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Abstract 
As angular momentum is added to a nucleus, the balance of 

forces acting upon it to determine its shape, moment of inertia, 
mode of rotation, and type of level structure may undergo a 
series of changes. At relatively low spins a deformed nucleus 
will rotate collectively, and one may see the effect of Coriolis 
anti-pairing in gradually increasing the moment of inertia. 
Around spin 12-16 iT there may be an abrupt change (backbending) 
when a pair cf high-j nucieons unpair and align with the axis of 
rotation, thus allowing the nucleus to slow its collective 
rotation. This process, the start of a sharing of angular 
momentum between single-particle motion and the collective 
rotation, gives a lower total energy and corresponds to a change 
towards triaxiality in the shape of the nucleus. At much higher 
spins we can no longer observe discrete -r-ray transitions, but 
are in the regime of continuum spectra; all the information on 
these high-spin states (to 65 -h") is contained in these continuum 
cascades. We are beginning to learn how to study these spectra, 
experimentally and theoretically, and new techniques offer 
promise of letting us extract a great deal of information about 
the shapes and properties of very high spin states. 
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I want to discuss with you what happens when a nucleus 

takes on more and more angular momentum. What are the changes 
in its shape, its properties, its level structure? For a non-
spherical nucleus, one of the simplest modes of excitation upon 
receiving a few units of angular momentum is rotation as a whole 
This motion has some similarities with the rotation of a 
macroscopic object; in favorable cases the energy levels and 
transition energies of an even-even nucleus follow the pattern 
of a rigid rotor, 

I 

E - ^ y (41 - 2) . (2) 

E -£-i(i + 1) , (1) 

The transit ion probabil i t ies between these levels are strongly 

enhanced over single-part icle values and depend upon an in t r ins ic 

quadrupole moment, Q , and geometric factors, the Clebsch-

Gordan coefficients 

B (E2 ; I i K* I f K) = T | 7 e 2 Q2<I .K20 i I f K> . (3) 

Such rotation of deformed nuclei was f i r s t proposed by A. Bohr , 

and now there are many examples of this behavior. Figure 1 shows 

the spectrum from Yb Coulomb excited with a Xe beam ; 

the transitions of the ground-state rotational band are seen up 

to the 20 *• 18 transition, and the nearly evenly spaced 

lines follow Eq. (2) rather well. Another example is the spec-

trum from U Coulomb excited by Pb to the 28 level , 

Fig. 2. Plotting the ratio B(E2;I * I - 2) e x p /B(E2;I * I - 2 ) r o t o r 

removes the coefficients in Eq. (3) and shows the variation of 



Q as a function of spin; Fig. 3 gives th is rat io for Th 

(ref . 4) . I t can be seen that the model holds with a constant 

Q within the experimental accuracy. 

However, i t was early recognized that the experimental 

moments of iner t ia , 5 , determined from Eqs. (1) and (Z) were only 

one-half to one-third the r ig id- rotor value. This discrepancy 

was due to the neglect of the residual interactions between the 

nucleons, in part icular, of the pairing correlations . These 

correlations introduce i r rotat ional components into the matter 

flow pattern of nuclei and thus reduce the value of 3 ' . I t 

was expected that as angular momentum was added to a nucleus, 

the pairing correlations would be quenched and f i na l l y disappear, 

and in the process "3 would r ise to the r ig id-rotor value. Such 

a gradual increase in J with spin i s , in fact , observed (Coriolis 

anti-pair ing) and constitutes a general type of deviation from 
Q 

Eq. (1). It is often well accounted for by the VMI or 
9 Harris expressions for the energy. 
A more exciting type of deviation from Eqs. (1) and (2) 

was discovered some years ago when it was found that in 
several rare-earth nuclei at spins between 12 and 18-ti the y-ny 

transition energy did not continue to increase regularly with 
spin but actually abruptly decreased (backbent) before starting 
up again. On a plot of excitation energy, E*, vs spin, I, this 

164 is hardly noticeable, as shown in Fig. 4 for Yb (ref. II), 
2 2 

but in the conventional plot of 2J/-h vs (-hn) (insert in 
figure) the effect is very striking. Actually since the r-ray 
energies are what are directly measured experimentally, the 
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decrease in transition energy is a very noticeable change in 
behavior. The most well-studied region illustrating this pheno
menon of backbending is that of the rare-earth nuclei shown in 
Fig. 5, each section of which is a plot similar to the insert in 
Fig. 4. It is clear that the light rare-earth region has strong 
backbenders, as does the region around Os. However, the neutron-
rich nuclei in the middle of the region seem to backbend much 
less, if at all. It seems that the effect can show considerable 
variation fromn nucleus to nucleus even within a region. 

It is now generally agreed that the usual origin of this 
12 phenomenon is a crossing of the ground band by an excited 

band with a larger effective^. This can be seen in the case of 
164 

Er, where levels of both bands are known both above and 13 14 below the crossing ' . The decay scheme is shown in Fig. 6, 
and a plot of the level energies vs spin is given in the lower 
part of Fig. 7. The ground band is crossed between spins 14 M 

and 16 H by the band labeled "yrast even", and this is shown on 
the left side of the backbending plot, Fig. 8. Individually the 
bands yield reasonably smooth lines. However, the yrast levels 
switch at spin 14-tr from the ground band to f>e yrast-even band, 
using one interband transition. This sequence forms the usual 
backbend, which is now seen to result from pieces of two 
different bands. At the crossing point there is an interaction 
between the bands which perturbs a few of the levels. This 
causes some scatter in the level energies at just this point, as 
can be seen in the solid points in Fig. 8. A constant interac
tion matrix element of 45 keV between levels in the two bands 
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results in unperturbed level positions given by the open c i rc les . 

These are quite smooth. Tht E2 branching ratios can also give a 

value for the mixing and thus the interaction matrix elements. 

This analysis gives 50 keV, in excellent agreement with the value 

from the energies. 

The r ight side of Fig. 8 shows the backbending plot for 
164 the y band in Er. The odd-spin members are smooth up to 

spin 13 -h, where the backbend occurs. The even-spin members, 

however, show a perturbation at spin 10-h. A sh i f t of 25 keV in 

the 10 member of this band (open circles) just removes this 

perturbation and is what one might expect from the intersection 

with the yrast-even band, although i ts 10 member has not been 

observed. The absence of a similar effect in the odd-spin 

members is good evidence that the yrast-even band has no such 

states (hence the name). The fact that the bands may have only 

even or odd spins is an expected result of strong Corioiis inter

action at high rotational frequencies. The backbend around spin 

14-H for the y band occurs in both the even- and odd-spin states 

showing the presence of both of these in the crossing bands 

(yrast odd and yrare even). This entire behavior is very well 
15 reproduced in simple calculations , as shown in the top part 

of Fig. 7. In this interpretation the two upper bands, together 

with the yrast-even band, are all two-quasiparticle states based 

on two ij^fo neutrons whose angular momentum has been largely 

aligned along the rotation axis. Finally the yrare-even band in 

Fig. 7 seems likely to intersect the ground band at the highest 

spins observed (22-ti), and this probably causes the upbend in 
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this band, shown in Fig. 8. This nucleus is one of the most 

favorable for observing backbending behavior, though thc-e are 

some other excellent examples. I t is clear that backbending is 

the result of a band crossing, and t fe interesting question then 

has to do with the nature of the crossing band. 

Strong clues as to what kind of two-quasiparticle band is 

involved is provided by "blocking" experiments . The idea 

behind such experiments is that one studies a band in an odd-mass 

nucleus where the odd part ic le occupies some particular o rb i ta l , 

say an i i o / ? neutron o rb i ta l . I f , then, the crossing l-ind 

involves this i i o / ? neutron as one of i ts components, the 

crossing w i l l not occur in the odd-mass nucleus since that 

orbital is already occupied and not available. Exactly this is 
157 

seen to occur in Fig. 9, where the Uzi? b a n d l n E r i s 

plotted together with the ground bands of both °Er and Er 

(ref. 16). Whereas the even-even nuclei backbend at (flu) )% 
157 0.08, the i io io °and in Er clearly does not. This is 

evidence that th is part iculr orbital is indeed involved in the 

crossing band. The \-\io Photon orbital can also be tested by 

studying th is band in odd-mass Ho nuclei. Figure 10 shows the 

data which indicate clearly that the h-,, ,~ band does back-

bend l ike the adjacent even-even nuclei and is therefore not 

involved in the crossing band. Many tests of this type have 

shown the crossing band to be composeO of two aligned i . - , ? 

neutrons in the l ight rare-earth region. In the heavier region 

(around Os) this nay also be the case, but that is not so clear 

yet. 

file:///-/io


A second backbend has been observed in the yrast sequence 
18 19 1^8 

of a few nuclei ' . In Fig. 11 data for ~ Er are shown, 

together with the level scheme of this nucleus above spin 22 -tr. 

The corresponding backbending plot is shown in Fig. 12, where 

the usual backbend is seen around (-flu) % 0.08, and in addition 
2 

an upbend at f+Ju) % 0.18 occurs. This upbend indicates 

another band c ross ing , whose o r i g i n i s not c lear since the 

appropriate b locking experiments are d i f f i c u l t to do at such high 

sp ins. Calculat ions suggest t h i s (second) pa i r o f quas ipar t i c les 

correspond to al igned h , , ,p protons. 

Thus, an experimental spectroscopy of backbends i s 

emerging, and there are simultaneous developments i n theory . A 
(MHO) 20 

modified harmonic osci l lator potential/, the Nilsson potential , 

has been very successful in representing the average potential 

generated by the nucleons in order to calculate the individual 

nucleon energy levels as a function of deformation. For large 

deformation, Strutinsky devised a smearing procedure to normalize 
21 the average behavior to that of the liquid-drop model . I t 

has been reasonably straightforward to "crank" this potential 
cround the x axis by adding a term -«J X » and calculate the 

22-25 o r b i t s in a potential rotating with frequency •» . A v a r i -

ation to this approach is to use a Mood-Saxon (WS) potential . 

This removes some problems in the average moment of iner t ia 

having to do with the I term in the MHO potent ia l , but on the 

whole seems to give very similar results . The Hartree-Fock (HF) 

potent ia l , where se l f consistency between the potential and 

calculated orbits is required, has also been used, and pairing 

has been included in the Hartree-Fock-Bogulubov (HF8) method 2 7 - 2 9 . 
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In the spherical shell model there is a (2j + 1) 

degeneracy of levels in a j-shell, which is largely lifted by 
deforming the potential. The resulting levels are two-fold 
degenerate corresponding to time reversal symmetry of the nucleon 
motion and are characterized by their projection on the symmetry 
axis, £2. If a given deformation, say c • 0.2, is chosen, the 

resulting system can be cranked, and Fig. 13 shows some of the 
24 levels from a Nilsson diagram at e « 0.2 as a function of 

cranking frequency u, given in units of the oscillator frequency, 
u . The energy e'(u) is in the rotating frame and in units of 
-tto0. 

•hu0 - 41/A 1 / 3 MeV . (4) 

The time reversal degeneracy of the levels is lifted, and the 
slope of these levels de'(u)/dw is proportional to the aligned 
angular momentum. The strongly aligned high-j orbits are the 
steeply down-sloping ones, with a limiting slope corresponding 
to their maximal alignment. Figure 14 is a diagram of this same 
type ' , except that pairing is included, and it covers only 
a very restricted region, the five states nearest the Fermi 

for neutrons around N = 90. 
level/ The e'(u) « 0 line is the Fermi level, and each state is 
reflected - ouid this line, so that it appears twice. A rough 
way to think about this is that in one case [e'(«) < 0 for low 
«] the level is included in the pairing correlations, and in the 
other [e'(«) > 0 for low •] it is not included, so that it is a 
quasiparticle. If particles are placed in the levels labeled A 
and B (thereby necessarily emptying those labeled -A and -B), a 
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two-quasiparticle excited band is formed which corresponds (at 

in > 0.02) to the most-aligned i 1 3 i 2 components. As the 

frequency increases, the energy of this band drops relat ive to 

the f u l l y paired vacuum (e 1 =0 ) unt i l at the point labeled &>, 

i t crosses the vacuum and becomes lowest in energy. This 

crossing corresponds to the f i r s t backbend and has been observed 

in many nuclei. I f one follows only the lowest band, then this 

process may be expressed as AB unpairing (or aligning) at 

frequency u , . The important point is that AB w i l l unpair in 

essentially every excited band at this frequency. For example, 

the two-quasiparticle band EF w i l l be crossed by the four-

quasiparticle band ABEF, again at <•>,, and for EF one could 

substitute CD, or CDEF, etc. The value of -Ku is a measurable 

quantity (~E 12), and the above argument says that at certain 

transit ion energies many bands at widely dif ferent excitation 

energies w i l l experience a backbending (band crossing). However, 

a complication occurs i f state A has a quasiparticle in i t 

(either a single one in an odd-mass nucleus or one of a pair such 

as AE in an even-even nucleus). Then AB cannot unpair—A is 

blocked—and this backbending will not occur. The frequency then 

increases normally with spin to about -h*» * 0.36 MeV, the point 

marked « ? , where 8C will unpair and align. Again this band 

crossing can happen in many bands. I t is worth noting that at 

about this same frequency—0.36 MeV—AD unpairs, so that i f B 

rather than A is blocked, then AD can unpair and cause a band 

crossing. 
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19 The experimental data that support such a picture are 

shown in Fig. 15. Here the aligned angular momentum i is plotted 
vs -tidi. The aligned angular momentum is obtained from the experi
mental data by subtracting the spin of the ground band (no 
quasiparticles) from the spin of the band of interest at the same 
rotational frequency (transition energy). The upbends or back-
bends in Fig. 15 correspond to band crossings, and the sharp 
backbend in the ground band at -tiwj - 0.27 MeV is in reasonable 
agreement with the AB unpairing energy of 0.23 MeV in Fig. 14. 
The remarkable feature of Fig. 15 is the coincident upbending of 
six bands at frequencies around u>2, 0.36 MeV. These include 
three bands where A is blocked (AE and AF in Yb and A itself 
in 1 6 1 Y b ) , two where B is blocked (BF in 1 6 0 Y b and B itself 
in Yb), and the pairing vacuum ?,s an excited band above the 
point where AB crossed. The yrast band has a second band 
crossing at frequency « 3 (-0.42 MeV) which is probably due to 
a pair of h,,,- protons and so is not shown in Fig. 14. 

Some new features emerge from these considerations. Bands 
can be characterized by their signature (odd or even spin 
members) and their alignment, i, in addition to the usual 
properties, parity and excitation energies. Backbends can be 
characterized by the frequency, w, at which they occur, the 
alignment change, *i, and the amount of interaction between the 
bands. From these properties it should be possible to identify 
the observed features with those of calculations, e.g., Fig. 14. 
It will be very interesting to see how far one can develop such 
analyses of high-spin bands and backbends. 
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One important feature should be noted. In some nuclei by 

spin 20 fi the purely col lect ive ground-band states are no longer 

yrast; a two-quasiparticle aligned band l ies lowest. Around 

spin 30-ti, a four-quasiparticle aligned band may cross and l i e 

even lowe:-. (This may be more general than appears at f i r s t 

s ight; i f the mixing matrix element between the crossing bands 

is suf f ic ient ly large, there is no backbend and the yrast curve 

is re la t ive ly regular, but the lowest band has s t i l l changed i t s 

nature.) The addition of angular momentum is converting the 

purely col lect ive rotation of the nucleus as a whole into a 

mixture of col lect ive and single-part icle motions whose spin axes 

are parallel and thus optimally e f f ic ient in carrying the angular 

momentum. Since the orbits of the high-j aligned particles are 

roughly in the plane perpendicular to the rotation axis, this 

w i l l cause an equatorial bulge in the i n i t i a l l y prolate nucleus. 

Thus the nucleus w i l l lose i t s axial symmetry and become somewhat 

t r i a x i a l . How far can,and does,this process continue as more 

part icles align? 

The previous discussion has taken us up in spin to —30-11. 

As you w i l l see shortly, discrete states are known to ~38 fi. Is 

that the largest amount of spin a nucleus can hold, and, i f not, 

what are the l imits? The l imitat ion on how much angular momentum 

a nucleus can hold is usually provided by i t s tendency to 

f i s s i on , to f a l l apart under centrifugal pressure. An estimate 

of the maximum spin before f ission sets in can be obtained from 

the l iquid-drop model. Figure 16 shows a plot (solid l ine) of 

angular momentum for which the f ission barrier becomes zero vs 
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the mass number of the nucleus (along the valley of 8 stabili ty) 

taken from ref. 31. Actually, nuclei s t i l l fission even with 

small fission barriers, so the dashed curve, representing the 

angular momentum limit for a barrier of 8 MeV, is more rea l i s t i c . 

Below this curve, particle emission dominates the decay and is 

followed by a cascade of y-ray transitions to remove the 

remaining excitation energy and spin. The dashed curve is s t i l l 

an upper limit to the angular momentum at the top of the y 

cascades, as the particles can carry off a l i t t l e spin, and in 

the case of o-particle emission (common for nuclei with Z < 50) 

a considerable amount of angular momentum may be removed. 

However, in the most favorable rases around A = 135, maximum 

spins of 60-70-tf are s t i l l to be expected. 

The shape, and a related quantity, the moment of inertia, 

~J, of a nucleus at high spin can also be considered in the light 

of the liquid-drop model. The moment of inertia depends on both 

the shape and the pattern of mass flow, but at higher spin (>30 

-ft") the pairing correlations are thought to be quenched, leading 

to rigid flow. The shape of a rigid ellipsoid can be expressed 

in terms of the parameters o and y, defined so that the semi-axes 

r . are related to the mean radius R by V. « a-R where 
a _ e o cos(Y-2,/3) 

1

 m fio cos(Y+2«/3) 
a 2 ; e „ c o s Y . (5) 

At small deformation this gives aR/R % e % 1.5o and B ^ 1.6o. 

For such an ellipsoid, 

3i - W + ri> - ¥4+ 4^0 «) 
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whereJ 0 is the rigid sphere value, and the axes may be 
permuted cyclically. Values of "3 can be obtained from the 

32 expression for a rigid sphere given by Myers , 
21« 4 M R f •> i 
— £ 1 - 0.01913 A Rf(fm) MeV - 1 (7) 

Jff- 5»T s 

33 with the equivalent sharp radius 
R s » 1.28 A 1 / 3 - 0.76 + 0.8 A ~ 1 / 3 fm . (8) 

Plots of U/J vs y for two values of the deformation parameter, 
e Ifc 0.3 and e % 0.6 [o % 2/3(e)], are shown in Fig. 17. These 
values correspond to the usual we11-deformed rare-earth nucleus 
and to the unusual nucleus with a 2:1 ratio of axes. The four 
limiting cases of axially symmetric ellipsoids, prolate or 
oblate, and rotating about an axis parallel or perpendicular to 
the symmetry axis, are shown explicitly. The scale on the right-
hand side gives the change in rotational energy for a nucleus 
with A « 160 and 1 - 6 0 caused by the change in 3 from 3 . It 
can be seen that the oblate shape rotating around its symmetry 
axis and the prolate shape rotating perpendicular to its symmetry 
axis have the lowest energies among the limiting cases by 10-20 
MeV, and the triaxial region between them is relatively flat. 

It is not, however, obvious that the full liquid-drop 
energy will follow this behavior, since there is also a shape 
dependence for both the surface and Coulomb energies which must 
be added. But their dependence on y comes in only as a high-
order term (third power in a) which is snail, so that the full 
liquid-drop energy at high spins does follow rather closely the 
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moment-of-inertia behavior shown in Fig. 17. In fact, the points 
along the c % 0.3 curve have the Coulomb and surface shape 
energies added, and they come near the curve for the rotational 
energy alone. Thus the oblate shape rotating about the symmetry 
axis lies lowest in the range of deformation at which most nuclei 
occur, but the prolate ellipsoid rotating about an axis perpen
dicular to the symmetry axis and the triaxial nuclei in between 
lie at a not much higher energy. They are even lowest for a > 

0.5. Actually, real rotating nuclei at moderate deformation can 
be prolate rather than oblate, due to shell effects, as will be 
discussed. 

Shell effects are one of two additional factors that must 
be considered in going from liquid-drop to real nuclei. The 
other is that nuclei are small quantal systems; thus they cannot 
rotate collectively about a symmetry axis—there is no way to 
orient them with respect to such an axis. It was understood for 
some time that this meant these degrees of freedom were contained 
in the single-particle motion. However, when Bohr and 

34 Mottelson considered aligning particle angular momenta along 
a symmetry axis, they realized that on the average the energy 
was the same as rotating the system classically about that axis. 
This was shown only in the Fermi gas approximation, but it is 
believed to be true, or approximately so, for a realistic nuclear 
system. The states of such a system have single-particle 
character and are irregular in energy, in contrast to rotation 
perpendicular to the symmetry axis which can be collective with 
smooth energies and strongly enhanced E2 transition 
probabilities. 
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Finally, the shell effects must be added. Nuclear levels 

in a potential well are grouped together into shells, as are 
electrons in an atom. Certain nucleon numbers {"magic numbers") 
complete shells and have extra stability in analogy to the noble 
gas electronic structures. However, when nuclei deform, the 
shells change, so that the number to complete a shell is 
different. Thus, in general, a given nucleon number will prefer 
that shape which makes it look most nearly like a closed shell. 
These shell effects can be as large as 10-12 MeV, (the double-

208 closed spherical shell at Pb), but on the average might be 
3-4 MeV. At low spins, the shell effects are often larger than 
the rotational energy differences due to shape differences, and 
so determine the shape. At high spin the shell effects remain 
of the same order, but the differences in rotational energy with 
shape can reach 10-20 MeV (Fig. 17), so that here one expects 
only oblate shapes rotating around the symmetry axis (non-
collective behavior with isomers) or prolate shapes rotating 
collectively (smooth bands and no isomers). Since these 
behaviors appear quite different experimentally, there is hope 
to learn about the shapes and dynamics of nuclei at these spin 
values. 

Now let us consider what happens to nuclei when provided 
with the largest amount of angular momentum they can hold without 
fissioning. Why, even in the most favorable cases, are discrete 
states seen only to spins of 38 -ft? For example, nuc'ei of mass 
-150 produced in a heavy-ion compound nuclear reaction may have 
70-ft" of spin. They initially evaporate nucleons, usually 
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neutrons, which remove energy but little spin until the 
excitation energy above the yrast line is of the order of a 
neutron binding energy or less. How many neutrons are so emitted 
to make the final product depends upon the initial spin and 
excitation energy of the compound nucleus, as the highar the 
spin, the higher the yrast energy and the smaller the amount of 
thermal energy available to emit neutrons. When the nucleus no 
longer has enough energy to emit another particle, then the 
remaining excitation energy and the angular momentum are carried 
off by r-ray cascades. These involve several types of y-ray 

transitions. 
The nucleus can decay vertically toward the yrast line by 

statistical transitions that "cool" the nucleus, carrying off 
energy but little angular momentum, or by collective E2 transi
tions that form bands parallel to the yrast line and carry off 
two units of spin apiece as well as energy (Fig. 18). There are 
many pathways, so that no single transition has enough intensity 
to stand up in the spectrum; this leads to the name "continuum" 
Y-ray spectrum. When the nucleus cools to near the yrast line, 
then there are fewer pathways and enough population goes through 
the individual transitions to make them stand out in the spectrum 
as resolved lines and indicating discrete states. This happens 
between spins of 1 0 ^ to 40-fi depending on the type of nucleus, 
and the observed lines can correspond to either collective or 
noncollective transitions, according to the nature of the yrast 
levels. 
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We believe that the statistical transitions do not depend 

very much on the nuclear structure, but the existence of collec
tive rotational transitions does; in particular, it requires 
rotation around an axis other than the symmetry axis. For a 
prolate nucleus (or triaxial nucleus favoring prolate shape) 
rotating around an axis perpendicular to the symmetry axis, the 
rotational bands are strongly enhanced and favor decay roughly 
parallel to the yrast line. Thus, they lead to low spins before 
sufficient cooling takes place to allow observation of the 
discrete lines (-20 -W). On the other hand, oblate nuclei (or 
triaxial nuclei of dominantly oblate shape) rotating around their 
symmetry axis have their collective transitions suppressed, and 
so de-excite more steeply into the yrast line. It is reached at 
a higher spin and, since in this case it is irregular, being 
composed of single-particle states, not only are discrete states 
of higher spin observable, but some may be long-lived enough to 
become isomers, the "yrast traps". 

It now appears that both of these types of behavior are 
observed experimentally. Near the closed-shell neutron numbers 
82 and 126 there are a number of near-spherical or slightly 
oblate nuclei with high-spin states that appear to be made of 
high-j particles with large projections on the symmetry axis. 

Two of the best studied nuclei in the lighter group are 
1 5 2 0 y (refs. 35-38) and 1 5 4 E r (ref. 39); the level scheme of 
the former is shown in Fig. 19. Both nuclei show the irregular 
level spacing and the existence of isomeric states which are 
characteristic of this noncollective mode of excitation. But 
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the transition energies are not completely randan; with very few 
exceptions they fall within the limits (700 * 200) keV. Also, 
there are no E3 transitions, as might be expected from a pure 
spherical Hilsson potential, and indeed are seen in the nuclei 

208 212 above Pb ( Rn for example). Another aspect, especially 
154 apparent in Er, is that there are sequences of y rays of 

almost constant intensity which are of the same multipolarity 
and connect levels of the same parity. These two- or three-step 
sequences have transitions of (600 * 100) keV with lower energy 
lines connecting the different sequences. So there are certainly 
elements of weak collectivity present, waiting for a more 
detailed understanding. 

A striking feature of these level schemes is illustrated 
152 in the plot of excitation energy vs_ !(I + 1) for Oy in Fig. 

20. Initially the experimental data rir,e rapidly due to the 
correlations, 

effect of the pairing/ and then at about spin 16 If turn over 
into an approximately straight line up to the highest spin. The 
slope of this long straight portion of the curve leads to the 
determination of an effective amount of inertia through the 
derivative of Eq. (1). 

dLI(M)J •-2J * ( 9 ) 

For 1 5 4 Er this yields 27ft2 - -140 MeV"1 and for 1 5 2 Dy, 

-142 MeV . These values are 10-15 percent greater than those 

of a rigid diffuse sphere of the appropriate mass. This increase 

could be considered an indication of deformation and, if so 

taken, would correspond to e % 0.2 for a deformed oblate shape, 
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a rather large deformation. Certainly when collective rotation 
is considered below, the slope of such a curve, and hence the 
effective moment of inertia, is thought to bear a connection to 
the deformation of the nucleus. But here, near a magic number, 
where the angular momentum is being carried largely by a few 
particles aligned along the rotation axis, it seems more likely 
that shell effects will be large and might affect this slope. 
Results of several recent calclations support this view. For 
example, Fig. 21 shows curves calculated for several nuclei with 
neutron numbers around N - 82 using a spherical Nilsson potential 

40 and BCS pairing , and it can be seen that due to shell effects 
even larger differences in slopes appear than are seen in experi-

41 ment. Similar results are found by Leander et al , and these 
authors point out the importance of pairing in calculating these 
moments of inertia and the configurations of states along the 
yrast line. Thus, at the present time, it seems likely that 
slopes such as that in Fig. 20 cannot be used to indicate 
deformation. Values for these nuclei must be determined by 
another method. 

The measurement of the static quadrupole moment of a state 
gives clear information about deformation, and such measurements 
can in principle be made on nanosecond isomers using perturbed 
angular distribution techniques. The first such determination 
at high spin for nuclei in this region has been performed on the 

+ 147 
(I - 49/2 ) 500 ns isomer in Gd (ref. 42). The quadrupole 
moment obtained was (|3.14| ± 0.17)b, from which a deformation t 

of -0.18 was derived (the negative sign was assumed). This is a 
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reasonably large deformation, two or three times that implied by 

the aligned particles alone. I t is the f i r s t real indication 

that sizeable oblate deformations might exist in th is region. 

Nevertheless, these are very d i f f i c u l t experiments, and more such 

data are badly needed. 

The study of nuclei in th is region of the Periodic Table 

is currently an active research area, and there is hope that a 

systematics w i l l emerge that can siied more l ight on the structure 

of these high-spin states. However, i t no longer seems so l i ke l y 

that isomers w i l l be found at spins s igni f icant ly above these 

examples (-30-K). This is due in part to the steepness of the 

slope of the yrast l ine at the higher spin values, but also might 

be an indication that the strongly oblate shapes are not quite 

so stable as the present calculations indicate. 

Now, for the rest of my ta lk , I would l ike to concentrate 

on continuum spectra, rather than discrete transit ions. These 

w i l l usually involve the opposite s i tuat ion, namely, rotation of 

prolate deformed nuclei around an axis at r ight angles to the 

symmetry axis, yielding de-excitation by col lect ive rotational 

bands that run roughly parallel to the yrast l ine and do not 

decay into that l ine unt i l spins of 20-30 H or lower are 

reached. Thus, a l l the information we are l i ke ly to obtain 

about the high-spin states must come from continuum studies. 

Individual transit ions cannot be resolved by most present-day 

techniques (however, see la te r ) , but i t might be expected that 

the moments of iner t ia of these bands would not d i f fe r greatly. 

Then the I > I - 2 t ransi t ions, though not ident ica l , would be 
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similar in energy and would occur in a limited region of the 
Y-ray spectrum as given by the rotational expression, Eq. (2), 
E * (41 - 2}ti /2"3. Thus, there is a definite correlation 

Y 

between E and the spin of the de-exciting state, in contrast 

to the situation with statistical transitions or with the other 

nonrotational (e.g., vibrational) ones. Figure 22 shows an 

example of the de-excitation cascades from the 4n product of 
40 126 166 * 

181 MeV w A r + Te * Yb , taken with a 7.6 x 7.6-cm 

Nal detector in coincidence with a Ge detector gated on the 4n 

lines. The open squares are the raw pulse-height spectrum, 

and one can distinguish the high-energy, exponentially falling 

statistical tai l and the lower energy (below 1.5 MeV) yrast bump. 

The f i l led points are the same spectrum unfolded, that is, 

corrected for the Nal response function, to yield the primary 

Y-ray spectrum, and, in addition, divided by the Nal efficiency 

and the number of singles in the Ge counter to yield the absolute 

number of transitions per event per 40 keV interval. The sum of 

these points is M - 1, the average multiplicity minus the one 

trigger y ray in the Ge detector (M - 24 in this case). The 

angular anisotropy of the Y »*ays is shown at the top of the 

figure. The large anisotropy observed between 800-1400 keV, the 

region of the yrast bump, indicates almost pure stretched E2 

transitions in that bump. The high-energy ta i l is very similar 

in a number of nuclei and for a number of bombarding energies 

and likely corresponds to about half of the 2-4 statistical 

transitions involved per event. The bump, however, differs from 

nucleus to nucleus and with bombarding energy. Some evidence 
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for these two statements is ihowii at the bottom of Fig. 22. The 

solid line is the locus of the unfc'ded points above for 181 MeV 
40 Ar bombardment. The dotted, short-dashed, and long-dashed 

lines are similar representations of the continuum spectra from 

the reactions (331 MeV) ^Kr + ^So, (87 MeV) 1 6 0 + 1 5 0 Sm, 

and (157 MeV) 4 0 Ar + 1 2 6 T e , respectively, to yield 1 6 2 Yb + 4n. 

These three reactions involve about the same average angular 
162 momentum (25-30 ti) in the -r-ray cascade of the Yb product, 

and the spectra are almost identical. In contrast, the higher 
40 energy (101 MeV) Ar reaction brings more angular momentum to 

the cascade (-40-tf on average), and the additional Y rays de-

exciting these higher spin states move the edge of the bump to a 

higher transition energy, as expected for rotational bands. I f 

we also know the spins of the highest states, we can determine 

their effective moments of inertia from Eq. (2) . We can, in 

fact, estimate the spins from the multiplicities, I » 2(M - s) 

where « « 2-4 is the number of statistical Y rays assumed to 

carry out no spin, and the rest of the Y rays are stretched E2 

transitions in the case of a good rotor. However, for nonrota-

tional nuclei V t have dipoles in their Y cascades, either the 

factor 2 (the angular momentum carried per Y ray) should be 

reduced or 6 should be increased. There are also other ways to 

estimate the effective moments of inertia of these continuum 

high-spin states, some of which will be discussed later, and all 

methods yield values within 10-20 percent of the rigid-sphere 

numbers. They lire usually larger, suggesting deformation, but 

this is within the range of errors, both experimental and 
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theoretical. However, just from the shapes (and changes in 
shape) of these spectra alone, we have thus obtained an 
indication of rotational bands, the average multiplicities, and 
estimates of the moments of inertia at high spin. 

But can we observe the suggested rotational correlation 
between -r-ray energy and spin more directly? A powerful tech
nique is the measurement of average -r-ray multiplicities as a 
function of transition energy. Gamma-ray multiplicities can be 
measured in a number of ways, some of which have become increas
ingly sophisticated in recent years. But the early technique is 
quite straightforward, requiring only a trigger counter in 
coincidence with the detector in which the spectrum is being 
measured. Then 

N r _ <M-1> 

T ^ - i - D - r a l — i 8

< M - 1 > u ( 1 0 ) 

where N and N are the coincidence and singles counting 

rates in the trigger counter, u and fi are the efficiencies 

(including solid angle, y-efficiency, angular correlation, 

conversion coefficient, etc.) of the detector and trigger 

counters, respectively, and <M> is the desired average y-ray 
_ . . . .. 44-49 multiplicity. 

I f instead of the single trigger ceunter, a number of 

counters are used, and the number of these coun^rs that are 

coincident in each event is recorded, one has a "multiplicity 

f i l t e r" . These have been given a variety of names depending upon 

their geometrical appearance: porcupine, halo, hedgehog, urchin, 

e t c , 4 5 , 5 0 " 5 2 * From the ratios of the intensities of the 
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various folds (events with the same number of trigger counters), 

not only the average l u l t i p l i c i t y can be determined, but also 
2 2 

the second moment, <M : - <H> , the square of the width of 

the distr ibut ion in M, and, in pr inciple, s t i l l higher moments. 

A number of algorithms have been developed to obtain these 
50 52-56 moments from the experimental fold distr ibut ions. * A 

high y-ray mul t ip l i c i ty corresponds in general to a large angular 

momentjiii, although the exact relationship may not always be 

clear. But because of this relat ionship, a measurement of 

average y-r&y mul t ip l ic i ty as a function of Y-ray transit ion 

energy gives direct information on transi t ion energy-spin 
57 58 correlations in the continuum. ' 

40 124 164 
Such spectra for the system Ar + Sn > Er* 

CO 

at several bombarding energies are shown in Fig. 23. There 

is a pronounced peak at a l l bombarding energies, and i t comes at 

the upper edge of the yrast- l ike transit ions in the r-ray 

spectrum shown above. This mu l t i p l i c i t y peak shows clearly that 

the highest energy yrast - l ike transit ions are associated with 

the highest spins populated. The r ight side of Fig. 23 shows 

Y-ray spectra a.-id mul t ip l i c i t y spectra calculated using a very 

simple model; a purely rotational yrast- l iko cascade is assumed. 

All the s igni f icant observed features are reproduced. This 

provides a rather direct confirmation of the col lect ive rotor 

picture for this nucleus, all the way from the discrete t rans i 

tions near the ground state to the highest spins observed, about 

6 0 * . The moment of inertia used in the calculation was roughly 

the rigid-body value and was constant over the whole spin range. 



26 
160 This suggests that the deformation of Er remains prolate, 

• - 0.3, up to the highest spins. 
Away from the deformed rotors, there is a more complex 

behavior. The 4 0 A r + ^ S e *• 1 2 2 T e * system (Fig. 24a) does 
not show a peak in the multiplicity spectrum at 121 or 131 MeV, 
but develops one at still higher bombarding energies. The major 

118 reaction product at these energies, Te, has a ground band 
with roughly equidistant level spacing up to spin 14-ff (quasi-
vibrational). There are stretched E2 transitions between these 
levels which are weakly collective but certainly not rotational. 
Above 150 MeV bombarding energy (spin 30-35'If), a peak appears 
in the multiplicity spectrum and moves to higher transition 

40 energy with increasing Ar energy. This is an indication of 
the onset of rotational behavior. A calculation can reproduce 
this feature if a rotational spectrum is assumed for I > 35 H, 

48 and an uncorrected spectrum below this spin. The Ca + 
Mo * Sm* system shown in Fig. 24b is a striking 

example; the nearly semi-magic product nuclei do not show 
formation of a rotational peak until about spin 50-h. 

All of these nuclei appear to become rotational at some 
152 154 spin. The behavior of Dy and Er is interesting in this 

respect since they are outstanding examples of nonrotational 
decay from weakly oblate nuclei up to nearly 40 -fi. A group at 
Orsay has studied Er in comparison with Er by bom
barding targets of Sn and Sn with Ar beams of 

164 appropriate energy. The Er compound nucleus has a y-ray 

spectrum (Fig. 25) showing the characteristic yrast bump below 
1.6 MeV with a flat region below 1 MeV. The 1 5 9 E r compound 



27 

nucleus has a very different spectrum showing two bumps below 

1.6 MeV separated by a valley at about 1 MeV. The low-energy 

bump has a high intensity and contains all the known discrete 

transitions around 0.7 MeV connecting states with spins up to 36 

4i. The higher bump starts at ~1 MeV, and above its maximum at 

1.3 MeV seems to resemble the upper part of the rotational bump 

in the ' Er product nuclei. This second bump develops 

very strongly with increasing fold number, showing that i t comes 

from high-spin states. The multiplicity spectrum for the 
154 155 

' Er products also shows two peaks. The multiplicity 
estimated for the upper peak, 31, indicates again that it comes 
from the highest spin states in the cascade, and there is a 
remarkable similarity to the upper part of the ' Er 
multiplicity spectrum. The multipole composition of the v-ray 
spectra, deduced from the 0* and 90° intensities with the 
assumption of only stretched dipole and quadrupole transitions, 154 155 shows the upper bump in ' Er consists mainly of stretched 
quadruple transitions. This is not true for the lower peak, 
which has a large fraction of dipoles, in agreement with the 

154 155 known discrete lines in ' Er. The calculated spin at the 
top of the cascade is -60-f? and the effective moment of inertia 
is -150 MeV~ . The evidence seems quite good that, at about 

. 154 155 
spin 40 -n, the products ' Er switch from weakly oblate 
nuclei to rather strongly deformed (most likely rotational) 
nuclei. The experimental results do not determine whether these 
shapes are oblate or prolate, but the similarities with the 
heavier Er nuclei suggest the latter. 
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Although the number of cases studied is s t i l l quite small, 

the experimental evidence indicates that nuclei in the mass 

region 100-170 deform ( i f not deformed already in the ground 

state) and show rotational behavior above some spin which depends 

on the detailed structure of the particular nucleus. There 

appears to be a rather systematic behavior. The N * 82 and 

nearby nuclei have mostly dipole transitions at low energies and 

only begin to rotate at very high spins (40-60 W). The quasi-

vibrational nuclei have more stretched E2 radiation at low 

energies, which is weakly col lect ive but not rotat ional . They 

deform and become rotational at lower spins (35-45-ft). F inal ly , 

there are well-deformed prolate nuclei which show a high 

proportion of col lective stretched E2 transitions at a l l spins. 

Continuum y-ray measurements are not as precise and as 

unambiguous as discrete l ine studies. So a variety of techniques 

must be used to obtain as many dif ferent insights as possible. 

A number of different types of studies have been carried out: 

conversion electron measurements , plane polarization 

studies , angular correlation studies , and Doppler-shift 

l i fet ime measurements . All y ie ld some interesting results; 

however, I w i l l not have time to discuss them but w i l l pass on 

to moment-of-inertia determinations. 

As already mentioned, determination of the energy of the 

edge of the yrast bump and the corresponding maximum spin gives 

a value for "3 f f at the top of the cascade. To obtain 

additional values at lower spins, the bombarding energy can be 

lowered. Or, in the lower spin region of a spectrum where the 
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population is constant (i.e., every cascade goes through that 
region—for example, in a 3n channel at angular momenta where 
the corresponding I waves lead mainly to the 4n and 5n channels), 
a spin value can be obtained for any transition energy by summing 
the number of transitions up to that point and using I « 2(M - 6) 
where s now refers only to the statistical transitions under the 
region summed. Some estimates for the effective moment of 

43 inertia obtained by these methods are shown in Fig. 26 for 
162 the product nucleus Yb. The small dots give the values for 

the known discrete ground-band transitions, and the open circles 
are for the isotone Er which is known through the backbend. 
The four points with error bars are calculated by the "edge 
method" at different bombarding energies, and the large dots 
connected by a solid line are from the method just described. 

Both of these methods depend upon associating a given 
Y-ray energy with a particular spin value. There also exists a 
"differential" method which utilizes an expression derived from 
Eq. (2) for stretched E2 transitions: 

aE - m2IZJ - 2E dlnj/dl . (11) 

For a reasonably constant moment of inertia, this becomes: 

AE « 8 n 2 / 2 J . (12) 

The energy difference, AE , can be obtained simply from the 

height of the Y-ray spectrum. For example, on the unfolded 

spectrum of Fig. 22, the height of the spectrum gives the number 

of rotational transitions (n ) per energy interval (0.040 Mev 

in Fig. 22) per event. The reciprocal, 0.040/n , is the 
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average difference between adjacent transition energies, AE , 
and can be related to the moment of inertia by Eq. (12). The 
values so calculated are also shown in Fig. 26 as diamonds 
connected by a dashed line. This method also requires a constant 
population in the region of application, and so has a limited 
range of use (between 0.7 and 1.0 MeV in Fig. 22). The values 
from the different methods (Fig. 26) are in reasonably good 

p agreement, and above spin 2 0 ^ [(-nu) % 0.12 MeV] are within 
ten percent of the value for a rigid diffuse sphere of mass 162. 
The uncertainties in these values are at least that large, so 
the results agree with this simple estimate as well as can be 
expected using this approach. 

A newer study using these methods determines the edge 
energy from the multiplicity peak in plots of M vs E , as 
in Figs. 23,24; these peaks are sharper than the yrast bump edge 
in Y-ray spectra and so permit a more definitive evaluation. 
However, the problem is always to obtain the property of interest 
(in this case f and I) for the smallest range in spin 
possible. With the presently available techniques this range is 
never small. One of the best ways is to use a total-energy 
spectrometer , although this still means a FWHM of 60-70% in 
spin. The idea is as follows: if one can capture in a large 
Nal counter most of the y-ray energy emitted in the cascades, 
one can then make cuts or slices at various excitation energies, 
hence at various spin ranges, and observe the decay spectrum in 
a coincident external counter viewing the target through a small 
hole in the sum spectrometer. The type of slicing is shown in 
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Fig. 27; the higher excitation energy slices also correspond to 
higher spin regions, but unfortunately even a narrow slice 
corresponds to a wide range of spin because of the shape of the 

68 region populated. Examples of the spectra taken in a 7.5 x 
7.5 cm Nal crystal outside a sum spectrometer and in coincidence 
with consecutive ~4 MeV wide slices of the total excitation 
energy are shown at the top of Fig. 28 for 185 MeV Ar + 

Sn » Er*. The main reaction products, Er and 
159 

Er, are deformed prolate nuclei in the ground and Uo/2 

bands, respectively, all the way to the highest spins observed. 
In the first few spectra, the increase in average angular momen
tum associated with higher sum energy causes an increased yield 
of essentially all y rays. After about slice 5 the yield of the 
lower energy transitions (E < 0.6 MeV, I < 20) is saturated 
because the feeding occurs at higher energy (higher spin). The 
movement of the yrast-bump edge to higher energy then becomes 
noticeable, and by subtracting the spectrum of one slice from 
the next one, the curves in the bottom of the figure are 
obtained. Their centroids can be considered to be the average 
edge, T , for the spectra of the two consecutive slices. The 
corresponding spin, I, can be obtained from the average multi
plicity for the two spectra determined in the same measurement. 
However, the multiplicity measurement does have a complication. 
For a perfect sum spectrometer with 100X efficiency and 4* 
geometry if the external counter is included, the ratio of 
coincidence counts with the external counter to singles counts 
in the sum detector can be written 
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N c/N s « 1 - (1 - U ) H , (13) 

much like Eq. (10), where u is the solid angle of the external 
E detector. In a real sum spectrometer there will be losses 
due to detector transparency and geometry, CI < 4», and the 
multiplicity will depend upon the actual energy collected. This 
can be accounted for if the ratio of coincidence to single events 
is calculated both with the external detector spectrum added to 
the sum spectrometer one, (N_/N )_+ and with just the sum 
spectrometer spectrum (N /N ) 

Woh,- 1-' 1-^ 1 1 ( 1 4 ) 

where X is the number of Y rays out of M that actually are collected 
in the sum spectrometer. The average multiplicity M can then be 
obtained by eliminating X between the two expressions. For large 
enough (2 (fi > 0.5), this yields 

M % (N./N.)^.(o, • n) + (H c/H.) 0 (1 - n) . (16) 

If the sum crystal is divided into sectors and a requirement is 
made that several or all of these must fire for an event to be 
recorded, the expressions become more complicated and require a 
numerical solution (e.g. ref. 69). But in any case, a determi
nation of fi yields a value for T, which when substituted with 
the corresponding value of T into Eq. (2) gives an effective 
moment of inertia for that y-ray energy. Values so determined 

164 for the compound system Er* are shown in Fig. 29. An 
important advantage of this method is that the "average" edge 
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and the multiplicity are both determined objectively and corre
spond to the same input distribution of angular momentum. Also 
no extrapolation from average to maximum angular momentum is 
requi red. 

A type of differential method can also be applied to the 
spectra obtained in coincidence with slices of the total-energy 
spectrum. The area of each difference peak (bottom of Fig. 28) 
gives the incremental number of rotational transitions (half the 
angular momentum increase &I) and the difference in the centroids 
of two consecutive peaks gives the average increase in transition 
energy, AE . Use of Eq. (11) then gives effective moments of 
inertia which depend essentially on the difference in multipli
cities rather than on the multiplicities themselves, and so 
provides a partially independent evaluation of 3. As can be seen 
in Fig. 29, the integral and differential methods are in good 
agreement. 

This sum-crystal method probably provides the most 
reliable values presently available for moments of inertia at 
very high spin. They are in rather close agreement with the 
liquid-drop model—about 10 percent or so above the rigid-sphere 
values. A few measurements have been made for comparable spin 
ranges outside the rare-earth region. They also seem to be near 
the liquid-drop value. Very careful studies are under way at 
present to look for the large increase in moment of inertia at 
the very highest spins that has been predicted by the liquid-drop 
model and might be reinforced in some regions by shell effects. 
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But the moment of inertia described so far is an 

"effective" one; i t is measured along the average of the 

Y-cascade pathways, and so is an average envelope for many 

intersecting (crossing) bands, as shown in Fig. 30. The collec

tive moment of inertia of an individual band is smaller and 

corresponds to its greater curvature in the plot. I t is related 

to differences between y-ray energies in the same band, and not 

to the difference between average Y-ray energies in a pathway 

(several intersecting bands). The angular momentum in these 

excited bands is carried partly by the rotation of the deformed 

nucleus as a whole and partly by a few high-j nucleons aligned 

to the rotation axis. The energy in one such rotational band is 

given by 

2 2 
E(I) = - J R2 + E(j a) - Jr— (I - J a )* + EM) , (17) 

"con a z ; jcon a a 

where 3_Q-|i is the moment of inertia of the collective rotation 
of the nucleus, i is the aligned angular momentum of the 

a 
nucleons, E(i ) is the bandhead energy, and 1 is neglected 

a 
compared to I - j . . The assumptions made in Fig. 30 are that 

a 

J , , and j are approximately constant in a band and only 

E(j ) and j change between bands. The r-ray transition 

energy within the band is then 

Y ^ o l l a 

to be compared with the corresponding form of Eq. (2) 

Ev - 7 T — 4 I • ( 1 9> 
Y "eff 
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which gives the envelope of the bands without reference to any 
alignment. The relationship between the two moments of inertia 
is then 

Vf-T=r3:on * ( 2 0 ) 

Since j . is expected to be large—around one-half of I in the a 

backbend region and probably not relatively smaller at higher 

spins—X !<• must be much smaller than 1 , , , reflecting the 

fact that a single particle cannot contribute fully both to the 

aligned angular momentum and to the collective moment of inertia. 

Only I and E are usually measured, so it isU - f that is 

normally determined and found to be roughly equal to the rigid-

body value. 

Can 3 i i be determined experimentally? There is some 

evidence and some hope that this can be done by studies of y-y 

energy correlations. Consider a nucleus de-exciting through a 

rotational cascade with a fixed moment of inertia, a true rigid 

rotor. Then by Eq. (2) the y-ray spectrum is a set of transi-

tions, evenly spaced at 8 tf fZV, as shown in Fig. 31a. I f this 

cascade is looked at by two y counters, and the f i rs t one is 

gated on a particular transition, the coincident spectrum in the 

second counter looks as shown in Fig. 31b. One sees the whole 

spectrum, but for the gated line. I f , instead of a single value 

for 3 , there are many cascades with a small spread in IT, then 

the lines become a distribution of transitions that widen as they 

leave the vicinity of the gate energy, Fig. 31c. But the 

distance between the peaks on each side of the missing gate is 



36 
2 still equal to 16 -h" /2X ••, and the spread in the peaks gives 

the initial spread in values of 7 . 
A schematic two-dimensional spectrum of one coincident 

r-ray detector against another for a rotational nucleus is shown 
in Fig. 32. The dots represent the location of coincidences 
betwen y-rays' de-exciting states up to I « 14 in a perfect 
rotational band with moment of inertia 3\ However, different 
bands might have somewhat different moments of inertia, and the 
lines through the dots represent bands having moments of inertia 
differing by ±10 percent from 7. It is also well known that 
nuclei align angular momentum at relatively low spin values, and 
the crosses in Fig. 32 are coincidences between transitions from 
spins 16 to 26 -ti in a band having 11 -K aligned, also with a 
moment of inertia3. The light lines through the crosses again 
represent aligned bands differing in 3 by ±10 percent. It is 
clear that even if bands are populated that differ considerably 
in moment of inertia and aligned angular momentum, a stong pat
tern remains in the two-dimensional y-y coincidence spectrum. 
The valley along the diagonal, representing the absence of tran
sitions of the same energy, is not at all filled, and the first 
ridge adjacent to it is rather clear. (Notice, however, that a 
single band with a changing moment of inertia or alignment has 
not been considered.) It is then of considerable interest to 
know whether these correlations are present in real spectra at 
very high spins. 

To perform such correlation experiments requires good 
statistics and a method to reduce the nuMber of uncorrelated 
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events. The f i r s t successful experiment was made by Andersen et 

al • They used four detectors, result ing in six independent 

pairs and, after equalizing the gains, plotted eve-" coincidence 

on a single two-dimensional array. A background of uncorrelated 

events was subtracted from the y-y matrix. Basically this back

ground is calculated for the point i j from the projections of 

the row, EN.. , and the column, EN,-, on the assumption that every 
k 1 K 1 , J 

uncorrelated y ray is equally probably in coincidence with 

every other observed one. The correlated two-dimensional 

spectrum is then 

EN, . EN 
k i k f l j 

ik l k 

However, the background subtracted in Eq. (21) is too 
large, since the projections EN., and EN,, also contain the 

k IK i 'J 

correlated events. An i terat ion procedure may be used; the 

projections of the absolute values of the correlated array 
|AN.J. I and 2 |aN^| give a f i r s t approximation to the number El 

k 
of correlated events in a row and column and can be used to 

correct the background subtraction 

I ( N 1 k - | A N i k l p f N l j - | ^ l j l p ) 

* " l J ( E 1 ' E j V l " " i j E(N l k - |aN u | p ) { 2 2 > 

where Eq. (21) is the first, step with p « 0. There are still some 
problems with this subtraction method, an4 others are being explored, 
but it appears that the basic results found are not much affected by 
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these problems. An additional correction is to divide each point by 
the corresponding relative detector efficiency. The original experi
ments were limited by beam energies to rather low angular momenta. 
I will show a later study applying this method to a system where 
the maximum angular momentum the nucleus can hold was brought in. 

The correlated spectrum (without iterated background 
124 subtraction or efficiency correction) for the system Sn + 

40 164 40 
Ar * Er* at 185-Mr.V Ar energy is shown in Fig. 33. Four 

features, believed to be general, can be pointed out. First, there 
is a distinct val ley along the diagonal up to about 1 MeV (spin 40 tf) 
having a measurable width, and there is some possibility this valley 
also exists in the region above 1.1 MeV. Second, there are a few 
bridges across this valley beginning as low as 0.55-0.60 MeV, and 
continuing as far up as the valley persists. Also there are irregu
larities in the ridges along' ? this valley. Third, there is a 
general filling of the valley above ~1 MeV, which is rather complete 
around 1.1 MeV. Finally, there are stripes or lines of increased 
intensity running parallel to the coordinate axes. This last feature 

(for °Ar + 1 3 0 T e - , 7 0Yb*) 
is better seen in Fig. 34/which has had the background subtraction 
iterated 16 times and has been efficiency corrected. There are other 
features in Figs. 33 and 34 that one would hope to understand; 
however, thus far only these four have been considered. 

The mere existence of the valley strongly indicates, the 
rotational nature of the bands for this range of -r-ray transition 
energies. In addition, the half-width of the valley is just the 
difference between successive transition energies. Assuming again 
that these occur within a band of constant U c o l l and j , 
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X 2 

AE - 8 - » J , (23) 
* 2 : t o l l 

and the valley width equals 16-tr/2TI , , and so determines 

^L i-i- The f i r s t results on th is point suggest that ~D , , 

is indeed smaller than J - . , with values as low as -0.6 . - . 

These results are tentat ive, but i f 3.->•,, X « » and I can 

be re l iab ly measured, then j . can be determined via Eq. (23). 
a 

This would be a very interesting quantity to know for the 
high-spin states. 

The lowest energy bridges in Fig. 33 are due to known 
backbends in the nuclei produced. The large one at 0.55 MeV U 158 - 0.27 MeV) corresponds to the first backbends in Er and 

Er (the major even-even products). Backbending or upbending 
behavior implies several y rays of similar energies in the band 
and thus tends to fill the valley. The arguments developed in 
connection with Fig. 14 have demonstrated that a given level 
crossing will show up in many bands at the same rotational fre
quency (the same y-ray energy). This must be true for the second 
large bridge at -0.8 MeV (« - 0.42 MeV), at the location of the 

158 second backbend in Er, since the population of that backbend 
in the yrast sequence is quite weak but the bridge is a prominent 
feature. It is known that the first backbend in this region of 
nuclei involves the alignment of two iio/p neutrons, and the 
second probably the alignment of two h,. •- protons. There are 
at least two more higher energy bridges in Fig. 33, each of which 
must involve many bands since they have not been observed in any 
discrete-line studies, it is not yet clear which orbitals are 
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involved in these higher bridges. However, the general behavior 

up to about 1-MeV ?-ray energy seems reasonably clear—a deep 

valley ref lect ing good rotational behavior, and a few large 

i r regular i t ies in both the valley and ridge structure result ing 

from alignment of specific high-j o rb i ta ls . Similar behavior is 

observed in Fig. 34 for the Yb compound system. 

Above 1 MeV in Figs. 33 and 34, the valley is largely 

f i l l e d and completely so in places. I t is not real ly clear what 

causes th i s , but a reasonable extension of the features described 

above seems able to account for i t . The levels calculated for 

protons by rotating a prolate potential was shown in Fig. 13. 

The erbium nuclei produced here have 68 protons, the ytterbinum 

nuclei have 70, so the Fermi level is in a basically N = 4 shell 

into which an N = 5 ( h , , ^ ) o r D l t a 1 h a s intruded. I f the 68-70 

proton region (around the level 523,7/2) in Fig. 13 is followed 

to higher frequency, i t intersects some strongly downsloping 

levels at *>/a> % 0.07 (E % 1.1 MeV for A = 160). These o Y 

levels come from the shell above (N = 5 with N = 6 intruder), 

and in fact correspond to the highest aligned U^l? ^ N = ^ 

components together with the most aligned hg.o level . An N = 

6 level coming down into the basically N = 4 shell (AN = 2) is 

part icular ly interesting since i t has the same parity and thus 

can mix into these levels. The neutrons in this region do the 

same thing (N - 7 ( J i 5 ; 2 ) c° m l ' n 9 into the N - 5 shell) at about 

the same frequency. Thus one might expect level crossings and 

very distrubed rotational bands. Perhaps this can account for 

the general f i l l i n g of the valley in th is region. I f t rue, i t 
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could be a reasonably general phenomenon implying tendencies for 
the nucleus to become more triaxial and more deformed. It will 
be interesting to try to verify such behavior. 

Finally, we come to the stripes parallel to the coordinate 
axes, as illustrated in Fig. 34. Those at lower Y-ray energies 
involve the known backbends; because of the increased number of 
transitions of the same energy, there is a marked increase in 
the intensity of the row and column passing through the backbend 
peak along the diagonal. It seems likely that the same effect 
explains the higher energy stripes, except that the intensity at 
the backbend or upbend may come not from a single band crossing, 
but from a number of (excited) bands that cross at approximately 
the same rotational frequency (as discussed earlier). For a 
cascade with multiple backbends (upbends), the coincidences 
between them occur at the intersection of a horizontal and 
vertical stripe, and will stand out in the iterated spectrum as 
a peak due to the increased intensity of both backbend (upbend) 
regions. It should be noted that the peaks and stripes we are 
discussing constitute only a few percent of the intensity of the 
original data array before background subtractions are made and 
iterated. There may be other explanations for such small peaks 
and stripes. 

But these E -E correlation experiments represent a 
frontier in the continuum work. There are detailed features in 
the spectra of Figs. 33 and 34 that are not yet understood, and 
the cause for the filling of the valley at high spins and the 
origin of the stripes above 1 MeV represent major effects to be 
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studied. This kind of experiment has also been done in coinci
dence with an energy-sum spectrometer, in order to concentrate 
the observed population more on the highest spins; and there is 
the possibility of doing triple correlations and of employing 4w 
crystal-ball detectors. Such correlation studies seem to offer 
real hope for a detailed understanding of high-spin states. 
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Figure Captions 

174 Fig. 1. Ground-band r-ray transitions in Yb Coulomb-excited 
by Xe ions scattered at 80* < ® <_ 100" into annular 
detector. Ge counter is also in coincidence with one of 
two 7.6 x 7.6 cm Nal counters placed at ±90* (ref. 2). 

238 Fig. 2. Ground-band r-ray transitions in U Coulomb-excited 
208 by Pb ions. The two nuclei are scattered into two 

gas avalanche detectors in coincidence with Ge detector. 
The spectrum is Doppler-shift corrected (ref. 3). 
Ratios of ground-band B(E2 
of a rigid rotor (ref. 4). 

232 Fig. 3. Ratios of ground-band B(E2) values for Th to those 

The dots are ratios of the 
experimental level energies to those of a rigid rotor. 

Fig. 4. A plot of energy vŝ  I for the ground-band rotational 
164 levels in Yb. The insert shows the same data in 

the type of plot generally used to show backbending 
behavior. 

Fig. 5. Typical backbending plots for even-even nuclei in the 

rare-earth region. The plot is of 23/tS2 % (41 - 2)/E ( I ) 

vs («») 2 £ ( E T ( I ) / 2 ) 2 . 

164 Fig. 6. Energy levels of Er. 

Fig. 7. Plot of the level excitation energies for various bands 

in Er from (a) experiment and (b) the rotation-

alignment model. The solid circles correspond to 

even-spin states and the open circles to odd-spin 

states (ref. 13). 
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Fig. 8. Plot of 27/fi ^s (-KM) for members of the ground-

state band, y-vibrational band and aligned bands in 
164 

Er. The open circles on the ground-state band and 

even-yrast aligned band are corrections for a 45 keV 

interaction matrix element. The energies of the 

10 and 12 states were adjusted in accordance 
T Y 

with th is interaction strength. The circles represent 

even-spin and the squares odd-spin states (ref . 13). 

Fig. 9. Conventional backbending plots for * Er, and for 

the decoupled band in Er. The following expression 

has been used: 27/fi 2 - (41" - 2)/(Ej - E j_ 2 ) , 

where I ' • I for the even-even nuclei and V « I - j for 

the decoupled band in the odd-mass nucleus (ref. 16). 

Fig. 10. A comparison of backbending in ' ' Ho with 

their even-even neighbors. The even-even curves are 

the usual ones of this type, and the odd-mass bands are 

treated as described in Fig. 9 (ref. 17). 

Fig. 11. Coincidence spectra and highest observed rotational 

levels of 1 5 8 E r ( ref . 18). 
158 Fig. 12. Backbending plot for Er showing the f i r s t backbend 

p 
at (tiw) % 0.08 and the second backbend (upbend) at 
t«*)2 % 0.18. 

Fig. 13. Energy levels as a function of rotational frequency for 
protons in a prolate nucleus having e - 0.2 and mass 

24 number 165 as calculated by Andersson, et al. The 
..olid and dashed lines correspond to states having 
lifferent sy*M 

"signatures"). 

no 
different symmetry with respect to e (different 
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Fig. 14. Cranking model calculations of energy in the rotating 

frame, e'(ci>) v£ u for neutrons around N - 90. The 
levels marked A, B, C, and D are components of the 
i.,.„ orbital, while those labelled E, F. G, and H 
have negative parity (N = 5 shell). The different 
types of lines refer to different signatures of the 

19 levels. The figure is from Riedinger et al. 
Plot 
161 v 

Fig. 15. Plot of alignment, i, vs_ on for bands in Yb and 
Yb. The proposed labeling of the bands is 

according to the nomenclature on Fig. 14. Taken from 
19 Riedinger et al. 

Fig. 16. Angular momentum at which fission barrier becomes zero 
(solid line) or 8 HeV (dashed line) as a function of 
mass number (for nuclei along the valley of stability). 
The stable shape is oblate below ij and triaxial 
between i, and j^. (ref. 31). 

Fig. 17. Plot of ratio of ellipsoidal moment of inertia to that 
of a rigid sphere vs_ y for two values of the deformation 
parameter, e * 0.3 and E « 0.6. The right-hand scale 
gives the difference in rotational energy in MeV for a 
nucleus with A • 160 and I - 60. The dots give the 
difference in total liquid-drop energy (rotation + 
surface + Coulomb) for the nucleus. 

Fig. 18. Typical Y-ray deexcitation pathways to the ground state. 
The statistical transitions are the vertical arrows 
which lower the temperature of the system, whereas the 
yrast-like transitions are roughly parallel to the yrast 
line and remove the angular momentum of the system. 
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152 Fig. 19. Level scheme for Dy (ref. 37). 

152 Fig. 20. Plot of energy vs_ 1(1 + 1 ) for yrast levels of Dy 
assuming 1 - 1 7 for the 60 ns isomer. For I > 14 the 
data lie close to a straight line with slope 
corresponding to 2J/-n2 - 142 MeV - 1 (ref. 35). 

p Fig. 21. Plot of energy vs_ I for the yrast levels of nuclei 
with the indicated neutron number as calculated with a 
spherical Nilsson potential [L.G. Moretto, unpublished 
work (1979)]. 

Fig. 22. Sodium iodide pulse-height (squares) and unfolded 

(black dots) -y-ray spectra (0* + 45* + 90*) from the 

reaction 1 2 6 Te( 4 0 Ar ,4n ) 1 6 2 Yb at 181 MeV. The 

laroer dots are averaged over f ive channels. At the 

top is the 0*/90* rat io for the unfolded spectra. At 

the bottom are schematic unfolded spectra for the same 

case (solid l ine) and for 8 0 Se( 8 6 Kr ,4n) 1 5 2 Yb at 

331 MeV (dotted l i ne ) , 1 2 6 Te( 4 0 Ar ,4n ) 1 6 2 Yb at 157 
MeV (longer dashed l ine) , and i 5 0 Sm( 1 6 0,4n) 1 6 2 Yb 

at 87 MeV (shorter dashed l ine) (ref. 43). 

Fig. 23. Observed ( l e f t ) and calculated (r ight) mu l t ip l i c i t y 

spectra vs_ E for the Sn + Ar system at the 

indicated bombarding energies. One Nal r-ray spectrum 

is also shown (ref . 58). 

Fig. 24. Plots of mu l t ip l i c i t y vs T-ray transit ion energy for 

the systems (a) 8 2 Se + ^A r and (b) 1 0 0 Mo + 

Ar for the indicated bombarding energies. One Nal 

r-ray spectrum is also shown for each system (ref . 58). 
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25. (a) Spectra at 0* for 1 2 4 S n + W A r system (dashed 

line) and 1 1 9 S n + *°Ar system (solid line) in four
fold coincidence with a multiplicity filter, (b) 
Spectra for 1 5 4 E r (thick line) and 1 5 5 E r (dot-dashed 
line), (c) Multiplicity spectra for the 1 2 4 S n + ^Ar 
system (open squares) and the Sn + Ar system 
(filled squares) (ref. 59). 

26. Plot of 23/tf2 vs (-tit)2 for 1 6 2 Y b . The small dots 
are the known discrete transitions, and the open circles 
are the known transitions in the isotone Er. The 
large dots connected by a solid line are values in 
1 6 2 Y b derived by the integral method from the 181 MeV 
40 Ar spectrum for E between 0.7 and 1 MeV, and the 
diamonds come from the differential method applied to 
the same data. The square, triangles, and circle 
represent values for the moment of inertia derived from 
the yrast bump edge for 87 MeV 1 6 0 , 157 MeV 4 0Ar, 
331 MeV ^Kr, and 181 MeV ^Ar reactions, 
respectively. The horizontal dashed line corresponds 
to a rigid diffuse sphere with A x162 (ref. 43). 

27. Plot of calculated excitation energy vs_ spin space for 
124. .40. .164-xc ... . .. .... 

Sn( Ar.xn) Er. Slices of the excitation 
energy, shown as dashed lines, select particular 
regions of the space. 
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Fig. 28. (Top) Spectra from a 7.6 cm x 7.6 cm Nal detector 

(number of transitions per 200 keV per event) for 
consecutive -4 MeV wide slices of the coincident total 
y~ri 
164, 

40 144 
•r-ray energy spectrum from 185 MeV Ar + Sn » 

Er* observed with a 33 cm x 20 cm sum crys ta l . 

(Bottom) The difference in spectra from neighboring 

slices as indicated in the f igure (ref . 68). 

Fig. 29. Plot of ZJIti v£ (hu) for the compound system 
1 6 4 E r * made by 4 0 A r + 1 Z 4 S n . The solid circles 

158 to spin 32 45 are the known transit ions in Er. The 

symbols without error bars are calculated from the 

expression 237^ - 8/AE (Eq. 11). The pure 

liquid-drop prediction is indicated by the dashed l i ne . 

Fig. 30. Schematic i l lus t ra t ion of the bands in a decay pathway 

(solid lines) and the^r envelope (hashed l i ne ) . The 

plot parameters are somewhat arbitrary but were taken 

to be 2 : r c o l 1 / * 2 - 50 MeV"1, 27efff*2 = 100 

MeV"1; j - 0, 10, 18, and 24 -fi for the bands, in a 

order of increasing energy. 

Fig. 31. (a) The evenly spaced (at 8 -n" ill) transit ions from 

the state indicated for an idealized r i g id rotor, (b) 

The spectrum observed in counter 2 in coincidence with 

a gate on the I » I - 2 transit ion in counter 1. (c) 

Same as (b), but there are three rotational bands with 

s l ight ly dif ferent values of J , although a l l have the 

same effective value for the I » I - 2 t rans i t ion. 
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Fig. 32. Schematic correlation plot for a rotational nucleus. 

The dots locate the coincidences for a band with spins 
up to 14-n" and moment of inertia J . and the heavy lines 
show the effect of bands where J differs by *10 percent. 
The crosses show the location of coincidences in a band 
with spins 16 to 26-ft, ll>fi of aligned angular momentum, 
and moment of inertia 3. The light lines again show 
the effect of bands differing inJ7 by 10 percent. 

Fig. 33. Correlation spectrum from the reaction 
1 ?A ACi 1 fi4-x 
" Sn( Ar.xn) Er at 185 MeV. The data were 
taken in Ge(Li) detectors and treated according to Eq. 
(20). The plot shows contours of equal numbers of 
correlated events, where the darker regions have more 
counts according to the scale at the right edge. These 
data are from ref. 71. 

Fig. 34. Correlation array from the reaction 
1 3 0 Te( 4 0 Ar,xn) 1 7 0 " x Yb at 185 MeV.. The data were 

taken with Ge(Li) detectors, and the resulting array 

had the background subtraction iterated 16 times {Eq. 

21) and was approximately efficiency corrected by 

multiplying by E, x E_. 
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