblate
axis of symmetry for Y = 60°), which gives maximum overlap of the quasi-
particles with the core, the transition strength is a decreasing function of
Y falling to zero at Y=60°. This results from the increasingly symmetric
shape of the nucleus about the axis of rotation. The opposite situation
corresponds to a triaxial nucleus with Y < 0, where the alignment of the
angular momentum is about the 2-axis, for which the moment of inertia of
collective rotation is maximum. In this case eq. 2.12 shows that Qf-
increases with negative Y, reaching a maximum at Y = -30°.

Experimental and theoretical results suggest that the first case
applies, and that the development of if > 0 triaxiality explains most of the
decrease in Of values for aligned bands. The experimental results for
i Yb and I Dy, interpreted in this way, imply Y values of 20-25° (cf
L.L. Riedinger, McMaster Workshop p.11). At sufficiently high rotational
frequency, the second case may become favoured, although the band may be
crossed by bands with more aligned quasi particles. In this case the Qt

values enhanced by triaxiality would only appear above the yrast line.

2.4.4 Rotation about a Symmetry Axes

The motion described by the shape parameter Y = +60° corresponds
to rotations about an oblate symmetry axis. There are regions of the
periodic table e.g. close to the doubly closed shells Z=64, N=82 and Z=82,
N=126 where this mode constitutes the yrast line from the ground state up to
rather high spins (30 - 40-41). Other cases are predicted, and have been
observed to exhibit this behavior only at spins greater than 30 4i or so. The
characteristic indicators of rotation about a symmetry axis are the irregu-
larity of the yrast line, the occurrence of high spin isomers, and the
absence of enhanced transition strengths. In the cases studied so far, B(E2)
values rarely exceed 1 Wu.

152
A typical example Dy is shown in Fig. 2.14. Measurements by

recoil distance techniques have proven difficult to interpret because of
sidefeeding. However, some individual lifetimes have been extracted^*'. A
more immediate way of comparing thi; dramatic difference between basically
collective and non-collective rotors is shown in Fig. 2.15. This plot gives
the time at which each yrast state is half depopulated, quantities directly
obtainable from the recoil distance decay curves. In the collective case,
the nucleus deexcites rapidly by enhanced E2 transitions: in the y = 60°
case, there are no collective transitions on the yrast line, and the nucleus
radiates its energy and angular momentum relatively slowly.

2.5 IMPACT OF THE PROPOSED INSTRUMENT ON MEASUREMENTS OF NUCLEAR LEVEL
LIFETIMES

The most important properties of the 8ir SPECTROMETER for lifetime
measurements will be increased sensitivity due to Compton suppression and
enhanced efficiency for Y~Y coincidences.

The accuracy of recoil distance techniques following H.I. reactions has
been severely limited by uncertainties in feeding times to the level of
interest because of the unobserved sidefeeding. This problem will be
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eliminated by YY coincidence techniques, in which one selects gates on
transitions higher than the one of interest. This method has been attempted
with conventional systems e.g. ref. 12) but it has not been widely applied
because no existing system can acquire sufficient Y~Y events in the time
scale of interest, namely a few hours per setting.

The superior quality of the spectra obtained by the instrument will also
have a very great effect on studies by Doppler broadened lineshape and DSA
techniques. These methods are generally less precise than the recoil dis-
tance method, but they are the only options for either very weak transitions,
or transition^ which decay too rapidly to be measured by recoil
distance (say < 0.5 ps). These are just the characteristics expected for
discrete lines from the highest spin states. To date there have been very
few studies of lifetimes for high spin states by lineshape broadening.
Mainly this is because the peak to background is too poor. With the high
selectivity of the 8TF SPECTROMETER and an additional discrete line
coincidence gate, together with the reduced background due to Cotnpton
suppression, we expect these experiments will be viable and yield vital
measurements on the collectivity of levels at the highest spins.

2.6 STATIC NUCLEAR MOMEHTS
2.6.1 Magnetic Dipole Moments

The angular momentum in nuclei arises from independent particle
motion of protons and of neutrons, and collective motions of the core as a
whole. As shown in Table 2.1, the magnetic properties of each mode are
distinct, so that the magnetic moment of a nuclear level is a sensitive
indicator of the coupling of orbital, intrinsic and collective components.
In states of high angular momentum, the intrinsic spins contribute so little
angular momentum that they have almost no influence on the magnetic
properties in spite of their large g-factors.

Proton Neutron Core

Orbital Angular 1 0 Z/A
Momentum

Intrinsic 5.59 -3.83 —
Angular Momentum

Table 2.1 g-Factors associated with angular noaentim bearing
•odes in nuclei. Within the nucleus the g-factors for
intrinsic spin are quenched to about 0.6 of the free
nucleon values quoted here.

The subject of magnetic moments of high spin states divides naturally,
both experimentally and theoretically, between those of short-lived, collec-
tive states and those of isomeric states found on the yrast line of nuclei
near closed shells.
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In a rotationally aligned coupling scheme, the particle angular
momentum, i, lies along the direction of the collective angular momentum, R,
to form total spin I - i + R. Therefore, the magnetic moment V, or g-factor,
(g * li/l) is extremely sensitive to the proton or neutron character of the
aligned particles:

proton aligned u^ * i + R.(Z/A): neutron aligned u^ « R.(Z/A)

„ i + R.(Z/A) „ R(Z/A)
Or W Or *•

For example, with i " 10 for il3/2 neutrons, a spin 20 state has g\> "
1/2(Z/A) • 0.20, whereas with i " 5 for hn/2 protons, the spin 20 state in
a proton aligned band has g^ " 0.55.

Magnetic moments of short-lived states (" picoseconds) are difficult to
measure experimentally. Nevertheless, techniques have been developed and
calibrated during the last few years that allow such measurements. (e.g.
ref. 13,14). When an ion recoils through a magnetized ferromagnetic layer
such as iron or cooled gadolinium, it experiences a very large magnetic
field. The nuclear precession, which is proportional to the g-factor, is
observed through the rotation of the gamma-ray angular distributions about
the applied field which is perpendicular to the plane of the beam and to the
gamma-ray detectors. The quantity eo shown in Fig. 2.16 is proportional to
the precession, and is defined as the fractional change in the Y ray
intensity, observed at a given angle, on polarizing the foil in a given
direction. The Tm data shown in Fig. 2.16 was part of the input on which
the field calibration shown in Fig. 2.17 was based.

The small g-factors observed for states near the first band
crossing in Dy have firmly established the neutron character of the
aligned particles"), in the spin range 2<I<12 (below any band crossings),
measurements on isotopes of Gd, Dy and Yb have shown a systematic decrease in
the g-factors with increasing spin^3,14). This is best understood as a
gradual decrease in the neutron pairing correlations caused by the Coriolis
interaction. It is equivalent to a gradual and relatively small alignment
gain of many neutrons to the rotation axis, against which backdrop the more
dramatic 2 quasi-particle alignment effects are played. In the actinides,
the measurement of g-factors has also proven very useful in distinguishing
proton and neutron effects. In this region, unlike the rare earths, align-
ments of neutrons (J15/2) and protons (113/2) occur in the same region of
rotational frequency*®'.

The measurement of magnetic moments in nuclei near shell clo-
sures has been instrumental in understanding the role of core excitations. .
In these nuclei, isomers occur on the yrast line and it has been possible to
determine their g-factors by time dependent perturbed angular correlationk
(TDFAC) methods. The nucleus Gd is a typical example; its level scheme,
below 49/2+ is shown in Fig. 2.18. These nuclei generate angular momentum
most efficiently by aligning valence particles. Once the valence space is
exhausted, pairs in the core are broken and aligned. The g-factors reveal
immediately whether proton or neutron pairs have been broken. For example,
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the nucleus X>* Gd has one ^1^/2 outside the doubly closed shell Z»64
+ (

^/2 y

N-82. The g-factors for the 21/2+ and 27/2" isomers (0.72 and 0.84
respectively) show that these states result from proton excitation,
most probably [1fd~\/2

 hH/2-lVf7/2 a n d ^1fd"5/2h 11/2^7/2" H o w e v e r' t h e

lower value for the 49/2+ state, g = 0.446, indicates that the neutron closed
core is now excited, probably:-

[iTd5/2 hll/2 ] f V d3/2 £7/2 *13/2 h9/2 ]

Results for magnetic moments in l Gd are summarized in Fig. 2.19 (after
ref. 17).

The applicability of these methods in the rare earth and
actinide region is limited by loss of nuclear alignment through paramagnetic
relaxation although there is evidence that this effect can be mitigated
through the appropriate choice of host materials.

2.6.2 Electric Quadrupole Hoaents

The most direct knowledge of nuclear shapes is obtained from
measurements of quadrupole moments. In favourable cases these moments can be
determined either by Coulomb excitation or by TDPAC methods.

The Coulomb excitation method, sometimes called reorientation,
takes advantage of the sensitivity of excitation probabilities to the quadru-
pole moments. Unfortunately these probabilities are also sensitive to the
unknown transition moments coupling the states of interest to many other
states in the nucleus. However, there are subtle differences in the response
to excitation as a function of projectile atomic number, energy, and scat-
tering angle. By measuring excitation probabilities for several states over
a carefully chosen selection of these variables, it has been possible to
extract the effects of the static moments. A good example is provided by the
GSI work on Ru isotopes^). The technique is limited to those states which
can be reached by Coulomb excitation.

Measurement of quadrupole moments by TDPAC techniques is appli-
cable to isomers 1 ns<T<10 Ms. This is just the range of lifetimes encoun-
tered on the yrast line of nuclei rotating about an oblate symmetry axis.
The method is restricted t•> systems in which the quadrupole interaction with
the environment dominates other relaxation mechanisms. It is unfortunate
that in many cases magnetic relaxation destroys the spin alignment on a time
scale much shorter than quadrupole perturbations can be observed. The
challenge is to find special nuclei in special environments for which this is
not the case.

The gadolinium isotopes are one such example; these atoms have a
half-filled 4f atomic shell and consequently have nearly vanishing magnetic
hyperfine interactions in solids. The experimental techniques and their dif-
ficulties are well illustrated by the Gd case. Fig. 2.20 shows the
expected time dependent quadrupole interaction pattern for spin 49/2. R(t)
is the yield ratio for two detectors at 0° and 90°. The angles 6 and 0
specify the orientation of the crystal axis in the case of a single crystal
host (lower panels). If the lifetime of the isomer is short, geometry B is
favourable since there is a deep minimum at
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tmin Til 2^9 e c

In this case only the ratio i/Q can be determined. If the nuclear lifetime
is long then geometry A is favourable since there is a characteristic feature
at time To/2, where

T_ » 21(21-1)* (I half integral) (2.14)
o 23 e qQ

If both tmin and To are measured, then the spin of the isomer may be
deduced. Data for the 49/2 isomer in Gd are shown in Fig. 2.21 (ref.
19). It can be seen from eq. 2.14 that for high spin states the feature at
To/2 occurs at rather long times, since To " I .

Results for the Gd isomers are summarized in Fig. 2.19. Erom
such data, the quadrupole moment was shown to increase with spin in Gd.
This is one of the main experimental underpinnings of the theoretical under-
standing of nuclei rotating about an oblate symmetry axis.

Deformation changes along the yrast line of such nuclei are very
interesting, and result from a number of competing effects. For example,
without pairing, the ground state of a nucleus such as Dy would be oblate
on account of the high-j oblate shaped orbitals occupied by the valence
particles. However, pairing correlations smear this effect over the whole
j-shell, and result in a spherical ground stat£. The promotion of particles
in the valence shell (e.g. the 10+ isomer: ^ I I / O ^ blocks orbitals from
participating in pairing, thereby decreasing tfie pairing energy, which allows
this state to become slightly oblate. Thus, in nuclei with a relatively
large number of valence particles, the increase in oblate deformation with
increasing spin is a consequence of blocking the pairing correlations. On
the other hand, experiments have shown'that large deformation changes result
upon breaking the neutron core. This effect is ascribed, at least in part,
to the peculiar character of the neutron 2d3/2 spherical states, which have
a strong effect in stabilizing the spherical shape of the closed shell.
Their removal from the core makes it more readily polarized by the aligned
angular momenta of the valence particles. The 2d5/2 proton holes are not
expected to have such a strong effect, and this is in agreement with observa-
tion in the rare earth region.

2.7 IMPACT OF THE PROPOSED IBSTROMENT OH STATIC MOMENT DETERMINATIONS

The most important property of the 8TT spectrometer for magnetic moment
determinations of short lived states is its high Y~Y coincidence efficiency.
In the measurements to date, accumulated precessions have been observed and
it has not been possible to extract g-factors of individual states with high
reliability. It will be possible with Y-Y coincidence measurements to obtain
precessions between individual transitions in a cascade.

In Coulomb excitation experiments, total energy and multiplicity selec-
tion in the spin spectrometer will define events with respect to the initial-
ly populated state; this will allow more accurate analysis of the data.
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Another potential advantage of the 8ir spectrometer is the event-by-event
determination of spin direction and the enhanced angular distribution effects
that proceed from it. This could be particularly valuable in the quadrupole
precession measurements where the experimental effects are frequently very
small. The spin spectrometer will enhance the capability of determining mag-
netic moments and quadrupole moments for long-lived states. For example, the
decay of the isomer can be signalled not just by a delayed event but by a
delayed event in a selected multiplicity and total energy range. In most
cases this would remove virtually all the background from the detector obser-
ving the TDPAC spectrum, and can be done with near 100% efficiency. This
technique can be extended by selecting in individual BGO elements a multiple
coincidence of discrete transitions known to follow the isomer decay. This
could be a triple or even higher fold condition. The efficiency would remain
high because the BGO elements have a large probability of absorbing all the
incident radiation to produce a photopeak. The "noise" rejection capability
of this kind of filtering is enormous, and will open up the possibilities of
measuring extremely weakly populated isomers, and extending TDPAC measure-
ments to longer times compared with the state's lifetime. This will be
particularly significant for quadrupole perturbation. As discussed in
subsection 2.6.2, one of the present limitations in measuring quadrupole
moments for high spin states is observing the isomer decay at long times
compared with the state lifetime.

2.8 THE STUDY OF CONTINDODS RADIATION FOLLOWING HEAVY ION REACTIONS
2.8.1 Continuum Measurements

It is an experimental fact that only a small proportion of all Y radi-
ation emitted in a HI reaction finds its way into the discrete sharp peaks
observed with a high resolution germanium detector. The limits to discrete
line spectroscopy are set by the resolution and sensitivity of the detectors
and by the deexcitation mechanism itself. Even in a HI fusion-evaporation
reaction where the final product specificity is high, the entry population is
nevertheless distributed over a great many states, as indicated in Figs. 2.11
and 2.22. For each entry state there are many possible decay routes to the
ground state. It might be expected that these conditions should result in a
completely continuous deexcitation spectrum formed by a multitude of overlap-
ping transitions. In fact the population cloud in (E, I) space tends to
drift closer to the yrast line as the deexcitation process evolves. On and
near the yrast line the density of states is very low. Consequently the
Y-ray flux becomes concentrated into transitions between yrast or near yrast
states resulting in Y rays readily detectable as discrete lines in a
germanium counter. Evidently radiation from states at the very highest spins
comprises the major part of the continuous spectrum.

A continuous Y spectrum can be decomposed into transition types (e.g.
AL=2, AL=1, and A L = 0 ) , by analysis of angular distributions measured about
the beam direction. Combined with a Y~ray multiplicity measurement, these
data provide a determination of the average nuclear angular momentum in the
entry region. This method is very relevant to HI reaction mechanism studies
where a key aspect is the division of angular momentum between internal and
external degrees of freedom.
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In Hi-fusion-evaporation reactions the continuous spectrum is not with-
out structure. A common feature of most continuous spectra studied is an
intense bump of predominantly stretched E2 (E2, ALa2) transitions in the
region 1 to 1.5 MeV. This feature is generally observed to have a discern-
able, if not sharp, upper edge which moves up to higher Ey with increasing
angular momentum input in the reaction. An example is shown in Fig. 2.23.
The bump is generally supposed to arise from many unresolved rotational
transitions cascading down rotational bands which lie roughly parallel to the
yrast line. For rotational transitions deexciting the state I to 1-2 with a
Y-ray energy E^ we have:

{[ - (tf/lj1 (2.15)

where V| il] is an effective moment of inertia. The suffix [1] is conven-
tional and denotes that the quantity is derived from 1st derivatives in rota-
tional energy versus angular momentum.

If such a strong correlation between Y-ray transition energies and spin
as implied by eq. 2.15 were present in the continuous spectrum it should be
revealed by spectroscopy of coincident pairs of Y rays. This technique is
called Ey-Ey correlation; the data are usually displayed as a
3-dimensional relief map of coincident counts versus Ey^ and Ey2. In the
case of Y rays cascading down many parallel rotational bands the map should
show a valley lying along the line Eyi = Ey2- This feature arises
because no two Y rays have the same energy in a rotational sequence. The
width of the valley, W, defines an average moment of inertia by:

W = 16/(2jf2l/h2) (2.16)

where the suffix [2] denotes that the quantity is derived from 2n^ deriva-
tives in rotational energy versus angjjlar momentum. A typical example is
shown in Fig. 2.24.

Band crossings (cf Fig. 2.1 and 2.6) are revealed in Ey-Ey correla-
tion maps as bridges across the valley, and by the occurrence of striped
features. This happens because at a crossing, there are 2 or 3 nearly iden-
tical Y transition energies in coincidence. Were it not for multiple band
crossings it is unlikely that these effects would be visible beyond the 1st

or 2n{* backbend, however as pointed out in sect. 2.1, it is possible for
many bands to experience a crossing at the same frequency.

2.8.2 Probe State Techniques; Measurement of Average Collectivity

The average collectivity of unresolved transitions feeding a
particular nuclear state can be extracted from measurement of a recoil dis-
tance decay curve for the discrete transition depopulating the state. We can
refer to this state as a "probe" state since we are not particularly interes-
ted in its properties except insofar as its behavior reflects conditions of
the nucleus at higher spins. The decay curve is dependent on the (known)
lifetime of the probe state, and the (unknown) feeding time through the
unresolved precursor cascade. Detailed spectroscopy of the precursor cascade
must be performed in order to determine the number and average energy of E2
transitions. From this information we derive the time taken to deexcitC a
cascade of <M> E2 Y rays of average energy EY. If the cascade has a
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cascade has a rotational character, then the Y-ray energies are given by eq.
2^15 and the feeding time, T F, may be parameterized in terms of an average
4i /2^ and Qo (eq. 2.9). In this case, TF is dominated by the 3 or 4
lowest transitions in the cascade, and tends to become independent of the
length of the cascade. This follows, from the E dependence of transition
probabilit ies:

T(E2) = 1.2253 x 1013 E^ (MeV).B(E2) (2.17)

1 2 2
where T is in s~ and the B(E2) in units e .b .

It is possible to measure average collectivities for states a
few units higher in spin than the last observed discrete transition by the
above method. An example of decay curves analyzed by these procedures^ is
shown in Fig. 2.25. The method can be extended to still higher spins by
comparing results at two bombarding energies. We assume that at two nearby
bombarding energies the final stages of the precursor cascade are common, so
that any shift in the probe decay curve is due to the feeding time through
the extra cascade associated with the increased beam energy. The spectrum of
extra transitions can be derived. For instance, in Gd, as shown in Fig.
2.26, raising the bombarding energy from 140 to 150 MeV introduces 4.0 extra
transitions into the average cascade; of these, "=3 are stretched E2's,
strongly peaked around 1.3 MeV energy. (In these normalized spectra, the
number of transitions is just the area under the spectrum.) Thus the corres-
ponding shift in a probe state decay curve is associated with the time taken
for a 3 cascading E2 transitions of mean energy K 1.3 MeV, from which the
average collectivity can be readily extracted.

These methods have been applied to the nucleus Dy where they
provided the first evidence that aligned bands have less collectivity than
the ground band". This is now considered good evidence for a triaxial
shape in the aligned band.

•147
In the nucleus Gd these techniques were applied to measure

the collectivity of decay paths bringing population to the yrast
(this is usually called "side feeding"). With the 51/2+ state as a probe, it
was found that a cascade of 5 discrete transitions along the yrast line gave
rise to a feeding time of T F « 1300 ps whereas an unresolved cascade of 10
transitions in the side feeding had T F < 1 ps, and corresponds to an
average enhancement of K 120 Wu. The very long deexcitation time along the
yrast line is characteristic of y = 60° behavior where the nucleus is
rotating about an oblate symmetry axis (cf Fig. 2.15). That there are
collective transitions above the yrast line for spins as low as K 51/2 is
surprising. It is perhaps evidence for a strong temperature dependence of
nuclear structure. That is to say the Y = 60° behavior is stable only on,
and very close to, the yrast line where the temperature is low; even an
excitation energy of a few MeV with respect to the yrast line raises the
temperature sufficiently to induce a completely different mode of behavior.
The influence of temperature on nuclear structure has barely been explored
either experimentally or theoretically.
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Another possible application of the probe state technique is the
search for states of super-deformation preceeding fission. This is the final
phase in the evolution of nuclear shapes with increasing spin. A super-
deformed nucleus has a deformation, S, of about 0.6 and a ratio of 2:1 in the
major to minor axes. A njmber of effects are expected from super-deforma-
tion. One example is enhanced a-particle evaporation due to the reduced
Coulomb barrier at the tips of a super-deformed shape^l). Another possibi-
lity is the occurrence of a particularly narrow valley in E-y-E-y correla-
tion plots signifying an unusually high moment of inertia, Q '^J. The low
transition energies associated with this high moment of inertia result in
longer lifetimes through the E factor in the E2 transition probability (cf
eq. 2.17). Whilst it is unlikely that the lifetimes of individual
transitions could be measured, it may be possible to determine the average
collectivity of a sequence of cascades.

2.8.3 Probe State Techniques:- Measurement of Average Magnetic
Moments

The concept of "probe state" has also proven valuable in deter-
mining average g-factors for high spin states which do not themselves give
rise to resolvable transitions. In a transient field experiment, (subsection
2.6.1) the precession of the high spin states occurring in the first pico-
second or so after the reaction is cumulative and is passed on to the lower
spin states, where discrete lines are resolvable. These probe states are
populated at times after the magnetic perturbation has gone to zero (i.e.
after Kl ps) and are passive carriers of the precession occurring at high
spin. The interpretation of the data depends on a knowledge of the deexcita-
tion process, in particular we need to know the population history during the
period when the magnetic perturbation acts. In an extreme model with Y rays
deexciting many parallel rotational bands described by an average moment of
inertia and collectivity, the calculation is rather simple. In fact all
states of a given spin will have the same population history in this model.
The parameters can be fixed to some extent by the experimentally observed
average multiplicities, feeding times, and moments of inertia as discussed in
ref. 22. It should be noted that the average g-f actors obtained in these
experiments are perfectly rigorous and well-defined quantities; the difficul-
ty is to know the regions of nuclear excitation energy and spin contributing
to them.

Although it is perhaps premature to come to any firm conclusion,
it appears that to date, no large variation in average g-facLors has been
observed, either as a function of spin within one nucleus, or from nucleus to
nucleus. Considering that the cases studied so far involved a sample over
nuclei where the yrast line at .the contributing spins is either oblate
(154Dy)23), neutron aligned (I56Dy)22) o r proton aligned (l3OCe)17>,
larger differences might have been expected. The failure to see these might
be another indication of the effects of temperature on nuclear structure.
Clearly, these experiments sample average g-factors on, and up to a few MeV
above, the yrast line and it is likely that the structures that are to some
extent understood on the yrast line do not persist to higher temperatures.
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2.9 IMPACT OF THE PROPOSED INSTRUMENT ON THE STUDY OF CONTINUOUS RADIATION

2.9.1 Selection of entry region with the BGO Core, and
discrete line conditions

The selection of entry region in (Ex,l) space, and the
requirement of discrete line coincidences greatly extends the scope of con-
tinuous radiation studies. In these applications, the spectra of interest
could be recorded either in the suppressed array, or in say 2 auxilliary
Nal(TA) detectors with Compton suppression, which would replace 2 elements of
the array. The remaining elements would select discrete line transitions
thereby defining the reaction channel. Summing over the lowest 3 or 4 tran-
sitions in the band would allow this discrete line selection to be done with
an efficiency of K 10%. The discrete line condition enables a very wide
ranging selection on the entry region in a given reaction channel, which in
turn enables the study of rather extreme conditions of temperature. The main
outcome of these studies will be the average nuclear moments of inertia
Jyll] and ~ ) ^ ^ under a wide variety of temperature and spin condi-

tions. In turn these are related to nuclear shape, deformation, pairing
correlation and spin alignment.

By examining the differences of spectra gated on adjacent
regions of entry space it is possible to trace out the deexcitation path and
to isolate continuous Y spectra arising from states at the very highest angu-
lar momentum and temperature. These techniques have been used to some extent
at Oak Ridge (cf I. Yang Lee, McMaster Workshop p.61) but again we emphasize
the discrete line condition which allows these studies to be extended to much
higher temperatures.

2.9.2 Selection of Spin Orientation with the BGO Core

Because the angular distribution of y rays about the nuclear
spin axis is much more pronounced than that about the beam axis, it is pos-
sible to deduce the multipolarity composition of continuous radiation more
accurately and more reliably from a spin orientation measurement. The data
are accumulated simultaneously with the main experiment, and detectors do not
need to be moved. In the present design, up to 10 detectors can be accommo-
dated near 90° with respect to the beam direction, which is the most sensi-
tive angle for spin orientation measurements in heavy ion fusion reactions,
(cf Y. Yang Lee and J. Beene, McMaster Workshop).

The multipolarity decomposition of continuous radiation is a key
element in these studies since it allows the entry spins to be extracted from
the Y-ray multiplicities.

2.9.3 Selection of Entry Regions, Discrete Line Conditions and the
Effect of Coapton Suppression on Ey-Ey Correlations

One of the most promising techniques in the study of nuclear
structure at high angular momentum and excitation energy is Ey-Ey corre-
lation. To date these studies have been of limited value because of a lack
of specificity, and because of the high background of uncorrelated Compton
events. The lack of specificity has meant that the correlation maps have
represented averages over wide regions of initial spin and temperature, and
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even over more than one nucleus. Because of the poor photopeak response of
bare Ge detectors the correlated events are typically only 3% of the total
counts in the map.

The proposed instrument will have an enormous impact on this
field. First, with suppressed germanium detectors the correlated events
will represent about 30% of the map. Second, because of the high efficiency
for Y-Y-Y array coincidences, it will be possible to place discrete line con-
ditions in the gating, thus restricting the map to a specific nucleus, or
even to a particular rotational band. The selection of entry region with the
spin spectrometer is also crucial in these studies; as explained in subsec-
tion 2.8.1 this makes it possible to record Ey-E-y maps corresponding to
particular initial regions of temperature and angular momentum, and further
to isolate the map characterizing radiation in a specific spin and tempera-
ture region.

The amount of information contained in Ey-E-y correlation
maps is staggering. The width of the diagonal valley traces out directly the
nuclear moment of inertia 0 f2^ as a function of rotational frequency (-hu
- Ey/2). Comparison of ^)[2] s o derived, with measurements of ,y^',
gives the aligned angular momntum, also as a function of "fito. The positions
of the bridges and striped features in -fiw give the band crossing frequencies.

The improvements expected with the new instrument will result in
an explosive increase in our capabilities for studying Ey-Ey correlation
effects. The measurements of exact crossing frequencies and their quasi-par-
ticle structure can probably be interpreted in the same way as described for
the discrete line case, (sect. 2.2) thus extending our knowledge of nuclear
shapes and pairing correlations to the very highest spins nuclei can sustain
(* 60-70 "fi). It is sobering to realize that the highest crossings in light
rare earth nuclei are expected to be due to i].3/2 proton and j 15/2 neu-
tron orbitals; these are not active near nuclear ground states until the
actinide region.

2.9.4 Probe State and Direct Measurements of Collectivity and
g-factors

Measurement of average properties for nuclear levels will great-
ly benefit from the 8TT SPECTROMETER. For example, consider the probe state
decay curve mentioned in subsection 2.8.2. With the 8ir SPECTROMETER we can
examine the collectivity of the feeding path to the probe state from any
selected origin of the entry distribution. The shift of the decay curve
gives the cascade time to the probe state, and the actual spectrum and multi-
polarity decomposition of the average cascade is readily obtained. We can
examine differences of cascade feeding times for two regions, each much
higher in spin than the probe state, thus obtaining the collectivity at very
high spin. In these cases it is not necessary to assume as we did in sub-
section 2.8.2 that the decay path from the higher region includes the path
from the lower. With 8ff SPECTROMETER data it is possible to find just that
lower region through which the bulk of population from a given higher region
passes.
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These same ideas can be equally well applied to studies of
average g-factors discussed in subsection 2.8.3. That is to say we can use
the power of the instrument to derive pairs of regions in the entry map such
that the bulk of the population in the higher region passes through the lower
one and on to the probe state. The region of nuclear spin and excitation
contributing to the precession is then defined.

For the resolution in total energy and multiplicity calculated
for the 8TT SPECTROMETER the widths of typical selected regions in (Ex,l)
space are indicated in Fig. 2.22.
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3. STUDY OF REACTION MECHANISMS

The study of heavy ion reaction mechanisms is the main source of infor-
mation about the dynamics of the nucleus-nucleus interaction. As such, it
will be one of the prime fields of investigation with beams from TASCC. The
evolution of heavy ion collisions below the Fermi energy, displayed as a
function of interaction time, is illustrated by Gobbi^^) in Fig. 2.27. The
observable final states, shown at the bottom of the figure, range from evapo-
ration residues of fusion events, through fragments from fission and strongly
damped processes, to the products of quasielastic reactions. A characteris-
tic common to all the observable reaction products is some internal excitat-
ion, of which part usually decays by gamma emission.

While reaction mechanisms have traditionally been studied through the
direct detection of the light and heavy ion products, there has been an
increasing realization in recent years that spectroscopy of accompanying Y
radiation can provide key information. A specific example is the measure-
ment of angular momentum transferred from orbital into internal degrees of
freedom. These techniques represent an interesting technology transfer from
the field of high spin states. The increasing confidence in the mid 70's
that the continuous radiation accompanying fusion reactions could be under-
stood has led to applications in more complex reactions. Originally the
continuous radiation was studied in an effort to understand nuclear struc-
ture. Later, the knowledge gained was applied to investigate the conditions
in nuclei immediately following a nuclear reaction, hence probing the
reaction mechanism.

The proposed instrument is extremely well suited to reaction studies and
will provide information complementary to direct detection techniques to an
extent not previously possible. Firstly, the ability of the BGO core to
determine gamma-ray multiplicity (spin), correlation of gamma-ray emission
angles (spin alignment), and summed gamma-ray energy (excitation energy after
particle emission) as discussed in previous sections can be exploited in
reaction work. Secondly, particle-gamma coincidence experiments will be
facilitated by the amount of free inner volume (22 cm diameter) available for
auxiliary instrumentation within the BGO shell. A major reason for choosing
spherical geometry was in fact to accommodate light ion and heavy fragment
detectors. Thirdly, the very high efficiency of the suppressed array is
sufficient to do experiments in which reaction products are identified by
their characteristic Y rays. The sensitivity of this technique will be
greatly enhanced by Compton suppression. The ability to specify the heavy
residues is unique to Y-ray spectroscopy since it is not possible to achieve
single A and Z resolution in heavy nuclei by particle spectroscopy. This
capability will have a considerable impact on the field because it makes
possible exclusive 'experiments.

3.1 Fusion

In its simpler manifestations, the fusion of two heavy ions may be
understood in terms of a one-dimensional potential in which, for nuclei
approaching closely enough, the repulsive Coulomb and centrifugal terms are
overcome by the attractive nuclear force. Based on this principle, compound
nucleus formation (fusion) has been described in simple models e.g. Glas and
Mosel25)) and empirical formulations that are capable of predicting
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compound nucleus cross sections with some accuracy have been developed^"'.
This is, however, a static picture. A dynamical approach, formulated by
Swiatecki^?)j suggests that in very heavy systems, £>n additional amount of
energy, or "extra push" is needed to overcome the conditional saddle for
fusion. As shown in Fig. 2.28, results with beams of Pb incident on a
variety of targets indicate that as Zj*Z2 increases, the compound nucleus
cross sections display increasing deviation from the predictions of static
one-dimensional models.

For somewhat lighter systems, subbarrier fusion is greatly enhanced,
even over that expected in the more sophisticated potential models. Figure
2.29 shows the difference between the calculated fusion cross sections
(curves) and the experimental values. The static deformations of the reac-
tion partners, the dynamic deformation of each in the presence of the other's
potential, and their zero-point motion should all be considered in explaining
the discrepancy, though the details of each contribution cannot be determined
from presently available subbarrier fusion data. One obvious application of
subbarrier fusion is to the production of heavy compound nuclei so "cold",
i.e. with so little excitation, that they do not fission. Besides subbarrier
energies, cold fusion involves minimizing Z|*Z2 to reduce the extra push,
and choosing symmetric reaction partners having high binding energies to
reduce the reaction Q-value. In one recent experiment2°' the compound nuc-
leus Hg was produced at an excitation energy so low that its only prompt
decay was Y emission; a process known as radiative capture. Previously no
cases of heavy ion radiative capture to compound nuclei of A > 40 were known.

Subbarrier fusion is clearly a candidate for study by means of the pro-
posed instrument, either for the sake of understanding the process itself, or
as a means to producing interesting phenomena, such as radiative capture and
very heavy nuclei. In general the cross sections for subbarrier fusion are
small, so that Coulomb excitation and transfer reactions can produce over-
whelming backgrounds. These are situations where selectivity of the BGO core
can be used to great effect. For example, in radiative capture, the entry
line energy is sharply defined (and predictable) so that gating on total Y
energy, particularly coupled with demands for specific Y energies in the core
elements, will provide powerful selectivity. Coincident Y rays would be
detected in the high-resolution germanium counters, either to tag a known
nucleus, or to perform detailed spectroscopy of an unknown one.

For energies above the fusion barrier, many channels open up, such as
fission and the many types and combinations of light particle evaporation.
The relative production cross sections for the various channels depend on Q
values, transmission coefficients, angular momenta, fission barriers and
nuclear level densities at each stage of the evaporation cascade. Statisti-
cal models have been applied to compound nuclei formed in heavy ion colli-
sions and a number of sophisticated computer codes for predicting cross
sections have been developed. Efficient tagging of residues by characteris-
tic gamma rays provides the identification needed in the heavy mass range for
detailed comparison with these models. The sensitivity of the Compton sup-
pressed germanium array should facilitate such tagging, and coupled with
information from the BGO core on the entry E and I for each channel, should
provide significant tests of statistical evaporation models. Many problems
would lend themselves to this type of study. For example, the angular
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Fig. 2.30 Gamma transition intensities for products from the reaction of
95-MeV l4N with Tb as a function of residue yrast spin. The
Lop points are data from coincidences with forward going a
particles (incomplete fusion); the lower points are for compound
nucleus formation (co-nplel e fusion). Note that incomplete
fusion feeds the yrast cascade most strongly in the .1=12 to 14
region, while complete fusion feeds it more uniformly. Prom
Inamura et. al., Phys. Lett. 68B (1977) 51.
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momentum conditions leading to alpha, as opposed to nucleon, evaporation have
been suggested but not confirmed; the ^-dependence of the fission barrier
could be examined in terms of the competition between fission and the forma-
tion of specific residues; resonant behavior in the excitation function for
certain residues^) could be compared with that for either exit channels,
as well as with that for other entrance channels.

For higher bombarding energies, there are impact parameters at which
part of the projectile fuses with the target, while the remaining fragment
continues in a forward direction at approximately the beam velocity. These
reactions, known as incomplete fusion or massive transfer, appear to occur
for entrance channel £ values in the vicinity of the critical angular momen-
tum for fusion, and because of this, it might be expected that detection of
the forward-going fragment would isolate a narrow range of spins in the com-
pound nucleus. Figure 2.30 compares the gamma-ray transition intensities
for incomplete (top) and complete (bottom) fusion of 95 MeV N with Tb.
For incomplete fusion, the yrast cascades are apparently fed mostly around
spins J = 12 to 14, whereas true compound nucleus formation feeds the yrast
cascades over a broad range of spins. A sum rule for incomplete fusion has
been proposed^) in which all impact parameters smaller than a certain
critical radius compete for all exit channels available at that angular
momentum. With beams of A <_ 16 and E ^ 10 MeV/A incident on rare earth tar-
gets, experiments measuring gamma-ray multiplicity, characteristic gamma
rays, and coincident beam-velocity fragments give cross sections and £
distributions for the various complete and incomplete fusion channels, in
good agreement with the model (e.g. ref. 30). Results with heavier projec-
tiles and at higher energies are somewhat more ambiguous.

The proposed spectrometer could clearly take such experiments several
steps further. With high efficiency for tagging in the germanium detectors,
with room for particle identifying detectors inside the core, and with good
determination of the E-I population distributions for the heavy residues, the
mechanism of incomplete fusion could be studied exhaustively. A very
stringent test of the degree to which an incomplete fusion reaction is a
simple transfer-like process is provided by a measure of the spin alignment
perpendicular to the linear momentum transfer. This can be uniquely deter-
mined through a spin orientation measurement in the 8ir SPECTROMETER.

3.2 Strongly Dawped Collisions

Reactions in which the nuclear potential is not able to overcome the sum
of the Coulomb and centrifugal terms result in neither complete nor incom-
plete fusion. However, if the impact parameter and center-of-mass energy of
the reaction lead to a substantial overlap of the target and projectile
matter distributions, a dissipative collision will occur. A review of the
subject has been written by Gobbi and Norenberg^l) and a variety of such
reactions are illustrated in Fig. 2.27.

The more peripheral of these collisions are referred to as quasielas-
tic. They occur when there is little overlap at the closest approach of the
projectile and the target, and the two interact for only a short time.
Little or none of their kinetic energy is transformed into internal excita-
tion, and few or no nucleons are transferred between the partners. These
quasielastic reactions will be discussed in section 3.3. For greater overlap
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Kig. 2.31 Gamma multiplicity as a function of light fragment element
number for 8.75 MeV/A N + Ag at 25°, 35°, and 90°. The solid
and dashed lines correspond to "rolling" and "sticking", respec-
tively, for the fragments, calculated at spins of .J=150 and 70 fj
for the intermediate complex. Note that the relaxed 90° data
follow the "sticking" curve, while the forward points, tend
toward the "rolling" limit. From fMassel et al., Phys. Rev.
Lett. 38 (1977) 331.
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and longer interaction times, a more strongly damped collision occurs. These
are the "deep inelastic" reactions which have been the topic of so much
investigation in the past decade. The collision is then central enough that
the relative motion of the reaction partners is, to a greater or lesser
degree, transformed into internal excitation and rotation of the intermediate
complex. The longer the interaction time, the greater is the angle through
which the complex swings before splitting, and the more equilibration occurs
in the energy, neutron/proton ratio, and mass asymmetry degrees of freedom.
For those cases in which the attractive and repulsive components of the
potential nearly balance, a "mononucleus" is formed, and this intermediate
complex may live for several revolutions before splitting, thereby leading to
an isotropic in-plane fragment distribution. The energy, mass, and charge
differences between the target and projectile are then completely equilibra-
ted, so the system is symmetric and separates into two equal fragments with
similar temperatures and a relative kinetic energy dictated by their Coulomb
plus centrifugal potentials. This is the "fully relaxed" case.

Gamma-ray and particle-gamma coincidence experiments are well suited to
the study of the critical question of angular momentum transfer in strongly
damped collisions. Deep inelastic collisions, capture followed by symmetric
fragmentation, and variations such as sequential fission and projectile
splitting, all proceed through the conversion of entrance channel angular
momentum into angular momentum of the intermediate system. First, "friction"
between the two nuclear surfaces causes them to roll rather than slide, as
each partner begins to rotate. Then, as the matter overlap increases and the
two fragments stick, they may go into rigid rotation before separating. The
exit channel fragment spins will depend on the extent to which this scenario
has progressed before separation. For example, the relaxed component of the
reaction of Ne with a silver target at 8.75 MeV/A yields gamma-ray multi-
plicities that would be characteristic of rigid rotation of the intermediate
complex as shown in Fig. 2.31. In the figure, thp. more relaxed events occur-
ring at 90° have clearly evolved to the "sticking" stage, while those at the
more forward angles have not. Similar results have been obtained for lighter
systems by different techniques. One might then expect that the angular
momentum should be perfectly partitioned according to the type of rotation
attained before separation. This is not so, since statistically, intrinsic
angular momentum modes can be thermally excited, as suggested by Moretto and
Schmitt™). This manifests itself as angular momentum misalignment, which
can be deduced from measurements of gamma-ray multiplicities and anisotro-
pies. Figure 2.32 shows the Q-value (amount of relaxation) dependence of
in-plane gamma ray anisotropies for three reactions. For the quasielastic
region (Q " 0 MeV), angular momentum transfer into fragment spin is small,
and low spin gives little anisotropy. Between Q » -100 and -200 MeV, the
fragment spin appears to rise to its maximum "relaxed" value, and the fluctu-
ating statistical modes begin to increase. Beyond this the thermally excited
misaligning components keep increasing with increasing negative Q, and even-
tually destroy the alignment entirely, as indicated by the anistropies in the
figure which are near unity for large negative Q-values.

The measurements of multiplicities and spin alignment is, of course, a
forte of the proposed instrument, as is the capability of inserting large-
area, position-sensitive heavy ion counters for determining the reaction
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plane, the scattering angle, or the type of event. Assuming a 3-ns recoil
time, and a 300-ps total time resolution, a crude time-of-flight measurement
could be made with about 20% mass resolution. AE-E identification of element
numbers would be possible, and detailed fragment identification could be done
by tagging with characteristic gamma rays. It should therefore be possible
to obtain far more precise and extensive data than those discussed here.

3.3 Qu«iel«8tic Collisions

Quasielastic collisions and their place in the general context of dissi-
pative heavy ion reactions were briefly mentioned in section 3.2. They
generally are exclusively binary, since neither reaction partner acquires an
excitation energy high enough for statistical particle emission. elastic,
inelastic, and transfer reactions are included. Transfer reactions in parti-
cular offer several advantages for spectroscopy: i) Previously unknown
nuclei may be produced in one- and many-nucleon transfer reactions,
ii) Previously inaccessible states in known nuclei may be reached since
transfer reactions populate different portions of the E-I plane than do
(heavy ion, xn) reactions. iii) The relative cross sections for population
of specific single particle levels can be calculated with distorted-wave Born
approximation (DWBA) codes such as PTOLEMY^)_ ^ comparison between the
calculation and experiment would serve both to identify the observed single
particle orbitals and to refine understanding of the reaction mechanism.

Guidry et al.34) have discussed the relationship of single particle
and collective excitations studied in particle-gamma coincidence experiments
using transfer reactions. With heavy projectiles such as Xe ions, Coulomb
excitation is very strong in both the entrance and exit channels. Few
nucleon transfer in such a reaction occurs between states already having
significant collective excitation. Therefore, one nucleon transfer is a
probe of the single particle orbits in a rotating frame, and two nucleon
transfer is a probe of the effects of, the rotation on pairing correlations.
Another interesting aspect of transfer reactions with heavy projectiles is
the near classical nature of the collision, which implies localization of the
nuclear orientation-^). This may lead to a situation in which excitation
of particular rotational states has a strong correspondence with an inter-
action at a localized zone on the surface of the deformed target nucleus.
There is then a possibility that such reactions can probe the angular
dependence of deformed orbitals.

An example of selectively populated high-j orbitals in otherwise collec-
tive nuclei is shown in Fig. 2.33. Judicious choice of initial reaction
parameters, such as Q-value and bombarding energies was made for two dif-
ferent heavy ion stripping reactions, ( 0, 0) and ( C, C). The calcula-
ted yield to single particle levels, clearly allows discrimination between
the various orbitals, based on experimental intensities. That experiment was
performed with a single gamma ray detector in coincidence with a magnetic
spectrometer. Application of the proposed instrument to such studies would
constitute a great advance, and would probably involve installation of two
large-area, position-sensitive, parallel plate avalanche counters inside the



- 71 -

<A

0.01

1 1 1
l 6 6Er( l 60, l 50)

95 MeV

l66Er (I2C."C)

2 3 4 1
EXCITATION ENEPC-r (MeV)

Kig. 2.33 Expected relative cross sections for active single particle
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Er(160, 0) and Kr(X c / V ) calculated with the DWBA and
PTOLEMY, assuming unit spectroscopic factors for all states.
Figure from Bond et al., Phys. Rev. Lett. j>6 (1981) 1565.
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BGO core. The quasielastic channel could then be selected by the particle
detectors and the BGO core could define new, (non yrast) portions of the E-I
plane for coincident high resolution spectroscopy using the suppressed array.

4. STUDY OF RAKE GAMMA DECAYS

In the preceding sections, the importance of the proposed 8ir SPECTRO-
METER in the study of reaction mechanisms and of nuclear structure phenomena
at high angular momentum and excitation energy has been demonstrated. It is
expected that, at least at the beginning, our research effort will be concen-
trated in these fields. Nevertheless, the spectrometer is also a very versa-
tile and powerful tool which can be used to great effect in performing
important Y-ray measurements at low spin. This arises primarily from the
very good total energy capability and very high efficiency of the 4ir BGO
core. These properties together with the Cotnpton suppressed array can be
exploited to look for rare Y-ray decays. A few illustrative examples will be
presented in t'.is section.

4.1 Giant Resonances in Heavy Nuclei

The systematics of giant resonances has been established over a number
of years by electron, photon, hadron and heavy ion reactions. The most
fruitful area for study now seems likely to be thair decay properties. The
proposed instrument is ideal for the study of both rare Y decays from the
resonances in the target nucleus A, and Y decays in the (A-l) nucleus follow-
ing the more prolific neutron decay. The location of the instrument at the
TASCC facility make.-; such a research program attractive because of the avai-
lability of heavy ion beams of up to 50 MeV/A. Such probes are known to
strongly excite giant resonances.

The origin of the large width of giant resonances has been an open prob-
lem for many years. This has led to a number of interesting speculations.
For example Broglia et al^5) in Copenhagen have carried out calculations
involving the coupling of low lying surface vibration modes to particular
states. (In Fb, they found that the 3~ state is responsible for a large
fraction of the width.) These couplings should affect the way the nucleus
decays into the (A~l) nucleus as well as to its ground state as a function of
energy across a given resonance. The neutron decay leading to specific
single particle states of the (A-l) nucleus will allow the identification of
different components of the giant resonance.

To date it has been very difficult to study these decays because they
have low branching ratios, and because it has been difficult to detect high
energy Y rays with much efficiency. The proposed instrument will improve
this experimental situation considerably. Results on the decay of giant
resonances in Fb obtained with the ORNL spin spectrometer are extremely
encouraging from a technical viewpoint (cf J. Beene, McMaster Workshop
Proceedings, Pjj/jO)' These results indicate that the very weak gamma-ray
branch to the Pb ground state from the GQR can be clearly measured, and
preliminary numbers give a branching ratio of about 10" in reasonable agree-
ment with estimates based on tht energy weighted sum rule.
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4.2 (a,p) Reactions Leading to Light Nuclei

A possible spin cut-off of rotational bands in light nuclei has been an
open problem of long standing. The large solid angle subtended by the array
of Compton-suppressed Ge detectors as well as the low background spectra
obtainable with such counters should allow us to provide a definite answer as
to whether such a cut-off exists, and if it does, at what spin it occurs.

In this program we envisage that particle detectors would select a
proton channel, and the BGO core would select a band of (Ex) space exclu-
sive to pY, thereby eliminating pnY and 2pY channels, and reducing the
background considerably. By selecting a region in (Ex,l) close to the
yrast line, the sensitivity to high spin decays would be further enhanced.

4.3 Y-Ray Decay of Quasinolecular Resonances

The rotational-like spacing of the quasi-molecular resonances in a sys-
tem such as C + C has led to the suggestion that collective Y~ray transi-
tions may compete with the particle decay of these resonances. The proposed
instrument is highly suited to the study of such effects. An experiment with
the Heidelberg spin spectrometer to detect Y decay of the 14+ resonance in
the C + C system has already been attempted. This resonance is expected
to decay to the 12+ resonance with Ey in the range 5.6 - 7.5 MeV. Although
the experiment demonstrated -the feasibility of such studies, the result

(1-2 * 0.8) x 10" is appreciably lower than that estimated in
Y
a simple model, namely ry/Ttot ~ 2 x 10~J and seems to contradict the
quasi-molecular interpretation. However, this value agrees with
estimates-'?) for a direct reaction process leading to shape resonances via
the dominance of certain partial waves. The value agrees also with the radi-
ative yield produced by E2 nuclear bremsstrahlung emitted in the collision of
two carbon nuclei. Clearly, further extensive work is required to shed light
on the structure and origin of the resonances.

4.4 Search for Axions

To prevent P and CP violation in quantum chromodynamics, Weinberg38)
and Wilczek^^' have postulated a new light pseudoscalar boson, called
axion. All searches for this new particle have been unsuccessful^^ except
for measurements by Faissner et al. 1' who have tentatively identified a
new weakly interacting particle with a mass between 150 and 700 keV.

If the axion has a mass smaller than twice the electron mass, it is pos-
sible that Sj-positronium decays into an axion and a monoenergetic photon in
addition to its normal 3Y decay. The branching ratio for these two decay
modes has been calculated1^) as a function of axion mass and is expected to
be less than 10" .

The proposed instrument is ideally suited for the search of this rare
decay mode where an event will be accepted only if one element of the BGO
core fires and is delayed by the correct time (Tj/2 a 140 ns for orthoposi-
tronium) with respect to positrons detected in a thin plastic scintillator.

Preliminary work with the spin spectrometer at Heidelberg-^' yields a
limit of <375 keV for the axion mass, if it exists.
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P A R T T H R E E

D E S I G N A N D P E R F O R M A N C E OF
T H E S P E C T R O M E T E R

1. Basic Description and Design Goals

The Sir SPECTROMETER comprises (i) a core and (ii) an outer array
of Compton suppressed germanium detectors. Either system can operate as a
powerful stand-alone instrument. The most important performance factors for
the core are:-

(i) Sum energy resolution
(ii) Multiplicity resolution
(iii) Response of individual elements (resolution, timing and scattering

factor)
(iv) Response to neutrons

Equally important design criteria are:-

(v) Free inner volume
(vi) Mechanical simplicity

For the suppressed array the most important performance factors are:-

(i) Multi-coincidence efficiency
(ii) Peak-to-total response
(iii) Resolution

It is very clear that optimum performance of the combined instrument requires
that both the core and the suppression elements be made of a scintillator
having the highest possible absorption of "y-radiation; only then is it
mechanically possible to place a large array of germanium detectors with
associated suppressors close enough to the target to obtain the high multi-
coincidence efficiency envisaged. At present, the only scintillator having
the desired properties is bismuth germanate (BGO). The attenuation
coefficients for BGO and Nal(TA) are shown in Fig. 3.1. (from ref. 1)

There are many design concepts which offer some optimization of the per-
formance factors mentioned above. Each has advantages and disadvantages, and
we feel that it is not possible to reconcile the conflicting requirements
without additional value judgements. Foremost amongst these considerations
is versatility. This leads us to believe that the BGO core of the 8TT
SPECTROMETER should have performance figures at least comparable to those
characterizing the instrument at ORNL^'. Such a device would then be
powerful enough in a stand alone capacity, to be of interest in a wide vari-
ety of programs suited to the future TASCC facility. This same desire for
versatility leads us to place a high value on free inner space, making it
possible to mount sophisticated apparatus and detector systems inside the
BGO core. We believe that the single most important design goal for the sup-
pressed array is a capability for doing triple y-y-f coincidence experi-
ments. In this respect it is not necessary to have such a high efficiency
that these will be routine experiments performed in a matter of hours, but
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rather that a definitive result can be expected within the time frame of a
typical nuclear structure experiment, namely 5-10 days. Such a performance
guarantees that the array will have a superb efficiency for Y~Y coincidences.

In summary, our design goals are:-

1) BGO core performance figures comparable to the instrument at ORNL.
2) Largest possible free inner volume.
3) Capability of doing triple Y coincidences in the suppressed array.

BGO Core

Crystal Outer Radius 18.6 cm
Free inner radius 11.0 cm
BGO elements 60 slightly irregular hexagonal prisms

12 regular pentagonal prisms
Viewing ports 20 [10 at ±79°, 10 at ±37°]
Viewing port Solid angle 0.25% of sphere [each]

Sum Y energy resolution (FWHM) 16% My = 25 Ey = 1 MeV.
Fold resolution (FWHM) 23% — .. —
Multiplicity resolution (FWHM) 28% — .. —

Suppressed Array

Suppressed elements 20
Germanium detector efficiency 25% of a standard NaI(T£)detector[each]
Crystal diameter 53 mm
Collimated solid angle 0.25% of sphere [each]
Target to front face of 22.3 cm

germanium detectors
Peak-to-total 0.70 [ Cs Y rays]

Table 3.1 Key design and performance factors in the 8* SPECTROMETER

As we show below, the design which can meet these goals and best suits
our requirements has a BGO core comprising a spherical shell of 60 hexagons
and 12 pentagons. A single PM tube views each element. The high purity Ge
array comprises 20 detectors suppressed by axially mounted BGO elements and a
Nal(Ti) entrance cap. Each detector views, the target through an appropriate
sized port in the shell. In this respect the instrument differs from that at
ORNL where elements of the shell must be removed in order that high resolu-
tion detectors may view the target*'. Illustrations of various aspects of
the design are shown in Figs. 3.2 - 3.5. A summary of key design and
performance factors is given in Table 3.1.

2. Si— Energy and Multiplicity Resolution

The mean energy of Y rays that accompanies HI reactions is about 1.3
MeV. At that energy, the linear attenuation coefficient in BGO is
" 0.35 cm" . (cf Fig. 3.1) To obtain a greater than 90% chance of detecting
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Fig. 3.2 General cut away illustration of the 8ff SPECTROMETER showing Che
BGO core or spherical shell, viewing ports and details of one
element in the suppressed array. Each element of the core is
viewed with a 2" photomultiplier tube; for clarity, only two are
shown. Viewing ports are situated at the apex of three hexagons,
and these apex regions are cut flat in order to bring the array
elements closer. These cuts appear as triangles in the figure.
The outer radius of the core is 18.6 cm measured to the flat
region at a viewing port. The shell is approximately 7 cm thick.
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Fig. 3.3 Illustration of a model showing 60 identical irregular hexagons
and 12 regular pentagons tiling a sphere. The 20 viewing ports
are situated at the junction of 3 hexagons, equidistant from the
3 nearest pentagons. The bean enters and exits through pentagon
tiles, for example the north and .south poles in this figure.
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into account.
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Viewing ports were taken into account.



- 86 -

a single Y-ray incident on the detector requires a shell thickness of at
least 6.5 cms for BGO. The same estimate for Nal(T£), u = 0.16 cm"1, gives a
shell of 14.5 cms. In fact to absorb most of the energy, the existing
4ir-NaI(T£) arrays at ORNL2) and Heidelberg3' have shell thickness 17.8 cm
and 20 cm respectively and from our design studies we conclude that a BGO
shell of 7.0 cm, which is roughly analogous to the ORNL device, is optimal.

Calculations have been performed with a Monte Carlo technique to obtain
the sum energy response, and typical results are shown in ^ig. 3.6. The
trend of these results (Fig. 3.7) can be understood from rather simple
considerations. The sum energy response for a long cascade of Y-radiation is
roughly gaussian, and the resolution is given in terms of the probability
that the instrument is triggered by a Y ray, $2, and reduction factor e by:-

2* 3 5

where M is the multiplicity^'. The reduction factor e takes into account
the fact that not all triggering Y rays deposit their full energy, so that eft
is the fraction of the energy of a single Y ray that is on average registered
by the instrument. The solid angle is about 90% of the sphere, with losses
made up as follows:- 20 viewing ports each subtending 0.25%, an element
removed to bring in the beam ==1.4%, and dead regions separating the elemp'.ts,
K 3 % of the sphere. For reasons which will become apparent, calculations have
been performed both with and without taking into account the viewing ports.

The factor £& can be obtained from the Monte Carlo calculations; for 1
MeV radiation it is typically 0.93 in a calculation without viewing ports and
0.88 with ports (cf Fig. 3.7). In a number of tests we have found that the
value for the instrument is quite close to that estimated from a Monte Carlo
calculation on a single element which, assumes that only radiation escaping
through the back face of the crystal remains undetected. Therefore with
equation 3.1 above, and a calculation for a single element, it is possible to
predict the sum energy response rather accurately.

The fold response, (i.e. number of detectors fired, K), fold resolution,
and multiplicity resolution were obtained from Monte Carlo calculations and
typical results are shown in Fig. 3.8 and 3.9. They depend primarily on ft,
the number of detectors N, and the probability f that a Y ray not absorbed by
a triggered detector triggers another detector. The factor ft for 1 MeV radi-
ation is 0.96 without taking into account viewing ports. In general, the
factor f is significantly better for BGO than for Nal. For example, our
design has f = 0.13 at 1 MeV incident, whereas the Nal(TA) ORNL instrument



has f = 0.30. The dependence of the multiplicity resolution on the number of
detectors, Y~ray multiplicity and on the factors f, and ft is shown in
Fig. 3.10. Once the number of detectors exceeds the multiplicity by about a
factor of two, the resolution gains from increasing the array size are insig-
nificant compared with the costs. The highest multiplicities of interest are
in the range 30-40, therefore the optimum size' of the array should be in the
range 60-80 detectors. Since the possibilities for tiling a sphere with a
few differently shaped polygons are quantized, this immediately fixes the
design to 72 elements, made up of 60 hexagons and 12 pentagons, (cf Habs et
al.**)

In practice we expect the energy and multiplicity resolutions will be
slightly better than those calculated with the viewing ports. This is
because the germanium elements cover all of the missing solid angle, and on
analysis of the data the energy deposited in these detectors can be added to
that deposited in the BGO core; similarly the fold K can be augmented.

We conclude that the sum energy, and multiplicity resolutions expected
will be very comparable to those obtained with the Nal(T#) instrument at
ORNL. If required, as few as 5% of the events following a HI reaction can be
selected by gating on the parameters H and K.

3. Response of Individual BGO Core Elements

The resolution and timing response of BGO scintillator is appreciably
poorer than those for Nal(T^). The intrinsic energy resolution has little
influence on the sum energy resolution of the instrument. Nevertheless, we
envisage experiments in which energy gating is applied on individual ele-
ments, or even experiments in which the end product will be a Y-spectrum
recorded in BGO scintillators. For these reasons we require the best pos-
sible intrinsic enerjjy resolution. At present we anticipate a resolution of
at worst 16% for Cs Y~rays; however it is quite likely that the final
number may be closer to 14%.

We have investigated the timine response of a 3" x 3" BGO scintillator
having ra17% energy resolution at Cs. For Na radiation and a threshold
set to 100 keV, we find a fwhm of typically 8 ns for constant fraction, and
13 ns for leading edge timing. This is adequate for almost all purposes
envisaged; it is insufficient only with respect to tagging isomers with life-
times less than about 15 ns. It is possible that development work may fur-
ther improve the timing characteristics. For example, time resolutions as
good as 1.5 ns have recently been reported for a 3" x 3" crystal with
relatively conventional equipment^'.

4. Response of BGO Scintillators to Neutrons

The responses of 3" x 3" Nal(T&) and BGO scintillators to neutrons have
been compared at Chalk River. These data show that for detectors of the same
size and shape, BGO is less sensitive to neutrons for energies below " 4 MeV
as shown in Fig. 3.11. At neutron energies above 4 MeV, BGO and Nal(TA) have
a similar response. Since a much smaller depth of BGO is required to obtain
a given Y ray absorption, we conclude that a spin spectrometer made from BGO
elements will be much less sensitive to neutrons that a Nal(T&) instrument
with the same Y sum energy and multiplicity resolution.
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Fig. 3.10 (a) Dependence of multiplicity resolution on the number of detec-
tors N, as a function of the probability of triggering on a single
photon ft, at a fixed scattering factor f = 0.14, and multiplicity
M = 30 (1 MeV radiation).
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(b) Dependence of multiplicity resolution on the average multipli-
city, M, as a function of il at a fixed f = 0.14 for 72 detectors
(1 MeV radiation).
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(c) Dependence of multiplicity resolution on fl, and scattering
factor f, at a fixed multiplicity M = 30 for 72 detectors (1 MeV
radiation).



Fig. 3.11 Trigger efficiency for neutrons incident on Nal(TÄ) and BGO
detectors on the same shape and size, (after A. Lone et al.,
private communication, 1983, submitted to Nucl. Inst. & Methods.



This conclusion has been verified by results from the BGO device TESSA 2
located at Daresbury. Without correcting for neutrons, they find a good
separation of reaction channels based on y sum-energy, whereas in similar
experiments on the Nal(T^) spin spectrometer at ORNL, the channel selection
was very poor until corrections for neutrons were applied, [cf L.L. Riedinger
and P. Nolan, McMaster Workshop, p.11 and p.109]

5. Free Inner Space

To accommodate apparatus inside the core, the free inner volume is as
large as possible compatible with other requirements, principally the volume
of BGO in the spectrometer, and the efficiency of the germanium array. The
basically spherical arrangement chosen here for packing the core elements has
a major advantage in that it maximizes the free inner space at a given outer
radius. The vacuum sphere enclosing the target can have a diameter of up to
22 cms in our design.

6. Multi-Coincidence Efficiency in the Suppressed Array: Choice of Radius
for the Array

The efficiency of an element in the suppressed array, e, is proportional
to 1/d , where d is the distance from the target i.e. the radius of the
array. In most experiments these elements are equivalent in the sense we
make no distinction as to which fire in a multi-coincidence event, therefore
combinatorial terms appear in the expression for the probability that an
array of N detectors will detect a p-fold coincidence in a cascade of M y
rays4):

S P PU }M-p (3.2)

where (M) = ,"' .. (3.3)
p p!(M-p)!

Very roughly, the probability goes as IT/d for double coincidences, and
N /d for triple coincidences. It is apparent that for detectors placed
around a sphere these efficiencies are maximized, and since the number that
can be accommodated for mechanical reasons is proportional to d , then the
efficiency for an optimally packed device is virtually independent of the
number of detectors for N >> p. The choice of array radius is dictated by
the effects of (i) true coincidence pile up on the photopeak efficiency and
(ii) Doppler broadening on the resolution. Once chosen, the radius parameter
sets the radius of the free inner space, since the 7 cm shell thickness of
the core is fixed; it also determines the number of elements needed in the
array to obtain optimal packing.

Doppler broadening effects on discrete lines are readily calculated, and
results for zero nuclear lifetime are shown in Fig. 3.12. For observation at
90°, which is the worst case, there is a rapid loss of resolution at dis-
tances closer than * 20 cm in a typical HI reaction. For nuclear lifetimes
comparable to the slowing down time, the broadening is appreciably more than
that shown, particularly for forward angles. However this can be overcome
experimentally by using a stack of thin targets ("lOO ligm/cm" ) separated by
" 1 mm. In this situation the broadening will be as in the zero lifetime
case shown.
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It is difficult to give a quantitative optimization of this critical
radius parameter. The Doppler broadening varies dramatically from case to
case, and its consequences depend entirely on the type of experiment being
performed. In our development of the design we proceeded on the basis of the
20 cm number, which appears reasonable from several points of view, (e.g.
true coincidence pile up will be less the 5%) and then evaluated the packing
of the array and the multicoincidence efficiencies that followed from it.
These results could then be compared with the design goals. We trace out the
same development below.

Optimal packing of the detectors and their suppressors allows up to 20
detectors in an array at 20 cm, and this number conveniently fits a symmetry
of the BGO core: the detectors can be placed at the vertices of the regular
dodecahedron underlying the polyhedron and lie equidistant to three adjacent
pentagons (cf Fig. 3.3).

7. Estimates of Data Accumulation Rates for an Array at 20 cm

In a typical experiment to study high spin states, we expect a produc-
tion rate of 100 Ks" at the target, each event having an average Yray mul-
tiplicity <M> = 20. This rate is set by the count rate capability of the
BGO core, as will be discussed later, and corresponds to a beam current of
typically 1 particle nanoampere. The solid angle for a single viewing port
in the BGO core is chosen to be 2.5 x 10" of the sphere corresponding to a 2
cm radius at 20 cm. The probability that a 1 MeV Y ray incident on a bare
germanium detector produces any pulse is B 0.75, therefore each array
detector has a total efficiency of 1.9 x 10" for producing a pulse. With 20
detectors in the array, the singles rates (before Compton suppression) will
be 3.8 Ks"1 in each counter, all Y~Y coincidences 13.6 Ks"1, and all Y-Y-Y
coincidences 2.9 Ks" . With Compton suppression it might be thought that
the data rates would be reduced by factors 3, 9, and 27 respectively; however
because of the correction factor in eq. 3.2 the Y~Y coincidence rate is
actually 2.4 Ks"1 and the Y~Y~Y rate 0.16 Ks"1.

8. Requirements for Multi-Coincidence Efficiency

To date, the best Y~Y coincidence runs have accumulated about 200 x 10
events without Compton suppression. These are not typical experiments, but
should be regarded as heroic; that is, taking a very major effort and about 7
days or more running time. According to Riedinger (McMaster Workshop, p.11),
this amount of data is proba'/ly close to the limits of effectiveness for
studying Y-Y coincidence relationships with bare detectors. With our conser-
vative assumption of 100 Ks" event rate at <M> = 20, and the efficiency
given above, the instrument will record the same number of photopeak-photo-
peak coincidences in about 2.5 hours of running, corresponding to about 20 x
10 events. The quality of the data will be much better because of Compton-
suppression. The statistical limits to the effectiveness of Compton suppres-
sed Y~Y spectroscopy can only be guessed at until a device such as the one
proposed is built, but we may suppose that it will be in the neighbourhood of
200 x 10 events. This number will be reached in about 1 day of running.
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We conclude that the array efficiency is more than adequate to meet our
design goals for simple Y"Y coincidence studies. It is comfortable for the
techniques described in section 2 of the Scientific Justification, for exam-
ple, for recoil distance measurements in y-y coincidence, where we envisage
running for a few hours per recoil flight distance setting, or for studies as
a function of entry region where we might select out only 5-10% of the data.

The requirements for triple coincidence experiments are obviously more
demanding and it is more difficult to predict what will constitute a viable
experiment. Assuming again an event rate of 100 Ks~ and <M> = 20, then the
triple Y-Y-y data accumulation rate will be about 17 M per day (we include
here quadruple coincidences, which although relatively weak, contribute 4
triple coincidences per event). In section 2.3 of the Scientific Justifica-
tion we described the processing of triple coincidence data. In general, one
gating condition would be applied as an OR over suitable discrete peaks in a
selected band, and the projected events placed in a single y-Y matrix. A
typical case might be the yrast transitions from 30 •* 28 down to 10 * 8. We
estimate that in about 15% of all triple events there will be a Y-ray energy
in at least one of the three participating detectors matching the gate condi-
tion. That is to say about 15% of the triple events would be projected into
the y-y matrix. This number could be as high as 20% in favourable cases but
might be only 5% in the case of a weak side band. To compare with the best
Y-Y experiments so far achieved, namely K 20 x 10 events, we should then
start with about 130 x 10 triple events. This would take 8 days of running
time with our conservative assumptions, and therefore we conclude that the
efficiency of the array will be sufficient for our purposes.

9. Number and Disposition of the Suppressed Array Elements

The effects of Doppler broadening and the necessity for free inner space
ultimately dictate the number of detectors in the suppressed array. As we
have seen, with optimal packing, the multi-coincidence efficiency is virtual-
ly independent of the number of elements. As shown in Fig. 3.12, angles
closest to the beam axis provide the highest resolution. In our design,
there are 10 elements situated at ±37°, and 10 elements at ±79°. In some
applications where it is essential to attain the highest possible resolution
it may be necessary to restrict the y-y coincidence data accumulation to the
37° detectors, using the 79° detectors only for the purpose of spin orienta-
tion measurement. This would cut the data rate by a factor of W4 in a y-y
experiment, which could perhaps be tolerated; the factor of K8 penalty in a
y-Y-Y experiment could certainly not be tolerated. Fortunately for HI beams
with A " 24, with which it is still possible to populate the highest spins,
the final resolution at the distance chosen including Doppler broadening
would be about 3 keV at 1 MeV, for both the 79° and 37° detectors, as shown
in Fig. 3.12. Further, in many applications, Doppler broadening does not
constitute a limitation. For example in Ey-Ey correlation maps, a
resolution of up to 8 keV is acceptable, and in the study of oblate nuclei,
the y-ray transitions have been observed to show no Doppler broadening even
at very high spin, (cf T.L. Khoo, McMaster Workshop, p.209)

It is clear from the above discussion that although it may be possible
to do effective y-y coincidence experiments with as few as 10 detectors, the
full complement of 20 detectors is needed to exploit the new possibilities of
y-y-y coincidences.
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10. Coapton Suppressor Design

The two basic arrangements for Compton suppression, usually designated
axial and transverse, are shown in Fig. 3.13. The axial design is open to
forward scattered (high energy) y rays and consequently has a poor
suppression factor to low energy pulses in the Ge detector ̂ Ey " 250 keV:
the transverse design is partly open to 90° scattering, resulting in a region
of poorer suppression around E-y " 400-600 keV in the Ge detctor for 1 MeV
incident energy.

We have considered a variety of BGO suppressor designs, and have
modelled their expected response with Monte Carlo simulations. We conclude
that with a conventional germanium snout, such as shown schematically in
Fig. 3.13, the transverse design provides far superior suppression. However,
it is technically possible to mount high purity germanium detectors in a
necked-down snout as depicted in Fig. 3.14, and in this design, it is rela-
tively simple to mount a BGO insert behind the germanium, outside the crystal
vacuum chamber. This feature makes the axial suppressor much more attrac-
tive, and our final design comprises the three subsystems shown in Fig.
3.14: a basic cylinder of BGO, BGO inserts behind the germanium detector
and a Nal(T&) entrance cap.

i) Hyperpure germanium detector.
This will be an n-type detector, which has minimal dead surface areas
and a hollow core in order to maximize the efficiency for Compton sup-
pression. Its efficiency for Co radiation will be 25% of that of a
3" x 3" Nal(T&) detector, each measured at 25 cm, and its resolution _<
2.0 keV for this radiation. The cryostat will be designed as shown
schematically in Fig. 3.14 with every attempt to minimize absorbing
materials in the direction of the BGO inserts. The dewar will be
capable of operating in any orientation and will hold liquid nitrogen
(LN) for a period of 24 hours. An automatic LN filling system will be
required.

ii) The basic BGO cylinder.
This will be fabricated out of several individual pieces of BGO. The
light output will be viewed with either 6 or 7 photomultiplier tubes
(PMT) (only 2 are shown in Fig. 3.14). The 17° taper near the germanium
detector serves the purpose of clearing the PMT's on the adjacent hexa-
gonal BGO elements of the core, cf Fig. 3.2 and 3.5. At the same time,
it will allow for optimal packing of several or all of the suppressors
in experiments using the array as a stand alone instrument.

iii) BGO inserts.
The insert comprises a split annular ring of BGO viewed by 4 PMT (only 2
are shown in Fig. 3.14). They will be located in a protective tube
extending from the bulkhead of the germanium detector housing.
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AXIAL

TRANSVERSE

TRANSVERSE

Fig. 3.13 Diagrams of axial and transverse Compton suppressors incident.
Generally speaking, the axial designs are mechanically simpler and
consequently cheaper to make. Furthermore, it is obviously much
simpler to pack axially suppressed detectors.



- 100 -

iv) Nal(T^) entrance cap.
The entrance cap is designed to provide extra suppression against Y rays
scattered back out of the germanium detector. Its use in experiments
will be optional according to the trade off between coincidence effi-
ciency versus Corapton suppression. It will be made of NaI(T&), since
little material is required to detect the very low energy backscattered
Y rays. Because the space is restricted, it may be more convenient to
view the light output from this crystal with photo diodes rather than PM
tubes. Good energy resolution is not required in this detector, it
merely has to provide a pulse whenever more than about 100 keV of energy
is deposited.

The simulated performance of the suppressor system is shown in Fig. 3.15
and Table 3.2. In these calculations, most of the dead material is taken
into account: for example the cryostat bulkhead behind the germanium crystal,
the cooling rod and the main aluminum mounting plate (shown in Fig. 3.14)
directly behind the germanium crystal. The effect of adding the BGO inserts
and the Nal(TA) entrance cap are eviient. Table 3.2 indicates where the
system failed to detect a Corapton event.

Table 3.2 Monte-Carlo Results for 10 Incident 1 MeV Y rays on the Proposed
Suppressor Systea

Bare Ge
detector

Photopeak 23 581
Tail 54 271

Photopeak/TOTAL 0.30[0.25]

Suppression Failure Z
Penetrated basic cylinder

.. —»- insert

.. Nal(TA)
Absorbed in cooling rod
and mounting plate
Exit through cryostat opening
Back scattered out
Below BGO threshold (100 keV)

Basic BGO
cylinder

23 581
13 360

0.64[0.50]

9.1

.

0.2
45.0
41.4
4.4

Basic + BGO
insert

23 581
8 700

0.73[0.57]

15.7
0.8

0.3
1.3
73.6
8.3

Basic + insert
+ Nal(TA) cap

23 581
4 075

0.85[0.66]

30.5
1.6

26.3

0.5
2.6
22.5
16.1
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10 cm

186 mm
TO TARGET

Fig. 3.14 Suppression design. The cryostat and high purity Ge detector
mountings allow for BGO inserts closely packed to detect Compton
scattered radiation in the forward direction. A NaI(T#) entrance
cap suppresses back scattered radiation.
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The photopeak/total ratios in parentheses are empirically corrected for "bad"
events in the germanium detector. These events are not due to Compton
escape, and can never be suppressed. The correction amounts to transferring
3290 events from the photopeak to the tail region, independently of the sup-
pressor configuration, and is chosen to make the photopeak/total ratio agree
with experiment for a bare detector.

11. Mechanical Design

An engineering study has shown that the 8TT SPECTROMETER can be supported
using a structure which is simple, light, relatively small, and very rigid.
The study is attached as Appendix 1. For ease of reference, the main design
characteristics are summarized here.

The structure consists of a spherical mounting frame which supports
twenty clusters of counters. The geometry of the frame closely reflects the
symmetry of the counting array. Each cluster of counters consists of the
three BGO hexagons grouped around any 120"-symmetry axis of the underlying
dodecahedron, and the Compton-suppressed spectrometer viewing the target
along this axis. There is no overlap between neighbouring clusters. Conse-
quently, ea-h cluster of counters can be mounted onto the basic frame
independent of all other clusters. The mounting mechanism is arranged such
as to allow a fine adjustment of the position of each cluster with six
degrees of freedom. The pentagon elements of the BGO array are mounted in a
similar arrangement and are independent of the clusters.

The spherical mounting frame in turn is supported at beam-line height
from a base by two carriages. In detail, the spherical mounting frame has an
inner diameter of about 510 mm, and an outer diameter of about 710 mm. The
structure is composed of thirty identical beam elements each having internal
and external radii of the same dimensions as the sphere, and having a length
equivalent to a subtended angle of about 76° at the centre of the sphere.
These beams are cut from aluminum plate about 10 mm thick and are bolted
together at each intersection point to build up the spherical form. Each
beam forms an arc of a great circle of the sphere and collectively they form
the skeleton of a sphere consisting of twenty equilateral spherical triangles
and twelve regular spherical pentagons. Each spherical triangle accepts a
cluster of counters, each spherical pentagon accepts one BGO pentagon
element.

To give access to the target chamber, the sphere will split into two
halves along a path which approximates a vertical plane through the particle
beam line but conforms to the centrelines of the curved beam elements. Some
of the 10 mm thick beams will therefore be split into two 5 mm beams. The
overall effect is that the sphere is separable, by horizontal motion, into
two halves which will mesh in a clamshell like manner.

The mounting structure has been designed to fulfill the following
stringent requirements. The support structure

1) supports and locates the crystals relative to the target to an accuracy
of 0.25 mm positional and 0.1° angular.
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2) prevents any crystal from encountering forces other than those resulting
from its own weight for all anticipated loading conditions.

3) permits easy access to the target chamber.

4) permits easy access to any item of the instrumentation array for removal
or service.

5) permits the independent removal of any pentagonal crystal and any
cluster of three hexagonal crystals while allowing the associated
germanium detector to be returned to the spectrometer for operation at a
reduced radius.

6) permits the independent removal of any cluster of counters.

7) permits the independent removal of any suppressed germanium spectrometer
while leaving the BGO core intact.

8) incorporates minimum mass.

9) electrically isolates each cluster element from all others.

It is remarkable that the entire structure can be built without
involving uncommon machining processes such as casting or extruding. The
design suggested here involves only flat feed stock and can be executed on
any milling machine.

12. ELECTRONICS
12.1 Relationship of the Electronics to the Intended Physics Program

In a HI reaction, a typical event involves a cascade of say 25 Y rays.
The basic information available per event from the BGO core then comprises:-

25 energies
25 times (with respect to some common time)
25 pulse widths (pile up status)
1 hit pattern

The suppressed array information, in coincidence with an event in the core
is typically:-

2 energies
2 times
1 hit pattern

where we have assumed that Compton rejection has already been applied in the
hardware. In addition there may be signals from auxiliary detectors amoun-
ting to " 10 data words. Experiments in which all the available information
is written on magnetic tape ("80 data words per event) can be envisaged;
however such operation implies a limited event rate to tape, and will result
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in labour and computer intensive analysis. It should not be used if the
necessary information from the spin spectrometer can be compressed. Our
philosophy is therefore to reduce the data going to magnetic tape whilst
abstracting where possible its essential features by i) selective hardware
triggers, ii) hardwired computations and iii) programmed instructions in a
fast li-processor. Thus the experimenters will decide how much information to
put on tape according to the requirements of particular experiments.

A reference design for the data acquisition system of the 8w SPECTRO-
METER has been developed as a result of meetings and consultations among the
following individuals: CRNL - G.C. Ball, R.L. Brown, E. Hagberg, D. Horn,
M.A. Lone, F.J. Sharp and D. Ward; Universite de Montreal - W. Benitah,
J.P. Martin and P. Taras; Queen's University - P. Skensved; Simon Fraser
University - 0. Hausser; and LeCroy Research, New York - P. Martin. A
schematic outline is given in Fig. 3.16 showing the proposed linkages among
the various subsystems: the detectors, front-end electronics, local compu-
ter, and main data acquisition computer. This design is not final; it
establishes feasibility with existing technology, and serves as a basis for
cost and manpower estimates.

Fig. 3.17 shows the proposed trigger logic for generating master gates
and fast clear pulses for aborting events. The master gates will depend on
hard wired limits on sum energy, BGO core multiplicity and array multiplici-
ty. Fast clear pulses will be triggered by the detection of pile-up in the
BGO elements among other things.

Fig. 3.18 shows the electronics for the BGO core. The analogue sum and
test for pile-up are shown at the top of the figure. The sum energy and sum
time are encoded for each event. In addition the energy, time and pile-up
status of each of the 72 detectors is separately encoded. The present design
uses special circuits "time to width" and "pile up to width" for the encoding
of time and pile up status. The principles of these circuits are shown in
Figs. 3.19 and 3.20.

The four charge sensitive ADC's (FERA's) measuring the pileup are read
out to produce a pileup pattern and multiplicity as shown in Fig. 3.21.
Pedestals are subtracted in the FERA's (?. Ms common penalty) such that only
pileup detectors have non-zero data. These non-zero data are sequentially
transmitted into the LRS 4301 fanout in a format shown at the bottom of Fig.
3.21. The circuit for the pileup latch register is shown in Fig. 3.22.

The BGO energy and time information can be read sequentially into the
CAB memory (LRS 4302) as shown in Fig. 3.23. Simultaneously all energies
within a prescribed window are added, and a latch register is set up.

The electronics for the array is more conventional as is seen in Fig.
3.24. The primary information from the spectroscopy grade ADC (LRS 3511) and
from the TDC (LRS 4208) goes onto magnetic tape unedited.

We emphasize that this is only one of many possible schemes. It is
included here (i) to demonstrate that everything we consider below can be
done in practice and (ii) to provide a basis for cost and manpower estimates.
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The most radical truncation of the BGO core data is to reduce it to
i) total energy (H) and ii) number of detectors firing(K) for each event.
Thus only 2 parameters additional to the suppressed array information would
be written on tape. In this example, the coincidence timing resolution and
number of detectors fired would be decided by hardware (a majority coinci-
dence module) and the sum energy could be simply the encoded analogue summa-
tion from all the BGO core elements. Such a scheme would be suitable for Y~Y
and y-y-y coincidence studies on selected entry regions, (Ex,l) = (H,K), as
described in the Scientific Justification, PART 2. The trigger logic would
select by hardware those events passing minimum values of H,K, and multipli-
city in the array.

Experiments involving isomers could be performed at several levels of
sophistication. For example, to study the discrete Y spectrum and its coin-
cidence relationships above an isomeric level, it might be sufficient to
select the isomer decay in the hardware trigger by the occurrence of a
suitably delayed event (with respect to the beam burst) in a preset multipli-
city range. For a shortlived isomer, say T < 150 ns, the analogue summation
of the BGO elements would include both the pre and post isomer radiation and
give H. In such a case, the total fold could also be obtained by hardware.
If the entry region dependence is to be examined for long lived isomers, it
will be necessary to write all the pulse height and time information onto
magnetic tape. On the other hand, if we require selection of isomers with
maximum sensitivity (on the basis of a multicoincidence of specific photon
energies as described in PART 2, sect. 2.7) without selection on the entry
region, then we could use a delayed hardware trigger but write on tape only
the pulse height information from delayed BGO elements.

The use of hardwired computation is nicely demonstrated by spin orienta-
tion measurements. In this technique we require the hit pattern of Y rays on
the spin spectrometer array, (cf J. Beene, McMaster Workshop Proceedings).
The accuracy with which the spin direction can be determined improves as the
proportion of stretched E2 transitions in the event increases, as shown in
Fig. 2.12; it can be sharpened up further by restricting the hit pattern to
those detectors satisfying an energy window condition. It has been amply
demonstrated that in HI reactions, Y radiation in the interval 0.6 < Ey <
1.4 MeV is predominantly stretched E2, and by demanding a lower limit on the
number of such transitions before committing the event to tape, we can
increase the efficiency and effectiveness of the experiment. This can be
done by examining individual B0r pulse height encodings in fast digital
electronics. As shown schemati y in Fig. 3.23, each encoding is compared
with a programmed digital window, and only a bit pattern of hit detectors
passing the window condition is transmitted to magnetic tape.

There are many examples where the ability to examine and perform arith-
metic functions on the individual BGO encodings, before going to tape, will
be of enormous value. A further example is provided by heavy ion capture
reactions. In this case, the cross sections are small (cf part 2, sect. 3.2)
and the background high. The data transferred to tape can be enriched by
demanding that the BGO element(s) should have encoded pulse heights consis-
tent with known coincident transitions at the bottom of the level scheme.
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E x p e r i w e n t

BGO Core
Data stored

Bytes K events K bytes Lialt on K events
per event s s s

to tape to tape

Suppressed Array

BGO Core H,K 2.4 19 BGO Core

analogue components

H,K

hit pattern

pile up pattern

26 2.4 62

H,K

hit pattern

pile up pattern

individual E,t

82 2.4 200

Y Suppressed Array

BGO Core H,K 20 100 BGO Core

analogue components

H,K

hit pattern

pile up pattern

selected Ey-

window pattern

32 9.5 300 Tape speed

H,K

hit pattern

pile up pattern

Individual E,t

80 3.75 300 Tape Speed

Table 3.3 Parameters describing data acquisition rates

The limit for the BGO Core analogue components is assumed to be a condition of 100 Ks events of <M> = 20

with a background of 100 Ks" events of <M> = 1, corresponding to an OR rate of 200 Ks"1.
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12.2 Data Acquisition Rates

In a typical HI reaction we expect to run at an event rate of around
100 ks~ with an average multiplicity, <M> = 20. Since there may be back-
ground radiation of relatively low multiplicity, such as Coulomb excitation
and 6-decay, we conservatively estimate that the OR rate of BGO elements in
the core will be 200 ks~ , and individual elements would run at about
30 ks~ . The amplified pulses from the BGO elements will be passively shaped
to a FWHM of 150 - 200 ns anticipating an integrating gate width on the
charge sensitive ADC's of typically 300 - 400 ns. Under these conditions, we
do not expect severe pile up problems. However, since in many experiments
the most interesting events will be those of a very high total energy i.e. on
the tail of the distribution, we feel that pile up detection is worthwhile.
This could be done in a variety of ways. One technique based on sampling
pulse widths has been described in the previous subsection. Fast digital
processing decides which pulse widths exceed normal programmed values, and a
hit pattern of piled up detectors is written on magnetic tape.

The electronics for the suppressed array are shown in Fig. 3.24. For an
event rate of 100 ks~ at <M> = 20, a single germanium detector will run at
about 4 ks~ before suppression; therefore pile up inspection is probably
unnecessary. After suppression the singles rates will be cut by " factor 3.
The rate at which Y~Y coincidence data is accumulated is about 13.6 ks"1

before suppression and M 2.4 ks~ after suppression. The veto from the
shield is applied before the pulses are encoded (cf Fig. 3.24) thus minimi-
zing the rates handled by the digital electronics. The highest data acquisi-
tion rates are anticipated to occur in experiments involving singles events
in the suppressed array, in which case the OR of all elements is about
20 ks~ after suppression. An example is a spin orientation experiment.

We now examine the rate handling capability of the system. The limiting
acquisition rate is set by the speed of writing 6250 bpi tape, and corres-
ponds to about 300 k bytes s~ . The limiting event rate at the target is set
by the BGO core analogue elements to 100 ks~ . Two typical experiments are
shown in Table 3.3. • In a spin orientation experiment with singles events in
the suppressed array, fast selection of the E-y window pattern saves about a
factor of 3 in the data transmitted to tape (cf Table 3.3) and since the
limit is set by tape speed, this improves the acquisition rate by a factor of
3. However, if we wish to reduce the acquisition rate to match the tape
speed (9.5 k events s~ ) by pre-selecting events with a higher than average
proportion of stretched E2 transitions, rather than simply reducing the beam
current, then the fast digital electronics is confronted with a rate of 20
ks~ events to be processed. This should be within the capabilities of the
designs shown in Fig. 3.23. The key factors are (i) the FERA 4300 ADC's
which for a typical event of 25 hits will encode, pedestal subtract and pass
results to the GAB memory in about 7 Ms, and (ii) the hard wired computation
which should allow the window selected hit pattern to be set up in under 10
Ms, and is performed in parallel with the transfer operation.
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1. BACKGROUND

The 8TT spectrometer is a compound instrument which is to be used for gamma
ray spectroscopy work at the new TASCC accelerator facility. High energy
particle beams bombard a small target located at the centre of the spectro-
meter. The spectrometer is designed to envelop, as totally as is practic-
able, a spherical target chamber.

A spherical array of bismuth germanate crystals forms an almost complete
envelope for the target chamber. Sixty crystals, each having the form of a
frustum of an irregular hexagonal pyramid, form the bulk of the sphere.
Their projected apexes coincide with the centre of the sphere. These
crystals are grouped in axisymmetrical clusters of three, and the clusters
are linked by ten individual crystals of similar pyramidal form each having
the base of a regular pentagon. Two pentagonal holes are thus left in the
envelope. They are diametrically opposed and provide for the entrance and
exit of the particle beam.

Each crystal carries a photomultiplier tube which emanates from its outer
surface approximately radially with respect to the sphere.

A relatively small hexagonal hole exists through each three crystal cluster
on the axis of symmetry and provides direct access to the target for a hybrid
detector consisting of a liquid nitrogen cooled germanium crystal enveloped
by a bismuth germanate Compton suppressor.

There are twenty germanium detectors, coinciding with the twenty groups of
three hexagonal bismuth germanate crystals. Each germanium crystal and
Compton suppressor assembly carries photomultiplier tubes and a cryostat to
provide liquid nitrogen cooling for the germanium crystal. Each of these
sub-assemblies is symmetrical about an axis which emanates radially from the
centre of the sphere and passes through the centre of the three crystal
cluster.

The spherical array of crystals has an inside diameter of about 250 mm and an
outside diameter of about 380 mm.

Overall the spectrometer consists of a ball of instrumentation having a
diameter, measured over the cryostats, of about 1.5 m, and is estimated to
weigh about ""00 kg.

2. STRUCTURAL AND MECHANICAL DESIGN REQUIREMENTS

A support structure is required which will hold the crystals and their
associated instruments in the described relationship to each other and to the
target chamber.

It is necessary to gain access to the target chamber on a regular basis to
change the target. It is also necesary on an irregular basis to gain access
to the crystals and the other items of instrumentation hardware to make
substitutions and to carry out repairs.
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The mechanism and support structure must:

a) support and locate the crystals relative to the target to an accuracy
of 0.25 mm positional and 0.1° angular.

b) prevent any crystal from encountering forces other than those result-
ing from its own weight for all anticipated loading conditions.

c) permit easy access to the target chamber.

d) permit easy access to any item of the instrumentation array for
removal or service.

e) permit the independent removal of any pentagonal crystal and any
cluster of three hexagonal crystals while allowing the associated
germanium detector to be returned to the spectrometer for operation at
a reduced radius.

f) permit the independent removal of any germanium detector/Compton
suppressor/cryostat sub-assembly while leaving the bismuth germanate
cluster in operation.

g) incorporate minimum mass.

h) support the instrument array so that the centreline of the sphere is
1.75 m above a concrete floor level.

i) electrically isolate each pentagonal crystal or hexagonal crystal
cluster instrument sub-assembly from the support structure and from
other sub-assemblies.

3. PROPOSED STRUCTURE AND MECHANISM

3.1 Introduction

A structure and mechanism is proposed which consists of the following sub-
assemblies, ref. Figure 1.

- a spherical mounting frame
- twenty cluster sub-frames
- two instrument support brackets
- two carriages
- a base frame

3.2 Spherical Mounting Frame

The spherical mounting frame has an inner diameter of about 510 mm, and an
outer diameter of about 710 mm.

In essence, the structure is composed of thirty identical beam elements each
having internal and external radii of the same dimensions as the sphere, and
having a length equivalent to a subtended angle of about 76s at the centre of
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the sphere. These beams are cut from aluminum plate about 10 ran thick and
are bolted together at each intersection point to build up the spherical
form. Each beam forms an arc of a great circle of the sphere and
collectively they form the skeleton of a sphere consisting of twenty
equilateral spherical triangles and twelve regular spherical pentagons, see
Fig. 2.

Each spherical triangle is positioned to embrace a cluster sub-assembly
consisting of three hexagon bismuth germanate crystals, a germanium detector,
a Compton suppressor, a cryostat and the associated photomultiplier tubes.

Ten spherical pentagons embrace individual pentagonal crystals of bismuth
germanate and their photomultiplier tubes. The two remaining spherical
pentagons, which are diametrically opposed, provide access for the particle
beam line.

To give access to the target chamber, the sphere will split into two halves
along a path which approximates a vertical plane through the particle beam
line but conforms to the centrelines of the curved beam elements. Some of
tae 10 mm thick beams will therefore be split into two 5 mm beams. The
overall effect is that the sphere is separable, by horizontal motion, into
two halves which will mesh in a clamshell-like manner.

Machined stainless steel clamping blocks bolted into each corner of each
spherical triangle serve the dual purpose of connecting the curved beam
elements to build up the spherical structure, and providing mounting pads for
the instrument clusters.

Each spherical pentagon is provided with an insert which serves as a mounting
frame for the pentagonal crystals.

3.3 Cluster Sub-Frame

Twenty instrument cluster sub-assemblies consisting of three hexagonal,
bismuth germanate crystals, and one germanium crystal with Compton suppressor
and cryostat will each be supported on individual sub-frames which will allow
the assemblies to be adjusted or removed as single units (see Figs. 2, 3 and
4).

Each sub-frame will be constructed of aluminum and consist of two basic
elements, a tube of about 152 mm inside diameter and about 159 mm outside
diameter and a flange about 19 mm thick having the form of an equilateral
triangle of side, about 292 mm. The tube is about 305 mm long and the flange
which is bored out to receive the tube is welded square to the tube about 75
mm from the "inboard" end of the tube. Six small lugs of about 6 mm outstand
will be provided at the inboard end of the tube. These lugs will incorporate
screw holes for connection to the hexagonal crystal cluster backing plate.
The germanium crystal with its Compton suppressor and cryostat will slide
into the tube from the outboard end until the Corapton suppressor butts
against the bismuth germanate crystals' backing plate. Radial screws through
the tube wall into the Compton suppressor backing plate will hold the
assembly in this position. An adaptor ring to suit the outside diameter of
the cryostat and the inside diameter of the tube will provide support and
location for the cryostat at the extreme outboard rim of the tube. Large



1-4

cutouts in the outboard section of the tube will provide access to the photo-
multiplier tubes for electrical wires and will reduce the mass of the frame.
Cutouts in the wall of the tube and in the flange near the corners of the
triangle permit the insertion of the three photomultiplier tubes associated
with the three hexagonal crystals. Additional cutouts in the tube inboard of
the flange provide clearance for adjacent frames and instrument clusters.
Two 13 mm holes in each corner of the flange are provided for connecting the
sub-frame to the clamping blocks in the corners of the triangle of the spher-
ical mounting frame in the manner of section 3.8.

3.4 Pentagonal Crystal Adaptor

The pentagonal bismuth germanate crystals will be mounted individually. A
simple mounting adaptor will connect to the crystal backing plate and to the
pentagonal insert frame of the instrument assembly mounting frame.

3.5 Support Brackets

Each half of the spherical mounting frame will be supported by the three legs
of a tripod. These legs will be of tubular aluminum construction and will
emanate from the corners of a conveniently located triangle of the spherical
mounting frame. Adaptors at the upper extremity of these legs will provide
means for connecting to the spherical mounting frame and flanges at the lower
extremities will provide for bolted connections to a sub-base. The sub-base
will be a flat, horizontal structure fabricated from extruded aluminum
sections.

The combined sub-structures each consisting of half of a spherical mounting
frame, a tripod, and a sub-base will be designed to form a rigid structure.
This, in turn, will be mounted on a carriage assembly. The interface between
the carriage assembly and the instrument support structure will, by a system
of shims and jackscrews provide limited adjustment with six degrees of
freedom.

3.6 Carriages

The two carriage assemblies provide horizontal travelling capability to each
of the support structures. The carriage assemblies are flat structures
fabricated from extruded aluminum sections. The upper surface is provided
with machined pads, bolt holes and jackscrew positions to mate with the
support structures and the lower surface is provided with machined pads and
bolt holes to receive the linear bearings and the roller assemblies of the
translating system. Both carriages ride on a roundway and a flat bar track
combination mounted on the main base frame. Motion of the two carriages is
affected by handwheel through a rack and pinion. A locking system is
included to fix the carriages in any desired position and positive stops
mounted on the base frame prevent the instrument assemblies from colliding
with the target chamber and fix the outer limits of travel.

3. 7 Base Frame

The base frame will be fabricated from extruded aluminum sections. It will
be a single weldment cross braced to form a rigid structure. Pads on the
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upper surface will be machined to receive the roundway, the flat bar track,
and the rack. Each supporting leg will terminate in a base plate suitable
for an anchor bolt and grouting to a concrete floor approximately 1.75 m
below the beam line.

3.8 Adjusting System

The general adjusting system between the instrument supporting brackets and
the carriage assemblies, provide for the precise positioning of the two
halves of the spherical mounting frame with respect to each other, and to the
target chamber. In addition limited adjustment, with six degrees of freedom,
will be provided for each instrument cluster sub-assembly and for each penta-
gonal crystal. This will allow the effects of deflections and accumulated
tolerances to be compensated during assembly, and ensure good meshing of the
components of the crystal sphere.

At each corner of the flange on each instrument cluster sub-frane, a clamping
and adjusting system as shown in Figure 5 will be provided. The left hand
screw provides the clamping force and the right hand screw provides a loca-
tion "memory" to enable the assembly to be removed and returned to the same
position.

To adjust the flange in the horizontal plane (in the figure), both screws are
slackened and the flange is moved by inserting a screwdriver between the
flange and the frame to use it as a lever to push the frame to the desired
position. To change the elevation, the left hand screw must be removed so
that a screwdriver can be inserted to turn the hollow setscrew and jack the
two plates apart. The clamping screw is then returned to position and
tightened locking the adjusting screw in the process. Similarly the right
hand screw is tightened to effectively "record" the position. Three such
assemblies control the position of one instrument cluster. "In-phase"
adjustments at all three clamping sites provide x, y and z adjustments while
"out-of-phase" adjustments will provide a, g and y adjustments.

Binding of the right hand bushing for small angles of tilt is prevented by
the adoption of the "barrel" shape and inadvertent movement of the hollow
screw during disassembly will be prevented by the use of a low strength
thread locking adhesive.

The pentagonal crystals will be held by a combination of three clamping
screws and two locating screws in a similar manner.

These adjusting capabilities are regarded as a backup system and are not
intended as a substitute for accuracy in the manufacturing of the structure.
During assembly, the "zero" position will be found by withdrawing all hollow
screws into their flanges and by substituting a screw and bushing combination
having minimal diametral clearance between them for the locating screw.

3.9 Electrical Isolation

To provide electrical isolation for the instrument clusters, it is proposed
to coat the sub-frames with a thin layer of epoxy. This will be supplemented
by insulating washers where high clamping forces are anticipated.
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3.10 Supplementary Cluster Sub-frame

To move the germanium detectors with their associated Compton suppressors and
cryostats in to a reduced radius with respect to the target, the cluster of
bismuth germanate crystals could be removed and the remaining instruments
slid aiy'g their guide tube to a new set of fixing screw holes at a reduced
radius. This would however destroy the precision of the original setup and
make re-alignment necessary the next time the complete instrument cluster was
returned to service.

As an alternative, it is proposed that a number of supplementary cluster
sub-frames be produced for this specific purpose. These would be a simpler
version of those described in section 3.3 and would not require the original
setup to be disturbed.

3.11 General

The structure will be constructed as a support for a precision instrument.
In the vicinity of the instruments, the structure will be designed to
incorporate minimum mass without compromising the simplicity of the design.

3.12 Service Tool

Each instrument cluster is expected to weigh about 32 kg and incorporates
several expensive and delicate components. To aid in the insertion and
removal of the instrument clusters, a service tool is proposed.

This tool would consist of a triangular section lattice structure which would
in operation bolt to the spherical mounting frame at the outer corners of a
triangle at the chosen site. Its axis would coincide with that on the
instrument cluster. A mechanism would be incorporated which, when operated
by the rotation of a lead screw, would cause a clamp to advance out of the
structure to be connected to the cluster sub-frame. This would support ""he
instrument cluster while its mounting bolts were removed. The screw would
then be activated in reverse, by hand for precise control, then by electric
drill for a fast traverse, until the assembly had been drawn into the
structure which would then serve as a protective cage while the assembly was
transported to a work bench for service.

3.13 Alternative Design

An alternative design was considered for the instrument mounting frame. This
design is shown in Figs. 6, 7 and 8. The inner frame is formed of curved
beam elements similar to those described in section 3.2 but they are of
smaller section. The stiffness of the frame comes from the structural
interaction of the inner frame and the outer "geodesic" frame. In the
figures, the beam axis is seen end on in Fig. 6 and is represented by the
protruding tubes in Figs. 7 and 8. The joint line for the outer struct-re is
represented by the flat bar tack welded to the structure.

The design promises a high stiffness to mass ratio and has the advantage over
3.2 of placing minimal mass in the proximity of the sensitive instruments.
It is however a more complicated structure and for this reason the design is
currently least favoured.
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4 . DEVELOPMENT

4.1 Deflection Analysis

The instrument assembly is relatively intolerant of deflections on the part
of the supporting structure. Early in the design phase it is proposed that a
full size but simplified model be made of the spherical, instrument support
frame and that this structure be subjected to load/deflection analysis in the
lab. The results would be used in a model analysis technique to refine the
design for the final structure. For a structure of small size but of
geometric complexity, this method is regarded as a faster and more economical
route to the desired end than a purely theoretical analysis-

4.2 Instrument Cluster and Sub-Frame Assembly

To simplify the operation of mounting the complete instrument array on the
mounting frame, it is desirable that all 20 instrument clusters be as identi-
cal as is practicable in certain aspects of their geometry. A jig is
proposed to assist in the assembly of the instrument clusters and their
sub-frames- This jig would serve as an assembly guide and as a quality
control station where errors would be detected and rectified.

4.3 Trial Loading and Assembly

In view of the fragile nature and the high replacement cost of the component
instruments of the 8TT spectrometer, it is proposed that a full set of dummy
instrumentation be made. Each item would have the same external geometry,
the same weight, and the same weight distribution characteristics as the
instrument it represented.

The dummy instruments would be assembled with their sub-frames to form
clusters using the jig described in 4.2. They would then be transferred to
the spherical, instrument assembly mounting frame (3.2) and connected.

Adjustment would be made to the frames, if necessary, using the system
described in 3.8. The support flanges of the hexagonal and pentagonal
crystals will project about 0.1 mm beyond the outer surface of the crystals
and this will protect the crystals from contact and potentially damaging
loads in this region. To prevent contact between crystals at the inner
surface of the sphere, constant manual verification of the existence of
clearance between adjacent crystals will be required during assembly. This
will be done by working on each half of the assembly separately and checking
the spaces between crystals by feeler gauges.

A pair of meshing cylindrical templates will be manufactured and used on each
half during assembly to ensure that the two halves of the crystal sphere
meshed correctly when brought together.

The objective of the adjustment will be to reduce the space between any
adjacent crystals to about 0.1 to 0.4 mm.
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Limited access to the interior of the assembled sphere through the beam line
holes will permit a visual or feeler gauge check on the correct meshing of
the halves. Further verification may be obtained by the use of a suitable
impressionable substance applied between the mating halves.

Any unforseen deflection problems should reveal themselves at this time and
the appropriate action taken.

The service tool 3.12 will be tested at this stage and modified if neces-
sary.

5. COMMISSIONING

The structure with the dummy instruments attached will be separated above the
carriages into three pieces for relocation from the assembly and test site to
the working site.

Floor preparation at the working site will require that six anchor bolts be
provided. The base of the structure will require levelling and setting at
the correct height. Floor irregularities could be compensated by grout or
shims.

When re-assembled, the clearances between dummy crystals will require verifi-
cation and some overall adjustment at the carriage level will probably be
necessary to suit the target chamber and beam line.

Following an acceptable demonstration of the structure and mechanism in this
state, the dummy instruments would be sequentially replaced by real instru-
ments. Each cluster being jig assembled and inserted using the service
tool.

6. SCOPE OF WORK

The following involvement by MED branch is proposed:

- to design and develop the proposed concept to produce a functioning
structure and operating mechanism for the 8TT spectrometer.

This will involve:

- refinement of the design concept
- detailed design including any theoretical or model analysis found neces-

sary
- production of manufacturing drawings
- component manufacture
- assembly and testing of the complete structure in the Special Projects
Division Lab

- disassembly for transportation to the Nuclear Physics Division Lab
- technical assistance and advice during transportation, installation and
commissioning

- project management.
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7. TIME SCALE

A time scale of approximately 1 year is envisaged for the completion of this
project. This would be divided about equally between the four stages of;
design, manufacturing, development and commissioning.
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Figure 2

SPHERICAL MOUNTING FRAME AND INSTRUMENT CLUSTER MODELS
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Figure 4
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Figure 6

ALTERNATIVE MOUNTING FRAiME MODEL



Figure 7

ALTERNATIVE MOUNTING FRAME MODEL. END ELEVATION



Figure 8

ALTERNATIVE MOUNTING FRAME MODEL. PLAN



ISSN 0067 0367

To identify individual documents in the series
we have assigned an AECL- number to each.

Please refer to the AECL- number when re-
questing additional copies of this document

from

ISSN 0067-0367

Pour identifier les rapports individuels faisant
partiedecetteserie nousavonsassigne
un numero AECL- achacun.

Veuillezfairementiondu numeroAECL si
vous demandez d'autres exemplaires de ce
rapport

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada
K0JU0

Service de Distribution des Documents Office
L'EnergieAtomiquedu Canada Limitee

Chalk River, Ontario, Canada
KOJ1J0

Price $7.00 per copy Prix $7.00 par exemplaire

(©ATOMIC ENERGY OF CANADA LIMITED, 1984

2034-84


