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I. Introduction

Nuclear physics is a maturing science. Fifty years ago, with the
discovery of the neutron, it was the forefront of our study of the ultimate
constituents of matter and the arena in which two of the four known
fundamental interactions were first encountered. It is still connected to
this forefront; new forms of matter are sought at extremely high nuclear
temperaturés and densities, and attempts are being made to calculate nuclear
properties from quantum chromodynamics, but such study has mainly separated
off into elementary-particle physics. On the other hand, the nucleus is
gradually being recognized as one of nature's most interesting quantal
few-body systems. It concentrates into a single system many'types of
behavior, almost all of which are found individually in other systems. What
is perhaps more interesting is that these typés of behavior interact with one
another in nuclei. A basic quantitative description of such intgrrelated
phenomena is now developing. The main thrust of nuclear physics has thus
become understanding in some detai1 this quantal few-body system and how it is

related to other such systems.
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There are maﬁy approaches to the study of nuclear physicé. The classica)
method of Rutherford? is still one,of}the most important: shoot a projectile
at the nucleus and sée what happens. Rutherford:éna1yzed'the probébi1ity of
Scattering,natura11y occufring a-particles throggh various angles and deduced
that the atom's positively charged huc1eqs was very small--~10,000 tjmes -
Sﬁa11er than the atom itsle.' Since that time nearly every conceivable
projectiievhag beéh1Used: nedfr%hos, bhotons, electrons, mesons, nucleons, and
nuc]ei*themSe]yes;‘ranging4611 the way from mass 2 (deuterium)ito.238 |
»(qranium). ‘Dépending on the projecti1¢'and;bombardjng energy, the‘r?sq\t can
»bevayvery délfcatevtransfer of a‘photon or nuc]eon; thevcomplete‘fusiqn'of

ta;get.;ndjprojectiTe, Qr,.at.extremer‘high'energjes, an inifia1.compre$sién
5éﬁd heating: of the'target—prdjécfi]évsystem fbi}owed(by some kind of
_ expigsjéﬁ; Thekana]ysjs of “"what qupens" has prpgqggd_mucﬁ pf_ourbknOW1edge
of_hdc)ear struéture._ Anofher app%oéch that staftédvrather difféféntly is the
studyyof:the'de—excitation o? nuclei exéiféd by.oné:deans or another,
origiha]ly;by natufa] radioa;tjve decay. GeneréT1y, these nuclei decay from
state to state by emitting photons until thé groqnd state is Eeached—-mu;h .
like atomic de-excitatibn—-thbugh this depends on‘the excitation energy and,f
vto'SO@e ektent,'the nuc1eus,‘és Qe éhal} see. The result of such studies is.a ~
 mapping,ofvthe Towest energy levels of a_nuéleus,'which is also a major source
”of-information about nuc]ear.structure,: Today,'these methods;are”no_)onger
diStinc;; The high-spin studies, for examp1e;vgenera11y use a Jowféngrgy
fusion reaction to bring large amounts of angular‘momentum into the fused
system and then study the y-ray decay of this system, which is usually .

completed in a nanosecond or so.
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The information about nuclear structure that has been so far acquired is
extensive and varied. Organizing it is inevitably somewhat subjective, but
almost any scheme would have major divisions of "single-particle behavior" and
"collective behavior", because the nucleus really is a "few-body" system
(rather than a many-body system) and behaves accordingly. On the one hand,
many nuclear properties can be determined largely by the motion of a single
nucleon, and a shell model works well; the nucleons are assumed to move
independently in their average potential, in close analogy to the atomic shell
model. On the other hand, the nucleons, especially in heavier nuclei, often
behave collectively, and there are close analogies to solid-state systems and
to familiar macroscopic systems. This behavioral dichotomy is one of the
fascinating aspects of nuclear structure and is the central theme of the
high-spin studies we are interested in. Before embarking on a description of .
these studies, we will very briefly characterize these two aspects of nuclear
behavior.

The independent-particle description of nuclei has a long history. The

2

discovery of the neutron® in 1931 immediately triggered the nuclear shell:

model, which had previously been tried unsuccessfully with protons, electrons,

3 and some

and a-particles as constituents. It was proposed by Heisenberg
others who had just understood the structure of the atom, and, indeed, the
similarities of these two systems are striking. The difference amounts mainly
to replacing the 1ong;range Coulomb pofential of the atom with a short-range
one more appropriate for the nucleus. There were initially serious doubts

about an independent-particle model for nuclei, and it was quite some time

before it was fully appreciated that the reason such a model works is that the
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Pau]i'principle greatly restricts the possible scatterings, thgreby increaé%ng
the mean free path.f The_next crucial 1dea'was the }arge spin-orbit o
interaction_(Q;s) in nuclei, which was pfoposed in 1949 by Mayer4 and by

Haxel, Jensen, and Seuss>

and solved the problem thatvthe early shell model
had above massv20. Because of the fesylting 1arge spin-orbit sp]ifting, the
higheét-j orbitals drop down into the next ]oyer shell and ére called : | .
"intrudgfs". They have different parity from theirilgwer—she]] neighboré, and
thys théy remain rather pure shell-model states and are easy to identify.
.Thése:are the most important ofbita]s'forhbui]ding hiéh“angu1ér-momentum
states. The (spherically'symmefric) shell model implies that the nuclear
1e§é15‘are[ﬁbunched"vinto groups constituting\the she11s. A fiﬁ]ed,sheil has
extra stébi]ity, so that near c]oséd shells nuc]ei tend to be sphehita], or
near]y 50;?'0n thé othéréhand,'between c]osed_éhe1ls; spherical shapes are
disfévofeda. The nucileus then explores thé shape degree of freedom in order to
find év1OQéf energy. Closed shélls‘can also occur for nonsbhefical‘shapes

with high symmetry, resu]ting in extraistabi]ity for ;uch shapeé at these
particular nucleon numbers. Such seemingly random variations in nuclear
properties (like the shape) due to:;he detailed shell structure,are called
fshe]] effects"”.

One of the earliestvcoljectiQe phenomena observed in nuclei is fission, -
an evolution of nﬁclear shapes resultihg'in,a divisioh intﬁ twa (or |
occasionally three) fragments. This process was discovered in 1939,6’7 with : W
profound consequences. Not long thereafter (1947) the first of the normal
vibrational modes of the nucleus was djscovereds-fthe so-called giant dipole

resonance. This is an oscillation of neutrons against protons ("isovector"),
gainst :
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and only recently has it been joined by some "isoscalar" giant
resonances--oscillations of the nuclear shape (protons and neutrons in

phase). Yet a third collective effect, rotation, turns out to be most
important for the present discussion. Not all nuclei can rotate, as we will
see, but some of those that do have beautiful rotational level structures,
similar to (though less perfect than) those of molecules. All three of thesé
collective effects are very well described by the liquid-drop model introduced

by Bohr and Ka]ckar9

in 1937. This model considers the nucleus as a charged
liquid drop, with volume, surface, Coulomb, and (later) rotational energies.
Combined with "shell corrections", it gives the best existing estimates of the
bulk nuclear properties. There is, howevér, at least one quantal collective
effect in nuclei that is not described by the liquid-drop model, the pairing
correlations. They are quite analogous to those in a superconductor or
superfluid, and represent a coherent scattering of nuc]eon‘pairs among the
levels near the Fermi éurface; They play a role in high-spin studies, as we

shall see. However, among these collective effects it is rotation that

dominates the high-spin phenomena.
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"II. Making and Braking Large Angular Velocities

The amount-of angular momentum a nucleus can hold is limited. The usual
11mftationfhas to do with fission,“and it is easy to understand that the -
centrifugal force associated with rotation will tend to encoﬁrage this
process.  Without any barrier, fission is rapid-—occurring iﬁ around 10“20:
seconds.  Thus to "exist" (i.e., 1ongér than ~}O'20 seconds) ‘the nucleus
must have é”béirier agéfﬁst fission. Such barriers can be estimated using the

10

14 quid—drop mode1l, and the angular moménta at which they just vanish are

shown in Fig. 1 by curve,éiI as a function of huélear mass-{along the valley

"of beta stability). The maximum is about 100 £ for A ~ 130. The curve falls

. off Shafbly'at higher mass bécause of. the incréaéed Coulomb repulsion due to
the additional protohs. (Nuclei in tﬁe actinide region have measurable
'spontaneouS‘?iSsibﬁ'li?étimes even at spin zero{) It falls off at IOWék mass

" because the nuclear moment of inertia (propbrtionaﬂlto7ﬂsl3)

becomes

sméTier, so that for a given spin the rotatibna] frequency is IAfgéf; thereby
increasing thé centrifugal fofce- If cold nuclei could be producéd

. Cdrresponding to the.éurve QII’ spectroétopic stUGTES might be possible up

to this Jimit.of angular momentum. But the heavy-ion fusion reactions that

bring in this much anguiar momentum to the compound nucleus also bring in

. several tens of MeV of excitation energy, greatly increasing the fission

probability. To prévent fission, another proéess must successfully compete to

de-excife the nucleus, and at such excitation energies this can only be
particle evaporation. The time scale for this particle evaporation is
}0”17710718 s,,énd in order to slow the fission down to such times; a
fission.barriervof the ordér of the neutron binding energy (;8 MeV) ié
required. The dashed line in Fig. 1 corresponds to an 8-MeV fission barrier,

below which particle evaporation should dominate.

L/
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There is another interesting aspect shown in Fig. 1. The curve QII is
determined by two different types of nuclear shape in different mass regions.
At the highest massés the shape where the fission barrier just vanishes is
spheroidal, more specifically, oblate. _In fact, this is the stable shape
everywhere below the curve QI‘ In the region between QI and QII the
equilibrium shape is e]]ipsoidé], generally triaxial, and elongates with
increasing spin. These shapes are well known in the general context of
equilibrium shapes of rotating objects. If one just reverses the sign of the
Coulomb energy term in the ]iquid-drop model, the equations describe a
rotating gravitational object with surface tension (i.e., a liquid). To have
a surface energy comparable to its gravitational energy (a nucleus has Coulomb
and surface energies comparable), the object'wou1d have to be of order 10
meters in diameter (density taken as 5, surface tension like water). A
rotational period of about an hour would bring the object to the shape
boundary analogous to the line QI in Fig. 1. [If asteroids go through molten
stages, they would be an example of such a system. The limit of negligible
surface tension was applied to calculations of the shape of astronomical

| 11

“bodies (first the earth) by Maclaurin™" in 1742. The spheroidal shapes

’ be]pw QI in Fig. 1 bear his name, whereas the ellipsoidal ones above were

found about a hundred years later by Jacobi,12

If, on the other hand, one
increases the surface energy greatly relative to the gravitational energy, one
describes weightless rotating droplets (as were examined by the Apollo
astronauts using blobs of water). One can even consider negative masses
(moments of inertia) and describe bubbles in ordinary fluids (or nuclei, for
that matter). It is apparent that the nuclear properties depicted in Fig. 1
are related to a very widespread type of behavior. Since the dashed line in

Fig. 1 includes some area above ¥ , there is a hope to find some of these

I’
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elongated shapes in nuclei at very high spins. They go under the name
"superdeformed nuclei" and wi]]vbe energetically favoped by shell effects for
some nuclei and disfavored for others. There is, at present, a great interest
in-identifying such shapes, as they would give interesting information about
the applicability of the liquid drop model at the very highest sbins.

A schematic illustration of the decay modes for a nucleus of mass ~160 is .
shdwn in the "phase—]ike diagram" of Fig. 2. The coordinates are nuclear
excitation, E*, and spin, I. The heavy lines divide the E*-I space into
regions of different decay modes. The yrast line is the locus bf states of
lowest energy for a given spin, so that no states exist in the nucleus below
- this line. A typical heavy-ion fusion reaction‘mighf.lead to an initiaT
excftatjon energy of ~65 MeV and a spin distribution,rangihg from 0 to ~65 A
as indicétedlby the light line. in Fig. 2. As ]ong'as‘the nucleus has
sufficient energy above the yrast line to emit nucieons (~10 MeV), it usually
does so0; y—réy emission is too slow to compete well with partic]e
evaporation. But at excitations below the nucleon binding energy, y-ray
emission takes over and de-excites the nucleus to its ground state. The
ahgular momentum removed by the particle evaporation is small if neutfons or
protons are involQed (~1 M per particle and only a few particles). In Fig. 2
it can be seen that the highest spins (longest y-ray cascades) will be
»associated with the fewest neutrons emitted. FIt is now known that theée y—ray
cascades have two principal types of transitions. The "statistical" i
transftions carry off energy but little angular momentum and so cool the
nuc]eus-towardg the yrast line. The "yrast-like" transitions follow paths
roughly parallel to the yrast line and remove the angular momentum of the
system. These latter are sometimes collective rotational transitions, and

sometimes not. -There are an enormous number of pathways from the beginnings
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of a high-spin y cascade until a region near the yrast line is reached, with
the result that no single transition has enough intensity to stand up in the
spectrum (with present techniques). This is the origin of the name
"continuum" y-ray spectrum, though this is not a true continuum. When the
nucleus has cooled sufficiently the population condenses into a few pathways
and the transitions in these pathways stand up in the spectrum and are
resolved. This typically happéns in the spin range 30-40 A for masses around
160, and it provides a logical division in high-spin studies. In the
lower-spin region, one can employ all the techniques of conventional y-ray
spectroscopy and develop detailed information on the nature of the transitions
and states involved, as discussed in Section IV. At the higher spins where
the population is spread out too much to permit the study of individual
transitions, new techniques are providing a picture of the average nuclear
behavior. These are described in Section V. There is, of course, a large
effort underway to resolve thi; “continuum” spectrum using new detector

systems, and the prospects here comprise much of Section VI.
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I11. Shape Effects

One of the most important factdrs in determining the physics‘of high-spin
states is simply the rotational behavior of rigid c]assical objetts. In
Fig. 3 the moment of inertia of such an object (solid lines) is compared with
that of a r1g1d sphere for a var1ety of shapes and rotational axes. The shape
and ax1s 1s def1ned by v, wh1ch varies from —120 to 60° as the obJect var1es
from a pro1ate shape rotat1ng about its symmetry ax1s, through ob]ate and
pro]ate shapes rotat1ng about axes perpend1cu1ar to the symmetry ax1s, to an
oblate shape rotat1ng about its’ symmetry axis.” These axially symmetric shapesv
are shown by small drawings‘in Fig. 3, and the regions between correspond to-

shapeS’with'allﬁthree-aXes dtfferent—;triaxiai -The deformat1on is g1ven 1n

. terms of a quant1ty e, which'is to lowest order just AR/R the d1fference 1n

rad11-d1v1ded by, -the average’ rad1us. Values of" ;‘aroundwp.B are typical for |
the famiiiar oeformed‘rare—earth‘and actinide nuc]ei,‘and.O.o eorresponds‘to
an axis ratio of 2:1, the largest known in nuclei. .The largest moments of =~
inertia; and therefore the iowest rotatiOnal energies,_ocour tor thewrange of
shapes between y = 0°.and 60°. The very largest moment of inertia for
moderate deformations is for y = 60°, an oblate shape rotating around its
symmetry akis, and it is for this reason the earth has‘spch a shape. The full
liquio—drop mode1 (LDM) treatment of a rotating nucleuslo'including surfacej
and Cou]omb energ1es in add1t1on to these geometr1ca] shape considerations is
shown by the dots in Fig. 3. It is apparent that there .is no strong shape
preference in these additjonal LDM terms, so that simple geometry determines
~the liquid-drop shapes. This is important, since the LOM is our best guide to _
Such macroscopic nuclear properties.and is even the average limit to which

some of the microscopic (individual particle) models aré normalized.
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In order to see how significant these geometrical shape effects are, one
must choose a mass and spin, and for A = 160 and I = 60, an energy scale is
given on the right side of Fig. 3. The variation for ¢ = 0.3 of about 10 MeV
is larger than typical shell effects (~3 MeV) so that for this spin the shape
effects considered here should be dominant. However, the rotational energy

2 so that, for I = 30, the shell effects and these classical

varies as I
shape effects should be about equivalent, and below I ~ 20 the shell effects
will dominate. Thé arguments made here would seem to apply only for
collective nuclear rotations, and even then only if the nuclear moment of
inertia has the rigid-body value, neither of which is obviously the case. In
fact, however, most people do believe that rotating nuclei at high spins will,
on average, have the rigid-body moment of inertia, and this has been shown to
be the case for independent particle motion in a rotating anisotropic

harmonic-oscillator potentia1.13

(The smaller moments of inertia observed

at Tow spins are due largely to the pairing correlations, thch should be
quenched by the Coriolis force above ~30 4, as will be described.)
Furthermore, even in noncollective cases, it has been shown (for a Fermi gas)
that the trajectory of lowest levels follows that given by rotating the

14 Thus, these geometrical arguments are

appropriately shaped rigid body.
expected to be valid, and shapes in the y = 0-60° range should dominate at
high spin, i.e., above ~304 in the A = 160 region. There are a number of

_ , »
detailed microscopic calculations that agree with these expectations.

There is a further aspect of these shapes that is important. The
rotation of a nucleus about an axis perpendicular to the symmetry axis is a
collective rotation with smooth bands—-E{(I) « I(I + 1)--and strongly enhanced
E2 transitions connecting the levels. There are many beautiful examples of
such rotors in the region around mass 160, one of which is shown in the left

part of Fig.4. This is the lowest-lying sequence of levels in 158
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The odd spins are missing, indicating that the two -ends of the nucleus are
indistinguishable (symmetry under rotation of 180° about the x or y axis--1like
homonuclear diatomic mé]ecu1es). Also the electric quadrupole transitions
connecting the levels generally vary smoothly in energy and are enhanced by
about 150 times over~tﬁat expected for a single proton, indicating a
collective quadrqpb]e shapée as schematically showh on the far left of
Fig. 4. On the other hand a quantal system 1like the nucleus cannot fotéte
around a symmetfy axis. This degree of freedom is contained in the
single-particle motions. Thus a nucleus with y = .60° bui1as up its angular
momentum by aligning thét of one or more individual nuCleons with the symmetry
axis, ‘1ike spherical closed-shell nuclei. An example of this behavior is

147Gd nucleus is nearly sphérica] in

vShown on the right side of Fig. 4. The
its ground‘state and builds its angular momentum by aligning particles as
'schemafically illustrated at the far righf.bf Fig. 4. The a1igned partic1es
gfve the’system an oblate shape that "effectively rotates qboqt,its symmeyry.
axis"--y = 60°. The motibn is almost completely noncol1ective'and‘the
transitions in the 147descheme are quité irregular in energy and are not
enhanced. Most,huc]ei combine these types of behavior, leading to triaxial

158Er

shapes between 0° and 60°. This tendency can already be seen in the
vscheme,_Whéreathere are irregularities around §pinsAl6 and 26, which
corfespond.to single-particle_a1ignments. Qur under;tanding of this a1jgnm¢nt
process was a major step fér'high-spin studies iﬁ'the last decade and is

described in thé next section.
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IV. Rotational Alignment

The lack of smoothness in rotational spectra came as a surprise in 1971
when a discontinuity was found in the energies of the ground-state rotatonal

17 As the nucleus de-excites from a high

bands of several rare-earth nuclei.
initial spin, the regular increase in rotationa) period (slowing down) is
interrupted occasionally bylrather sizeable decfeases. These correspond to
internal rearrangements, "nuclearquakes", and are generally called
"backbends". It is amusing to compare them with another type of
quake—"starquakes". Neutron stars or "pulsars" are also rapidly rotating
systems that are slowing down. 0ccasioné11y they too have sudden internal
rearrangements that decrease the moment of inertia and therefore speed up the
rotation (called "glitches"). An earthquake is a similar phenomenon, but the
change in the earth's rotation from even the largest earthquake is much too
small to measure. It is quite common that rapidiy rotating objects modify
their internal structure to produce larger moments of inertia, and these
modifications revert back, often in sudden jumps, as the system slows down.
The interesting question for each system has to do with the nature of the
internal modification. The slowing down of the nucleus 158Er below spin 20

is compared with the pulsar Vela in Fig. 5. The behaviors are quite similar,
though the percentage change in the nuclear case is much larger. The pulsar
glitches are not too well understood at present—early explanatiohs had to do
with a sudden breaking of the solid crust on the neutron star, but more recent
ones involve vortices in the flow pattern. The nuclear glitch is much better

understood and is related to the pairing correlations in nuclei.



_14-

The nuc1ear pairing correlations play an important role up to spins
around 30 4. The nucleon orbitals in a static deformed potentiai are twofold
degenerate; corresponding to a time reversal ot their motion. This situation
for an axially symmetric prolate nucleus is iilustrated at the top of Fig. 6.
The angular momentum, j, of the nucleon has projeCtions,,*ﬁ, along the |
symmetry axis and, when occopied by two nucleons, resolts'in totai angu1ar
momentumtiero.'.Every‘orbjta1,-characterized byvj,b can give rise to such a
spin-zero pair.v Thevnocieons in a filled orbital near the]Fermt Tevel can
- scatter aé a pair into a nearby empty'orbitaf, and the coherent scatteftng
pattern that deve1ops compr1ses the nuc]ear pairing correlations. It is
"1nterest1ng ‘that these corre1at1ons are closely analogous to those in
,superconductors or superf1u1ds. In fact the equations of Bardeen Cooper,
_and Schre1fer18 (BCS) that f1rst gave an explanat1on of superconduct1v1ty |

19 21 and give nearly correct]y‘

are taken over exactly 1nto the nuclear case

both the systemat1c mass. d1fference between even- even nuclei (all paired, zero
quas1part1c1es) and odd—mass nuclei (one quas1part1c1e) and the ~2 MeV 1eve1
gap in even-even nuclei (zero to two_quasipartic1e energy).

These pairing corheiations affect the ability of the nucleus to generate
angu]arvmomentum. It is easy‘tovsee that,this_is p1ausib1e>since, insofar as
the oairsvane coupled to spin.;ero, they can contribute nothing toward
generating angu]ar momentum. This causes a factor of two or three reouction
in the nociear-momentJOf inertia, which is given reasonably well by the BCS
wave functions. ft follows that angular momentum wi]l tend to weaken the
paihing correlations, thus increasing the moment ofbinertia and reducing the
rotat1ona1 energy. The mechanism of this weakening is the Coriolis force,

wh1ch acts oppositely on the two members of the pair, lifting their

* degeneracy. Ultimately the Coriolis force wants to align the particle. angular
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momentum as well as possible with the rotation axis, as illustrated at the
bottom of Fig. 6. This process is analogous to the effect of a magnetic field
on the paired electrons in a superconductor, where there is a sudden change
back to the normal state when a critical magnetic field is reached. There
were initial thoughts that a nucleus might behave similarly when a critical
angular momentum is reached, but tﬁe nucleus differs from the superconductor
in at least two respects: 1) rather than approximately Avogadro's number of
é1ectrohs, there are ~100 nucleons in the nucleus, of which only 10-20% are
near the Fermi level and thus participating in the pairing correlations, dnd
2) the nucleons have a wide sbread of j values ranging from 1/2 to ~13/2 (for
mass around 100). The result is that the nuclear phase transition is not
sharp but broad--i.e. gradual—as evidenced by a gradual rise in the moment of
inertia for spins up to ~20-30 . But, within this gradual rise is
occasionally a large irregularity that corresponds to the rather complete
alignment of a particular pair of high-j nucleons. This comes about because
the Coriolis force is proportional to j and thus affects high-j particles most
strongly, so that at some point the nucleus finds it energetically most
favorable to align such a pair rather completely while keeping the pairing
correlations among the lower-j nucleons. This is what causes the nuclear

quakes shown in Fig. 5. In 158

Er and many other nuclei of that region, it

is the sudden alignment of a pair of 113/2 (e =6, s =+1/2) neutrons22

that causes the large irregularity at frequencies around 0.25 MeV (I ~ 16).
Some of these same nuclei suffer a second smaller discontinuity when a pair of
h11/2 pfotoné aligns at frequencies around 0.4 MeV (i ~ 26). Such detailed
information is not available at frequencies much higher than this, for reasons
that will become apparent in the next section. 'However, this rotation

alignment of high-j nucleons gives much more information about nuclear

structure than might be apparent from the discussion so far.
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There is a point of view developing that angular velocity or frequency is
‘an important dimension along which nuclear properties can be measured. In
this oicture a rotational band is Jjust a sequence of snapshots of the same
confiouration at increasing rotationa1 frequencﬁes, and there are a number of
propert1es that can be read11y observed in these snapshots. The alignments
d1scussed above stand out in the var1ous bands 11ke m11eposts, and the present
d1scuss1on w11] be 11m1ted 'to these m11eposts and, further, to Just the
critical frequency, fu_ ,'at which they occur. Much of the information»so”'
far ava11ab1e 1s on the allgnment of two 113/2 neutrons. in nuc1e1 around
mass 160. In Flg. 7 the aligned angular momentum, 1, for th1s pair (measured
by the difference in angular momentum between the band under cons1deratfon.and
a reference band) is piotted against rotational frequency (approXimately hatf'
thevrotationa1'7-ray eneroy) for three bands. The solid line is fdrAthe
162

utowest—energy band in the even-even nucleus Yb, which is much the same as -

the band in 1°%gr plotted in Fig. 4. The critical frequency is about

0. 26 MeV and the alignedlanguIar momentum is ~10 A (12 4 is the maximum for
two 113/2 neutrons) There are methods to evaluate both these'quantities
more accurately, but that is not necessary here. The dashed jines are for two »

163

bands Tn the nucleus Yb with one additional neutron located in an orbital

labeled e1ther E or F These orbitals comprise'a time reversed pair at zero
l:rotat1ona1 frequency and are not very pure shell—model states, though the1r

162

dom1nant component is h9/2. In the even-even nucleus Yb, this pair of

states (E,F) is available for the pairing correlations, and, in particular, a

163Yb

pair of 113/2 neutrons can scatter into it. On the other hand, in
it is blocked by the odd nucleon for the bands based on either £ or F. The
pa1r1ng»corre1at1ons are thereby weaker—-1n general and in particular for a

pair of»113/2 neutronst It is then easier to unpair and align the 1372
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neutrons, and this occurs at a lower rotational frequency, ~0.22 MeV, as éeen
in Fig. 7. The shift is clear and closely reproducible in other nearby
nuclei.24 This shift can be related through calculations to the change in
the pairing correlations involved and turns out to correspond to a 20-30
reductibn in pairing. The calculation of such properties is done by cranking
a deformed shell-model potential around an axis perpendicular to the symmetry
axis and can relate this frequency shift,
G'ﬁwc, to a change in the pairing gap, 84, with reasonable confidence. Thus
we learn that blocking just one orbital near the Fermi level reduces the
pairing correlations appreciably, a result that is confirmed by other kinds of
experiments—-transfers of pairs of nucleons and directly from the odd-even
mass difference. The pairing correlations in nuclei are marginal, and three
orvfour blocked levels of either type (protons or neutrons) are enough to
destroy the correlations for that nucleon type. But the analysis of data like
that shown in Fig. 7 can be carried considerably further.

The discussion so far has involved blocking one particular pair of
orbitals, £ and F. Others can be blocked, and to date most of the
calculations of nuclear pairing effects assume identical results for blocking
any orbital equally distant from the Fermi level (called "monopole pairing"”
for reasons that will become apparent). This is, in fact, not very
reasonable, since the aligning neutrons in this case are i13/2 (with a
specific orientation, implied by their alignment) and some orbitals will have
better spatial overlap with these than others. It seems likely that the more
similar ones will affect the pairing more (larger cxﬁac), but no
experimental information previously existed on such detailed properties. One
measure of the shape of an orbit is its quadrupole moment relative to the

nuclear symmetry axis (this is the lowest order useful moment since nucleon
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_é]ectricvdipo1e moments vanish due to parity conservation). Figure 8 is a
plot of the shift in the alignment frequency for two 113/2 neutrons,
czﬁwc, vs the quadrupole moment of the bloéked orbita1.25 The aligning
neutrons have a large positive (prolate) quadrupole moment (‘+4”fm2), and
the magnitude ofvazﬁhc is reasonably clearly correlated with the similarity
of the quadrupole moment of the blocked state to this value; In fact, the-
h11/2 (1172~ [505]) orbital is strongly oblate (very different),‘andv
blockﬁng it produces no difference in the pairing behavior of the 113/2
neutrons (szﬁbc ~ 0); Such higher 6rder effects are referred to as
~ “quadrupole bairing". Their appearance results from the few-body nature df
the nucleus, and gives.us some information abOut:pairing phenomena which do
not occur fn macrosbopic,Systems such aS'supéfCOnductérs;

Explbitation of the rotational-frequency dimension has just BegUn.
Studies-of‘the-fype outlined above can be extended to 1) additional blocked
.ofbita1s and 2) other aligning pairs. Also, it is'apparent in Fig. 7 that the
amouht of aligned angular momentum, i, varies between the even (0-2
quasiparticle) and the odd (1-3 quasiparticle) systems. This is probably also
a pairing effect but is not yet so well understood as the "critical-fréquency"
effects discussed above. There are still other properties to study as a
function of frequency. The fact that E and F are split by the rotation is due
to their different symmetfy properties. Such "signature splitting" appears to
be sensitive to details of the Shape and may thus give us more insight into
the shabes of nuqlei and how they chqnge with frequency (and other
properties). In additibn, the process of quenching the pairing correlations
by the presence of sévera] quasipartic1es (blocking)-and a high rotatfonal

frequency (Coriolis effects) is under rather intensive study at this time.
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Thus far it has not been possible to obtain quantitative measures of this
quenching, though it is clearly rather large in some cases. This "new
spectroscopy” is just beginning and seems likely to be quite exciting. It is
in addition to the very interesting question of what happens to the nucleus at

. still higher frequencies, which will be taken up in the next section.
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V. The Highest Spins

Above abou£V30-or.4O,ﬁ, individual transitjonsntannot at present be
feso]vedvfollowing heavy—ion fusibn reactions. The reason for this fs not
fundamenta1,rbufbéimp1y that too many de-excitation pathways exist, as was
'di$cussed in Séctionll{. 'fhus, to study higher spihs we hust study unresolved
y-ray spectra. Mbst’of;the techniqdés so far dévised°tofdo this involve
'mea5uﬁing‘aVerage‘momehts-of inertia, and considerable pkbgfess has been made.

Aé-a COnse&uenge of theiinterp1ay between cofTective'and sing]efp&rtic1e
motions, there are a variety of}moménts of inertia one:can measure and compare
_With:detailed.huclear model CalcuTations. The first distinction to make is
between kinematic and dynémic;va1pes.‘ The equation for the rotational
: enérgies of ; symmetniéal top is:

E(I) =5 (I + 1) , o . NS

yhefe~9 is the moment of,inertié. OnevseeéHfhat’a>momént of iqgrtia may be

defined from the;firSt derivative of the energy with respect to spin:

5(1) g\l |

whereiﬁ(l) is called the "kinematic" moment of inertia because it has to do
with the motion of‘the,systemf—the ratio.of angular momentum to angular
frequency. It is also apparent that the second derivative leads to a

definition:
3(2) ey 41 ' o (35. v -

B It LT -
wheré;ﬁ(z) is called the "dynamic" moment of inertia because it has to do

with the way the system will respond to a force. If there is only the kinetic

‘energy term as given «in Eq. 1, these are equal; but, in general, when there
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are additional I-dependent terms in the Hamiltonian these two moments of
inertia will differ. 1In the present case, the Coriolis force perturbs the
internal nuclear structure, giving rise, in lowest order, to an (I+j) term, so
that\ﬂ(l) $~9(2). This situation is not uncommon in other branches of
physics. The arguments carry over_into transtational motion, where p2/2m is
analogous to 12/29, and additional momentum-dependent terms in the
Hamiltonian give rise to two observed masses. An electron moving in a crjsta]

26 where the kinematic mass determines the level

lattice is a close analog,
density and related statistical mechanical properties; whereas the response of
the electron to an external force depends on a different, dynamic mass. In
cases where the extra (angular) momentum-dependent term(s) depend on (12)
p2 (or so long as they can be expanded in lowest order as such) they can be
taken toéether with the kinetic term to give a renormalized (moment of
inertia) mass. |

These two moments of inertia can be defined in principle for any sequence
of states desired, but certain ones occur rather naturally in the decay
processes. If the particle configuration is frozen, so that one is confined
to a collective rotational band, the appropriate moments of inertia are

band ]
etc.) of the internal structure along this band, these correspond to the true

3(1) and.QéZ)d. When there is no perturbation (alignment, shape change,
an

"collective" values, and this is an approximation often made. In general,
however, a single decay pathway involves a sequence of bands having different
alignments or shapes. It is then natural to define "effective" moments of
inertia 911) and 9(2) | which include both the collective contribution and,

2
eff eff
in addition, contributions caused by changes in particle alignment and shape.
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For the unresolved spectra from the highest spin states, the population is
spread over many bands in many decay sequences. Nevertheless, average values
for these moments of inertia can be determined in the following ways.

The y-ray spectrum from a rotational nucleus is highly correlated in
time, spat1a1 d1str1but1on, and energy. For a perfect rotor, this spectrum is
cOmposed of equally spacedilines; up to some maximum energy corresponding to
the decay of the state Wﬁtn highest angular momentum. One aspect of this
distribution is that"noftwd.f rays have the same energy. If plotted on a
two—d1mens1ona1 d1agram of E(l) vs E( ), such energieS'give a
pattern with no po1nts along the d1agona1 and a series of ridges para11e1 to

t.. :The width of the "va11ey" along the d1agona1 is determ1ned by the |
difference betueen rotational y-ray energies and thus gives values for

4“ﬁ2Ld -The 1mportant point is that the spectrum need not be resolved to

determine the valley width. ~ A1l that is required is that the_popu1ated,bands

hayve somewhat similar moments of inertia at. a given frequency (y-ray energy).

159, 160

The data in Fig. 9 come mainly from Er nuclei formed by

124 40

bombarding Sn with "“Ar at sufficient energy (185 MeV) to bring‘into

the fused system all the angular momentum the nucleus can hold (~706). They‘
data have been "symmetrized"'around the diagonal in order to improve the
stat1st1cs and have an “uncorrelated" background subtracted. A val]ey is
clear up to energles ~1 MeV, and again probably from 1.1 to 1.2 MeV. Resolued
1ines have been seen in this case only up to ~0.8 MeV. The width of the
valley in both the upper and lower region is about the same and can be

2 L around two-thirds of the

evaluated to give 9(2) h2< 50 Mev™

~band
rigid-body value. Together with the effective moments of inertia, this is an

important clue as to the nuclear structure in this region, as will be seen.

W
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There are other important features in these correlation plots. For
example, the valley is sometimes filled by irregularities in the bands, such
as alignments. These produce severé1 transitions in the same energy region,
and not only fill the valley but produce "stripes" of higher coincidence
intensity at these y-ray energies. The analysis of these features is not yet

28-30

very far advanced. There are also two or three recent cases where the

&%andva1ues measured in this way are very constant and near the full rigid-
body value. This is a puzzle, as it seems to leave no room for alignment
effects which are expected, as discussed below. There is clearly more
information in these correlation plots than is at present understood.

The effective moments of inertia are simpler in some respects. They
involve only relating a collective y-ray energy with a spin or measuring the
number of y rays in an energy interval. The former gives éé%} values and
has been measured several different ways, originally by relating the maximum

y-ray energy in a spectrum with the estimated maximum spin input.31

However,
Jg%; is much more sensitive to the nuclear structure. It is possible to
measure é%; because, in a spectrum consisting only of "stretched" electric
quadrupole (I » I-2) transitions (which is known to be a good approximation in
regions of rotational behavior), the number of transitions in a given y-ray
energy interval is just half the spin removed by that interval. If one knows
the fraction of the observed population that goes through the interval, then
the height of the spectrum gives directly itgz(w). This had been recognized
earlier, but the diffiCUIty was fo find the feeding as a function of spin.

Recently a method was developed32

using the spectra from two similar but
slightly shifted spin distributions, whose difference is generally

proportional to the feeding curve.
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Figure 10(top) shows a speCtrom_due mainly to 160Er decaying from a
rather broadrdistribution of spin centered at ~556, The spectrum of
statistical y rays, whose high-energy tail is seen.above ~2:MeV, is subtracted
| 1eavingues$entia11y pure collective tranéitions, and theé;gil values shown -
by the solid line in F%g; lbtbottom) result from correct1ng this for feed1ng
Two .other caées, 162Yb_and 166Yb are also shown in F1g lO(bottom) The - “
">généra1~rise at 10w frequenc1es 1n all these,nuc1e1'1s due’ tolthe'quenching.of
the pa1r1ng correlations, and the 1rregu1ar1t1es below w =~ 0.3 ﬁevtresultifrom
partially resolved 1nd1v1dua1 y-ray transitions and the known a11gnments
(backbends), which cause several transitions to pile up at the same
fe'freduenéy' The band~moments of inertia'from the correlation data are plotted

;as llghter 11nes in the reg1ons where they have been determlned The rise in

' the effective moments of 1nert1a above frequencies of 0.5 MeV seem to be
associated with 2 drop in the band'values Th1s suggests that al1gnments are
becom1ng more 1mportant contr1butors ‘of angular momentum .The h1gher ‘values -

IGQEr (Z = 70) suggest that protons

| - for the Yb (Z 72) nuclei compared ‘with
play an 1mportant ro1e here, which is in accord with calculations that predict
proton h9/2 and 113/2'a11gnments in this frequency reg1on.

A'whiJe such'data do. not give the'detai] obtained:at lower spins from
studies of resolved 11nes, they are, neverthe1ess beginning to give important
A1ns1ghts 1nto the phys1cs of these h1ghest spin states No“doubt'technidUesd

to study unresolved spectra will be developed cons1derab1y'further'if we do - 5 B

not learn how to resolve this continuum spectrum.



~25-
VI. The Future

The study of nuclei at high spin is an active area right now. There are
new types of detector systems coming into operation and a rapid development of
the theoretical tools to interpret the data and to serve as a guide in further
data acquisition. It seems appropriate to conclude with a brief outline of
the prospects in this field.

The information on high-spin states comes mostly from studies of y rays;
thus there is a strong incentive to develop more powerful y-ray detector
systems. An obvious goal is to measure the energy and angle of every y ray
emitted from a decaying hfgh—spin state (up to 35 transitions in some cases).
Two 4« detector systems have been built to accomplish this. These instruments
are both shells of Nal about eight inches in inner radius and seven inches
thick (insurihg almost complete absorption of all y rays). To isolate the
individual y ray, the shell is divided into many elements, 72 for the system

built at Oak Ridge3> 34

and 162 for the one in Heidelberg. A photograph of

the Oak Ridge system is shown in Fig. 11. These instruments can measure the
number of y rays and the ;btal y-ray energy emitted, each with about 20 %
resolution (full width at;half—maximum). In general, for the decay of
high-spin states the number of y rays is.related to the initial spin and the
total energy to the initial excitation energy. Thus these instruments can
isolate a rather small initial population region as can be visualized in

Fig. 2. The spectrum of y rays from-this limited region should be much
simpler to study than that from the entire reaction, perhaps even fully
resolvable. Furthermore, the region can be moved in spin or excitation energy
(nuclear temperature) by changes in the gating conditions. Such possibilities

35

are exciting and, already, out of some initial studies,”~ evidence for a

dependence of the y-ray spectrum on initial temperature has been found.
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These "crystal balls" also measure the energy and angle of (nearly) every
y ray. -This will surefy be interesting to exp16re but is not quite so
powerful as it might be because the y-ray energy resolution in Nal is rather
poor——5-6% (full width at half-maximum) for a 1l MeV vy ray. In fact,ithese
crystal ba1ls.wi11»pr053b1y often be used in-cbnjunction with detectors of
‘higher energy resolution, mainly germanium semiconductor detectors, which give
about 0.2% resolution at-1 MeV (but cannot be madevso 1érge); Such -
j considerations .have led to “"combination® detectbr sygtems--a low-resolution
~highly efficient sﬁe11‘to give the initiaJ-s;ate.seiectiOn (as described ”
apre) coupled‘wifh an array of high-resolution Ge déetectors.. One such

apparatus exists ét Daresbury.36'

A sketch of such a system being
constrdctedrat Berkeley37 is shown invFig. 12. lTheginnef shell here is made
Ofr44 bishuth?gehmanate elements—a ;cintillatofiwith worsefenergy~résb1utfon
- than ‘Nal but 2-3 timés‘mdre compact (higﬁér density and higher effeétive
atdhic;number).‘ It cén servé'to define the initial state nearly as well as’
the'NéI balls and éllows ~20 germaniumvdetectoré within 15 cm of the target.
.Each'gefmaAium detector is surrounded by a cylindrical shell of a scintillator
(aJSO'bismuth\germanate, in this case), which detects photons (Compton)
scattered out of the germanium (leaving a partial energy in the germahium)'and
thus permits such events to be rejected. This improves the response function
. of the germanium detector by. a factof’of about thrée, from ~20% fuil-eﬁérgy
events for a 1 MeV y to ~60%. Thi§ detector system is aimed at acquiring high

rates not only of double coincidences but of friple and even quadruple

coincidences. Coupled with the high resolution of the germanium detectoré,

»
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this will specify a decay sequence more precisely than by any other present
technique, i.e., give very high "effective" resolving power. Such systems
will contribute both toward resolving the continuuh and to the detailed
spectroscopy of the lower spin regibns. | |

The high-spin field is thus giving rise to a new generation of data
acquisition systems. Fortunately, the theoretical developments have kept
pace. Single-particle motion can be calculated in deformed potentials of

several types, and, further, these can be cranked about various axes to

~simulate the rotation. Such calculations, though still approximate, can be an

excellent guide. Virtually all the properties now measured can also be
calculated, and comparison provides a stimq]us both to interpreting the
experimental data and to improving the calculations. In the lower spin
regions the pairing-correlation studies discussed in Section IV are an example
of this process.. |

There are many open questions to address. Two in the lower spin region
are (1) where and how are the pairing correlations finally quenched by the
rotation, and {2) what is the detailed nuclear shape and how does it vary for
different bands (configurations), as a fuﬁction of spin in a single band, and
as a function of nuclear temperature. At higher spins the questions are
broader. What are the appropriate quantum numbers to describe the system?
This is related to the question of whether there are still large
single-particle effects (irregu]arifies) or whether the nucleus has been
homogenized at the highest spins and the motion has become fully collective.
One is examining in detail here the generation of collective properties out of

an underlying single-particle structure. Then there are the interesting
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quest1ons connected with "superdeformat1ons“ and the shape evolution connected
_wwth fission. Over a broad range of masses the angu]ar momentum we can study
is limited ma1n1y by fission, so it is clear we can reach situations where the
: centr1fuga1 force produces major . changes. How these are inf]uenced by she]l
effects or other aspects of the s1ng1e-part1c1e motion w111 be fasc1nat1ng -to
-study The nucleus provwdes a chance to study a. few—body quanta] system over
a broad range of a var1ab]e,lthe rotat1ona1 frequency The resu]ts will -

surely enr1ch our perspect1ves on such systems.

This work was supported by the D1rector 0ff1ce of Energy Research Division
.of Nuclear Phys1cs of the Off1ce of High Energy and Nuc]ear Phys1cs of the
U, S Department of Energy under Contract DE-ACO3 76SF00098 |
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Fig. 1 A plot of angular momentum in a nucleus vs. the nuclear mass

number. The curve QIItraces out the points where the fission barrier is zero,

according to the liquid-drop model. Below the curve QI the equilibrium shape
is an oblate spheroid (Maclaurin); between QI and QIIif is an ellipsoid,
generally triaxial (Jacobi). The dashed line indicates a.fission barrier of
8 MeV. (from ref. 10)

Fig. 2 The héavy lines-cpnstitute a phase-like diagram for the decay modes
of é nﬁéleus having mass number about 160 as a function of excitation energy
and angular_momehtum. The lighter horizontal ‘line indicates thé range of
angular momentum brought in by a typical heavy—ion.reaction; following which
two of the many poésibfe'decaybpathways ake shown (longer arrows repfesent
neutron evaporations and shorter onés y-ray emissions).

Fig..3 .This figure plots the ratio of the moment of -inertia of a rigid‘

' ellipsoid to that of a rigid sphere as a function of the ellipsoidal shape
pgrametef, y. The two curves are for deformations (*AR/R) of e = 0.3 and

'0.6. The parameter y defines a fotation axis, as well as a shape, and the
four axially-symmetric shapes {(two prolate and two oblate) are shown by the
small drawings. The scale on the right converts the moment-of-inertia ratios

into energy difference§ for a mass number afound 160 and a spin of 60#i. The
dots 1ndic§te the energy differencés from the‘full 1iquid~-drop model_(surfa;e
'éhd Coulomb energies'in addition to the rotational energy impliéd by the
moment of inertia.) |

Fig. 4 The level schemgs are for the lowest-energy high-spin states ih

158Er and 147

Gd (Refs. 15, 16). The sketches on the left and right sides
of the figure illustrate the dominant source of angular momentum in: each case,

collective rotation and'single-particle alignment, respectively.
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158¢ .

Fig. 5 Plots of the rotational period vs. time for the nucleus
(top) and the pulsar Vela (bottom).

Fig. 6 The two important coupling schemes in deformed nuclei. In the
absence of rotation (top) particles with angular momentum, j, are in
time-reversed orbits with projections #q along the symmetry (Z) axis. At high
rotational frequencies the particles couple to a J, aligned as well as
possible with the rotation (X) axis, along which they have projection, i.

Fig. 7 The aligned angular momentum, i, is plotted against rotational
frequency, w, for the first backbend (113/2 alignment) region of the

162 163yy (1abeled

lowest-lying (yrast) sequence in Yb and of two bands in
E and F). The midpoint of the sharp rise is approximately the crossing
frequency (from Ref. 23).

Fig. 8 The shift in crossing frequency, &iw, between the odd-neutron and
neighboring even-even nucleus is plotted against the quadrupole moment of the
odd-neutron orbit, qz(v). The configuration of the odd-neutron orbit is

given by the Nilsson quantum numbers at the top. The dashed line illustrates
the correlation between &fw and qz(v).

Fig. 9 A plot showing the correlations between two y-ray energies following
the reaction 124Sn (40Ar, xn) 164—xEr at 185 MeV. The data were taken

on Ge(Li) detectors and uncorrelated events were subtracted by the method of

ref. 25. The plot shows contours of equal numbers of correlated events,

according to the scale at the right (from ref. 27).
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Fig. 10. The y-ray spectrum (top) from the reaction indicated taken with a 5"
x 6" Nal crystal and corrected for its résponse fUnction. Thé spectrum
corfesponds to a rather broad distribution of initial spins centered around

556 (ref. 24). The bottom plot is of #(2) vs. fu as derived from the above

126

data (heavy solid line). Also shown are similar plots for the systems +°Te

+ 40Ar (heavy dotted’1ine) and 130 40

'Va]ués'forig(z)‘fdr 12 40

Ar (heavy dashed 1ine) and some
1307, 40

Te +
4Sn + "Ar (thin solid 1ine) and Ar
(tﬁin-dasﬁedbline); |
Fig; 11 .A~view’of tHe Oak Ridge 4n Nal detector. There are 72 N@I detectors
(each oné attached to é protruding-phototube and preamplifier)'arréhged_jn two
hemispheres ahouhd tﬁe beam tube éﬁd (spherical) target chambgr..wOne |
,hemiéphere-is:pulled back td‘aliow accéss to fhe térgeﬁ chamﬁé;. i

 ﬂFig.~12 5htaway sketch of the detectbr'sysfemfuhder 6dnstfuction at Berkeléy
(ref. 31). The inner "ball" consists of 44 bismuth-germanate (BGO) detectors
arranéed‘in'thrée“concéhtric'cylinders, and will funéffon'much like the Nal
ball ‘in Fig. 11. ‘(Thé phdtd'tubes to be atfachea.to the,tdp or bottom of each
: éiement are hot shown.) An array of 21 Combton—Subpfessed (BGO-shielded)
germaniﬁm defeétors surrounds the BGO ball and vier the target through small
holes in it. These detectors produée’éxtreme1y high quality sbectra in

coinciqehce with events selected by the central ball.
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