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NUCLEAR STRUCTURE AT HIGH ANGULAR MOMENTUM* 

Abstract 
There is considerable interest in high angular-momentum states of 'uclei. 

and some recent progress in three areas will be discussed. Part I con;:i " r s 
transitional nuclei, where two types of rotational bands--decoupled and 
strongly coupled--are found to occur very frequently. These can be 
described by several collective models, but the required potential-energy 
surfaces seem to differ somewhat from those calculated microscopically. 
In Part II the processes that might cause backbending (irregularities in 
the rotational levels of certain nuclei) are discussed, and alignment of 
individual nucleons now seems to be the cause in most cases. The mixing 
of the ground band with this aligned band can be studied in some detail 
using Coulomb excitation with very heavy ions. Part III deals with the 
very high-spin states where effective moments of inertia have been 
obtained for spins up to 50ti. Also structure has been seen in the spectra 
around these spin values which can be tentatively related to calculated 
shell effects. 
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There has been considerable progress recently in understanding the 

effects of hiyh angular momentum on nuclei. The interest in this subject 

increased sharply in 1971 with the discovery of a pronounced irregularity 

called "backbending" in the rotational energies of some rare-earth nuclei. 

The theoretical study of this process constituted the first general 

consideration of the effects of angular momentum on nuclear structure, 

and a number of interesting aspects emerged. In one direction, a 

connection was marie between the behavior of strongly deformed nuclei 

at high spin values and that of weakly deformed nuclei at moderately 

low spin values, which correspond, nevertheless, to similar rotational 

frequences. This stimulated the study of these weakly deformed 

transitional (often called "vibrational") nuclei, and that subject 

constitutes one sertion of the present paper. The second section deals 

with the backbending phenomenon itself, and the present understanding 

of this process, which seews to be improving considerably. In another 

direction, the theoretical studies led to the prediction of profound 

structural changes in nuclei at. much higher angular momenta (up to the 

limit of instability against fission or particle emission) and this 

has spurred the experimental study of this angular-momentum range. 

That area constitutes the last part of this paper. The order of these 

three parts has been chosen to correspond to increasing angular momentum, 

although it is not clear that this order reflects increasing complexity 

in the nuclear structure. 
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I. TRANSITIONAL NUCLEI 
The level structure of nuclei in the vicinity of the ground state 

is reasonably well understood at closed shells, where the collective 
motion is not very important and the independent-particle (shell) 
model accounts for the main features. In regions of well deformed 
nuclei the structure is also basically understood, and consists of * 
slow rotational motion of the system as a whole, superposed on a deformed 
shell-model level structure for the individual nucleons. The nuclei 
between these two regions have generally been more difficult to 
understand; however, considerable progress has been made recently in 
these transitional nuclei, due mostly to the systematic study of high -
spin states following heavy-ion compound-nucleus reactions. The present 
discussion of this progress will follow its actual development, since 
this allows the simultaneous presentation of the data and the framework 
within which they can be understood. 

1. Rotation at High Angular Frequencies 
One of the most accurate relationships in nuclear physics is the 

simple rotational-energy formula: 
2 

E(I) = t0*\$l(I * 1) . (1) 

where E is a constant (zero for even-even nuclei), 3"is the nuclear 
moment of inertia, and I is the spin. However, deviations from Eq. (1) 
exist and become larger near the edges of regions of strongly deformed 
nuclei and also at higher spin values. A distorted rotational band in 
each of three Er nuclei is shown in Fig. 1. The lowest levels of the 
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band in Lr obey D|. (1) reasonably well, but at higher spin values 

th'.' irregularities arc c|uiti' apparent. They hemp.' larger in Er and 

are so large th 11 they Ic-.id t n inversions in the level ordering in 

i,v (nearest i. the edge of the re.re-earth deforced region). These 

perturbation:, are well known to be due to ("orinlis effects, and the 

level', call ulale-l by H.jortPi •! al. iri 1970 are <ilsu shown in fig. 1. 

It should be e:p',',i/ed that these Onriolis effects occur quite 

generally. 

The physit.ii proses-, >:.;:: 'nil,-' a-, the f ',••- iol i' force distorts a 

rotational band i'. no.-; reason.ibly •.-.•ell unde^ti.:'•'.' The particle 

airiular-ipomeulii"! ;•'. tor, •', is b^ino (;r,v!u ;1 ly forced to decouple from 

the doforiiKit ion a>i' (r.yr: ••!•;,• a.-is' :•' the nucleus and to align with 

the rotation axis, figure ',' ':'(»• sche::T, tic illustrations of j coupled 

to the deforma' ion axis ''op' and rotation axis (hot tort). The so-called 

Coriolis ton- (v.iiiM. lontiiio ra'-t . of both the C riolis and centrifugal 

energies) is given by: 

V-z^i-J , (2) 

and the wavofun; Lion:, corresponding to the dianon il ization of this 

tern arc giver, on riq. ?. They are states that have sharp projections, 

u, along the rotation axis, and t'e one lowest in energy corresponds 

to the complete alignment of j witn the rotation 1ixis, a: = j . The band 

built on this state is called the decoupled band' and lias spins I = j , 

j "• ? , j + 1. • • • 'ind energy sparings i d e m k a l to those of the core. 

A comparison ol the enemy soarings in this band i-.ith those in a 

normal (strongly coupled (u the deforratiun axis) rotational band is 



shown in Fig. 3. It is apparent that the decoupled band is highly 
compressed and thus carries angular momentum more efficiently. The Er 
nuclei in Fig. 1 are intermediate between the strongly coupled and 
decoupled bands illustrated in Fig. 3. Their approach to the decoupled 
limit with decreasing mass number is shown in Fig. 4. Here the ordinate 
is chosen so that the decoupled limit (where the energy spacings are the 
same as those of the adjacent even-even nuclei) is unity, and the 
strongly coupled limit is also indicated for each transition. All the 
transitions are close to the decoupled limit by mass 157, and the higher 
spin ones are near this limit much soone>-. The main reason for this 
change with mass number is that the edge of the deformed region is 
around mass 155 in Cr, and as it is approached the moment of inertia,3", 
becomes much smaller causing an increase in the angular frequency for 
a given spin value and thus a corresponding increase in the Coriolis 
effects (Eq. (2)). 

The overall pattern of yrast levels (the lowest er.ergy levels for 
each spin value) obtained by diagonalizing the Hamiltonian for a j = 11/2 
particle coupled to an axially symmetric rotor including the Coriolis term 
(particle-plus-rotor model) is shown in Fig. 5. The range of deformations 
varies from prolate (positive 6) through zero to oblate (negative 6), 
retaining axial symmetry at all points. Three general regions are 
apparent in Fig. 5. The first is near zero deformation, B < 0.1, where 
multiplets are evident, characteristic of weak coupling between the 
particle and the deformation. Such spectra are not often (if ever) 
observed in the experimental data, which suggests that a model based 
on a collective tore may not be applicable for these very weak couplings 
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(C ? i > 1 MeV for m-.iss -160). On the oblate side of Fig. 5, a strongly 

coupled (K - 11/?) rotational band develops at very low deformations, 

B -0.1; however, the analogous K = 1/2 band is not well developed even 

at. ('• •'' 0.3 on the prolate side. What is observed on this side is a 

decoupled band, p/tending across the whole range of positive B values. 

In fact, the entire rotation-aligned scheme is reasonably accurately 

obtained for 0.13 :' <• 0.23. For a j ' 11/? hole rather than a 

particle. Fig. 5 would be identical except that the prolate and oblate 

sides would be reversed. This simple model thu<- suggests that there 

should be strongly coupled and decoupled bands occurring widely in the 

weakly deformed nuclei, and that is exactly what has been recently 

observed. These patterns are most easily recognized in the high-j 

shells, but there is every indication that the lower-j shells behave 

similarly. 

A partial Nilsson diagram is shown in Fig. 6 for the region 

around fi? protons. Tor the Tl nuclei, which have one hole in the 

8? proton closed shell, the Fermi level is on the s.,., orbit, and the 

deformation is about -0.13 (oblate). For this shape the empty h.^-

orbit should show strongly coupled (one-particle) bands, and the filled 

h., ., orbit should show decoupled (one-hole) bands. The recent com

pilation by the UNIS0R group of Tl h q / ? bands is shown in Fig. 7. Very 

convincing strongly coupled bands are observed, perhaps the best known 

in any oblate nuclei. The h..,., spectra in nuclei of this region will 

be discussed later, but they are of the expected decoupled type, 

figure P shows the essential features of the U-,,7 bands in several odd-

mass Mg nuclei. These nuclei Arc also oblate and the i,,.? neutron 
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shell is full, so that decoupled bands are expected, and the j, j + 2, 
j + 4 . . . pattern with the same energy spacings as the core is 
unmistakable. 

A partial Niisson diagram for the region around 50 nucleons is 
shown in Fig. 9, and for prolate deformations around ii ~ 0.2-0.3 the 
h...- shell is empty and the g g / 2 shell is full, leading to decoupled 
and strongly coupled band;, respectively. A series of g„,j, bands in the 

g Sb nuclei is shown in Fig. 10, and well developed strongly coupled 
bands are evident in these nuclei with one proton beyond the 50 closed 
shell. A series of h,. ., bands in the -,La nuclei is shown in Fig. 11 
and these are, indeed, clearly of the decoupled type. In this casp 
there are rotational state lifetime measurements and spectroscopic 
factors from (a,t) and ( He,d) transfer reactions which support the 
decoupled-band interpretation. Skipping to the analogous region around 
57 neutrons, a series of .„Pd nuclei is shown in Fig. 12. Again the 
region is prolate and decoupled h.,., bands appear. A Niisson diagram 
for the region just below 50 nucleons is shown in Fig. 13. For Se, 
with 41 neutrons and B " 0.25, the f 5 / , shell is full, and the g „ / 2 

shell is about half full, which should give strongly coupled and 
11 75 perturbed decoupled bands, respectively. The level scheme of Se 

is given in Fig. 14, shewing the well developed 5/2 rotational band, and 

9/2 
+ 4-

the g q / ? decoupled band, with low 5/2 and 7/2 states due to the 12 partial filling of this shell. For Rb, with 37 protons, the g„.y 

shell is nearly empty, and the expected decoupled bands are seen in 
Fig. 15. There is now much more data of this type which confirms the 
widespread occurrence of strongly coupled and decoupled bands in the 
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transitioiMl nuclei. It appear'. U,'' this basic feature of the rotational 

andol is tiort"- out: )..••' types of iotational band exist depending on 

whether the partiile aerilar e»<:ii'.ii: is (nupled to the symmetry axis 

01 to the mt lit ion ax is. However, a closer looV at the data reveals 

that so:':" dd'li' ieti') il-••n-i-. of 11'•<• U,::> Fmst be taken into account. 

?. fffecls of Axial Av..a-et.ry 

l"or many of the nuclei in tr.m-.i tional regions, t.3 collective 

structure cannot he so si"ple as Cat of an ax>ally symmetric rotor. 

It is well known that a m l lcc t i jt- second ? state lies very low in 

energy for many of the even-even nui lei in those regions; often being 

the second exi i 1 ft! slats'. Such a stale indicates axial asymmetry, 

though wnether it is an equilibria, shape or a dynamic excursion 

(vibration) can only be decided fro-, more detailed features of the 

spectrum. The behavior of the lov.v.t few levels of an even-even triaxial 

rotor are shown in Kit). Ifj, whore > is the usual asymmetry parameter with 

0' and 60" corresponding to axially symmetric prolate and oblate shapes, 

respectively. There is a symmetry here between prolate and oblate 

shapes, so that on the basis of the even-even spectrum, these two are 

indistinnuishable. The problem of an odd particle coupled to such an 
13 14 asymmetric core was solved recently by Meyer-ter-Vehn, ' and the 

spectrum for a j 11/;.' particle and a particular choice of S is shown 

in Pig. 17. The prolate and oblate limits are the same as those of 

Fi'j. 5; however, the degeneracies characteristic of ft = 0 in the 

axially sy.mirt.ric <a'e ate not present at y ~ .10". There are only 

rather small changes in the spec I runt within about. 15° of the 0° and 60" 

limits; but between lb"and 45° there are many pronounced level 

http://sy.mirt.ric
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variations to test against the experimental data; and, fortunately, 

the prnlaU'-oljl.ile ambiguity that existed for the even-even spectrum is 

tot.illy absent, it is apparent that the decoupled and strongly coupled 

bands are still dominant features of these spectra for almost all shapes. 

There are now ninny detailed spectra that have been compared against 

these triaxial-ro'.or calculations, but only the A = 190 region will be 

discussed here in order to have sufficient space to give some interesting 

details of the behavior. !r. rig. 18 the P and s, values are plotted 

for all the Hg, Pt, and 0s isotopes for which thereareavailable data. 

These are estimated in a simple way (based on the assumption that these 

nuclei have fixed triaxial shapes) from trio lowest 2 and 4 states 

and the second-lowest 2 state, using additional information on static 

flu.idrupolc moment:, where available. More sophisticated (dynamic) 

methods o* treating these nuclei might change these values somewhat, 

but drt- very unlikely to change the overall trends. All the Hg nuclei 

are slightly oblate as are the heavier Pt ones. The lighter Pt 

isotopes arc very likely prolate (for some of the intermediate ones 

the sign of the deformation is not really known), and the 0s nuclei 

ex tend into the region of good prolate rotors (y < 15°). The procedure 

followed by Meyer-v.er-Vehn is to take p. and y for a given odd-mass 

nucleus from the appropriate core nucleus, so that there remains only 

„no parameter to fix for each odd-mass calculation, namely the position 

of the lermi surface, X p, which is not important for the core spectra. 

There is, however, an important and somewhat subtle point about 

chousing tlte core nucleus. In the A = 190 region tlio core is most 

sensitive to the number of holes in the 50-02 proton shell; Hg, for 
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example, h.r, just two. In Au nuclei, with three holes in the 82 shell, 

the Mg corf will he appropriate if the odd proton occupies a level in 

the 00-8? shell--h , . . , for example. But if the odd proton occupies 

a level outside the 50-fl? shel l--hf .,, for example--then there will be 

four holes in the shell and a P'. core is appropriate. This plays an 

important role in the odd-proton spectra of this region. 

Some basic features of the 11 and llg spectra have already been 

seen in figs. 7 and 8. A more detailed look at 7„Pt is shown in 

1'ig. 19. liere there is a complication in ihat the Fetni level is 

inside the 1,3,9 multiple! (i.e., a one-hole description is not 

appropriate), but the Fermi level can be adjusted in these calcu

lations, and the resulting fit is rather good. The straight lines 

are those of the usual decoupled band, whereas the wavy lines correspond 

to an "unfavored" band brought down mainly by the location of the 

I'ermi level. Since this nucleus has y ^ 30" and three holes in the 

i..,9 shell, the;,e unfavored levels are low because of the tendency 

to form a strongly coupled K = 11/2 band. The h. , and h,,,- bands in 

Au nuclei are especially interesting. The h., ., hole state is based 

on the oblate Hg core, and thus gives a decoupled spectrum. There 
195 14 

are many levels known for Au, and the comparison of this spectrum 

with the calculated one is shown in Fie 20. The agreement is excellent, 

and the number of levels '.ir.o::r. including unfavored and low-spin ones-

together with the pattern gamma - ray decay, make it appear unlikely to 

be accidental. The h » / 9 spectrum is based on a one-narticle state 

and a Pt core, which, under the deforming influence of the h q / ; ) 

particle, is prolate rather than oblate. This double change 
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(hole-particle and oblate-prolate) again results in a decoupled spectrum, 
and the similarity of the h., .- and h„.„ systems in Au is shown 
in Fig. 21. The h g , 2 system has a larger deformation, as is obvious 
from Fig. 18, but otherwise the symmetry around 30° for particle and 
hole states results in virtually identical structures. It is significant 
that the hg.^ structure when based on the oblate Hg core was a strongly 
coupled one (Fig. 7) and the h,, ,, structure with a prolate Pt core 
( Ir, Ref. 17) is also strongly coupled. This kind of predictive 
power is rather impressive. 

One problem with the Meyer-ter-Vehn calculations is that they are 
based on a rigid-rotor model, whereas the transitional nuclei are surely 
soft toward 3 (and probably also Y ) . The 6 softness brings down the 
higher spin states in the experimental spectra, and Meyer-ter-Velin 
consistently overestimates the energies of these states. This problem 

18 is treated in an ad hoc way by Toki and Faessler, who use empirical 
(VHI model) fits to the core energy spacings as a basis for the odd-mass 
calculations. This does improve the high-spin behavior as shown in 
Fig. 22 for three Hg nuclei though it leaves the physical process 
involved unclear. Many other examples of fits to these models could 
be given for the various transitional regions, but it seems more 
important at this point to examine some of the questions raised by this 
agreement. 
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3. Soft Potentials 

All of the above discussion is essentially based on a rotational 

model for fixed shapes. In fact, however, the potential energy surfaces 

are very likely to be soft with respect to both ii and y, so that 

vibrational motion will be superposed on the rotations. The potential-

energy surfaces calculated from the filled nucleon orbits for the 

transitional nuclei are often reasonably well confined in B, but 

virtually never in y. Thus while it might be reasonable to believe that 

the main effects of the B softness could be some centrifugal stretching, 

the applicability of a y-stable model seems a priori highly questionable. 
19 In this connection Alaga and Paar have shown that the same decoupled 

and strongly coupled bands are obtained when a particle is coupled to 

an anharnronic oscillator. It seems likely that the physics underlying 

these bands in the two models is the same (though they are described 

in different representations), and the emergence, in leading order, of 

rotational bands from an oscillator approach suggests that they cannot 

be very sensitive to the vibrational motions resulting from soft 

potentials. More insight into this question has come from the recent 

work of Leander. 
21 22 Leander has solved numerically the full Bohr Hamiltonian ' fcr 

a single particle (hole) coupled to a core whose potential energy 

as a function of shape can be chosen essentially freely. This 

Hamiltonian is the general one for quadrupole surface deformations, 

and contains both the rotor and the harmonic oscillator as limiting 

cases. Some examples of the possible potential-energy surfaces that 

can be used in such a model are given in Fig. 23. The harmonic 
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vifcrator (a) and the rotor (b) are well known; whereas, the Y-unstable 

potential (c), characteristic of many of the microscopically calculates 

potentials, is not so familiar. The triaxial rotor (d) is the case 

treated by Meyer-ter-Vehn, and one of the very interesting possibilities 

for Leander's calculations is to distinguish between the observable 

features of cases (c) and (d). In Fig. 24, Leander has used a B 

potential like case (c) in Fig. 23 but he has added a term proportional 

to COS3Y, SO that the oblate-prolate energy difference along the y valley 

can be arbitrarily chosen and the potential energy for intermediate y 

values varies smoothly between these limits. When the oblate-prolate 

energy difference is zero, case (c) in Fig. 23 results (the problem 
23 treated by Wilets and Jean ). The solutions for a j = 9/2 particle 

coupled to this potential are given in Fig. 24, and they resemble 

surprisingly closely those for the fixed triaxial shapes shown in Fig. 17. 

{Figure 17 is for j = 11/2, but can be compared with Fig. 24 by 

subtracting one from all spins.) In particular the decoupled and 

strongly coupled bands persist, and it therefore seems quite clear 

that they are not sensitive to y softness. There are, however, 

differences between the triaxial and y-unstab.'e cases which allow 

choices between the two to be made. 

The potential-energy surface obtained by Leander from fitting the 

levels in Os is shown in Fig. 25. This corresponds to a prolate 

nucleus, with soiiie softness toward Y variation. In the lower part 
187 of Fig. 25 the calculated h„.. spectrum in Ir is given based on 

this potential, and the extensive decouplod-type spectrum is very 

well reproduced. The fit of Meyor-ter-Vehn to Ir was comparable 
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and involved a fixed y of 16°, which could easily represent an average 
value that might be obtained from the dynamical calculations in the 

196 potential of Fig. 25. The best potential found by Leander for Hg 
197 and Tl, is shown in Fig. 26. Here it is very interesting that a 

triaxial shape seems to be required (reasonably deep minimum for y f 0) 
to reproduce the very low second 2 state in Hg (also present in the 

197 Pt core) and the low second 13/2 state in Tl. The fit and the 
parameters in this case are rather close to those of Meyer-ter-Vehn for 
several Tl isotopes (y « 37°, 0 =< 0.15). This Tl case, together with 

24 evidence from some even-even nuclei in the fp shell , and the good 
fits generally obtained by Meyer-ter-Vehn, raise serious questions 
about the y dependence of the calculated nuclear potentials. The 
experimental data seem to require a stronger dependence on y than those 
calculated. 

4. Single-Parti'le Effects 
The collective models discussed seem to work rather well in the 

energy and spin regions considered. However, other degrees of freedom 
are expected to occur at frequencies not much higher than the collective 
ones in these transitional nuclei, and these should also appear in the 
spectra. There is abundant experimental evidence to support these 

8 191 192 expectations. The levels of Hg and Hg are shown in Fig. 27. 
The very large irregularity in the main level sequence at spin 10h is 
surely due to a non-collective effect--probably two h-.,,- protons 
coupled to spin 10ii. However, simple collective features are observed 
lower in energy in these nuclei (Figs. 8 and 22), and, to some extent, 
higher also. Thus it appears that couplings to other nuclear modes are 
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not generally strong enough to obscure the collective features in these 
transitional regions, but they introduce irregularities in the smooth 
collective behavior. 

5. Conclusions 
It is now clear that there are simple collective features involving 

the quadrupole deformation coordinates in the odd-mass transitional 
nuclei, the most obvious of which are decoupled and strongly coupled 
rotational bands. Such bands correspond to rotation around an axis 
eith r parallel to or perpendicular to the one to which the particle's 
angular momentum is coupled. These bands appear to follow in leading 
order from anharmonic oscillator models also, and more general solutions 
of Bohr's collective quadrupole HamilIonian show that they develop 
for a wide variety of potential-energy surfaces. This is fortunate in 
that it makes these simple patterns easy to recognize in many nuclei, 
but it is unfortunate in that it mafcts it difficult to decid» among 
various types of nuclear potential-energy surfaces. To make these 
distinctions the nuclear spectra must be studied carefully and compared 
in detail with the calculated ones. A number of such comparisons 
have now teen made which give excellent fits for many levels, but these 
fits require more Y dependence in the potential energy than is presently 
obtained from the Strutinsky-type calculations. In some cases the 
spectra seem to require stable triaxial shapes which are not given by 
the calculations. Whether this reflects a problem in interpreting 
the experimental spectra, or a problem in the Stn/linsky-type cal
culations is an open question at the present time. 
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II. BACMJINIHNG 
In 1971 Johnson, Rydc, and Sztarkier found a distinct anamoly 

around spin 16 in the rotational energy-level spucings of several rare-
earth nuclei. This behavior was called backbending and there was 
considerable interest about its cause. During the intervening years 
there has been a rather large theoretical effort to try to understand 
how nuclei behave at high angular momentum, and there has also been 
a strong experimental program to find out more about backbending and 
other similar phenomena. We now have a reasonably clear idea what 
causes the backbending first observed in 1971, and we also know about 
several other similar processes. The present section will attempt to 
review this general area, focusing on the original backbending process. 

1. Ttte_ Backbond ing Phenomenon 
The lowest-energy states for each angular momentum value are an 

important set. They are called "yrast" states, and they are cold 
apart from their angular momentum, so that their structure is expected 
to be simple and can indicate how nuclei respond to the addition of 

25 angular momentum. The energies of the yrast states for the even-even 
nucleus Yb are plotted against spin in Fig. 28. The behavior is 
reasonably smooth and approximately parabolic as expected from the 
rotational 1(1 + 1) relationship. However, around 1 = 1 4 there is a 
change in slope, and if these same data are plotted as (essentially) 
moment of inertia against the square of the rotational frequency, then 
the usual backbondinq plot shown in the insert results. Here the change 
in slope appears very clearly as a reduction in the rotational frequency 
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(backbond), and such behavior is seen in many, but not all, rare-earth 
nuclei, and also in some cases outside this region. 

A collection of backbending plots for the even-even nuclei" in 
the rare-earth deformed region is shown in Fig. 29. The backbending is 
quite pronounced in the light Er region, and also in some of the Os 
nuclei. It appears to be absent in the heavy Yb isotopes, which have 

l ^fi recently been measured following Coulomb excitation with Xe 
27 projectiles. This neutron-rich region is not accessible using (Hl.xn) 

reactions, and thus it has been difficult to obtain data here. In 
general, backbending seems less pronounced in this region than in the 
neutron-deficient region. Backbending has also been observed in the 
Ba and Ce isotopes, and behavior of this general type is found in many 
transitional and even single-closed-shell nuclei. Some of these last 
cases are obviously two-particle effects (the well known spectrum of 
two particles in a j shell is of this general type), and such cases will 
not be emphasized in the following discussion. However, there are no 
very sharp dividing lines, either in the experimental data or in the 
interpretations. 

Three effects have been given serious consideration as causes for 
the backbending shown in Fig. 29. These are: (1) a collapse of the 

28 29 
pairing correlations; (2) a shape change, and (3) an alignment of 
the angular momenta of two high-j r.ucleons with that of the rotating 

30 core. It is now clear that whether or not these effects are the 
cause of any particular backbonding, they are all processes that will 
be important as the angular momentum in nuclei is increased. Thus the 
dir.cussinn will first consider these effects and what is known about 
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them. Their relationship to backbending will, of course, be the main 
theme in the discussion of each process. 

2• PaJring Effects 
The moments of inertia of most deformed nuclei are only about half 

the rigid-body value. This is now understood to be due mainly to the 
pairing correlations, which partly prevent the nucleons from following 
the rotation. The possibility of a sudden collapse of the pairing 
correlations at a critical rotational frequency was suggested in 1960 

28 by Mottelson and Valatin long before bar.kbc-nding was discovered. 
Backbending at first seemed to be the realization of this possibility, 
even though in such a picture one would not a priori expect a reduction 
of the rotational frequency nor the subsequent decrease of the moment 
of inertia which often occurs after the backbend. However, the detailed 

3' calculations of this process have been able to reproduce these features. 
It is clear that the rotation will reduce the pairing correlations since 
it removes the (time-reversal) degeneracy of the paired nucleons, and 
there is ample evidence that this is occurring. A perfect rotor would 
give the horizontal line shown in the insert to Fig. 28, and the observed 
slope at moderate and low spin values is very likely to be due mainly 
to this effect of the rotation on the pairing. This increase in moment 
of inertia is not generally accompanied by a corresponding increase in 
B(E2) value, such as would be expected if the slope were due to an 
increase in deformation. This point is illustrated in Fig. 30 which 

33 232 shows that the B(E2) values for Th up to spin 20 are consistent with 
the rigid-rotor values, whereas the effective moment of inertia 



-18-

(calculated as in Fig. 28) increases by about 50%. This is as expected, 
provided the increase in the moment of inertia is caused by a pairing 
reduction. The calculations suggest that the pairing correlations 
should be quenched somewhere between 20 and 3ff> resulting in the rigid-
body moment of inertia (110 HeV on Fig. 28), and the data do not seem 
inconsistent with this. However, it is not clear that this quenching 
will be accompanied by any sudden change in nuclear properties. Thus 
there is no direct experimental evidence to indicate that the backhand 
is due to a pairing effect. 

3. Shape Changes 
Changes in the nuclear shape will surely be important at sufficiently 

high angular momenta, and there already is some information about them 
in the spin regions of interest. The deformation of the nucleus, B, 
is generally inferred from the nuclear quadrupole moment, whose rms value 
can be obtained most readily from the collective B(E2) values. Studies 
of these B(E2) values in the ground-state rotational bands of well 
deformed rare-earth and actinide rotors (6 ~ 0.3) consistently show no 
increase up to the highest measured spins, as is illustrated in Fig. 30. 
The B{E2) values near or in the backbend reqion seem, if anything, to 
be slightly smaller than the values at low-, spins. On the other 
hand, nuclei along the lower edge of the rare-earth region (N ~ 90) 

OF 
where B < 0.3, do show B(E2) values increasing with spin. The data 

152 for Sm are shown in Fig. 31, where the increase in B(E2) is clear 
154 and considerably larger than that for Sm; however, the data do not 

extend high enough in spin to toll if these nuclei stretch beyond the 
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valuu (• - 0.3 characteristic of the heavier rare-earth rotors. This 

seems in.likely, so thiit it appears that the nuclei between closed shells 

arc easily deformed out to :• - 0.3, where the shell structure characteristic 

of the spherical rei|icn is s.neared out, ;;nd tlien tend to resist further 

stretching. 

This behavior of the deformation can be understood as a simple 

shell effect. For a given nucleoli number the shell structure causes 

an oscillation in the total binding energy as the defoliation is 

increased, giving rise to SIK-11 (stable) and anti-shell (unstable) 

effects. For spherical shapes the closed-shell regions obviously have 

strong shell effects, and the regions between the closed shells have 

anti-shell effects. In the latter case the nucleus readily deforms out 

to P ~ 0.3 to take advantage of the shell effect at this deformation. 

However, beyond that point there is another anti-shell region, so that 

further deformation is difficult. At sufficiently high rotational 

frequencies these shell effects can change, but to change an anti-

shell to a shell effect is expected to require a spin change of 3O-50!>, 

much larger than is considered here. 

A more dramatic example of a shape change is seen ' in the very 

neutron-deficient llg isotopes (A - 184, 186, and 188). Here a back-

bend at very low angular momentum (about 1!i) is associated with a 

large increase in B(E2) value. It thus appears to correspond to a 

sudden change from a nearly spherical shape, '.'• * 0.1 to a strongly 
38 deformed one, ft * 0.25. Recent work shows this backbond is due to 

a crossing of the ground band with a deformed bond, as is illustrated 
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in Fig. 32. Nuclear potential-energy calculations are entirely 
consistent, with this behavior as they show a deformed minimum dropping 
in energy with decreasing neutron number in the tig nuclei, until in Hg 
it lies at about the same energy as the nearly spherical ground-state 
minimum. These calculations do not indicate a second nore-deformed 
minimum (or even shoulder) for the rare-eartn region. Thus, although 
backbending can, in special circumstances, occur due to a shape change, 
it seems unlikely that those in the rare-earth region have this cause. 
On the other hand, this process is likely to recur for other weakly 
deformed nuclei, and evidence of this has been reported in some Se 
isotopes. 

4. Alignment Effects 
The alignment of a particle's angular momentum with that of the 

rotating core has been found in odd-mass nuclei to be a very efficient 
way to carry large amounts of angular momentum. Part 1 of this paper 
dealt with weakly deformed nuclei, and it was shown there that these 
aligned (or decoupled) bands are a very common phenomenon. Thus alignment 
effects might also be expected in the deformed nuclei. On such a 
picture the backbending would correspond to a shift to a configuration 
having two nucleons unpaired and in a high-j orbital (or possibly two 
different orbitals) with the maximum projection of their angular 
momenta along the rotation axis. In the U->/o orbit, for instance, 
this would correspond to o = 13/2 and a - 11/2 particles (where a is 
the projection of j along the rotation axis), giving a total of 12h, 
which can replace an equal amount of core rotational angular momentum. 
This is, of course, a limit and the alignment need not be perfect for 
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this process to be competitive. Evidence that this is occurring is 

provided by the backbonding behavior of odd-mass nuclei. 

11 has been pointed out in Part I that decoupled bands have 

energy spacings identical to those in the adjacent even-even nuclei, 

and that the bands based on iy,,? states in the odd-mass nuclei of the 

light £r region tend to be decoupled. It follows that these bands in 

the odd-mass nuclei should backbend like their even-even neighbors. 

However, the situation is more complicated if the decoupled odd particle 

is also one that is involved in the backbending of the even-even nucleus. 

The alignment explanation for backbending in even-aven nuclei is illustrated 

by the solid lines in Fig. 33. The ground-state band, labeled as the 

paired vacuum state |0>, is shown to be crossed by the aligned band. This 
t t ~ band is written in second-quantization notation as a,,,,a,, ,?|0>, where 

a is a creation operator for quasiparticles and the subscript refers to 

the rotation-aligned quantum number, also called a. Adding an odd 

particle to each of these states (dashed lines) raised both of them by 

the energy, A, due to pairing effects; but this can be ignored since only 

the relative energy (crossing point) is of interest. The decoupled one-

quasiparticle state then coincides in energy with the paired vacuum state 

as shown in Tig. 33. However, the same rotation-aligned two-quasiparticle 

state involved in the even-even case cannot be made in the odd-mass 

case due to the Pauli principle. The odd neutron is already occupying 

the a = 13/2 state. The most favorable states available to the broken 

pair within the iy,/? orbital are then u - 11/2 and a = 9/2; so that, 

the three-quasipartirle state becomes: "i3/?aii/o'^/p l 0 >- T h e e n o r 9 y 
difference between the one- and three-quasiparticle states is larger 
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than that between the zero- and two-quasiparticle states because (1) the 
ct = 9/2 stats is less favorable energetically than is the n = 13/2 state, 
and (2) the additional angular momentum gained by breaking the pair is 
only 10li rather than 121:. The sum of these tv/o effects can be estimated 
to be about 1 HeV, so that the intersection should come at higher spin 
and rotational frequency as shown in Fig. 33. Thus, backbending in such 
a nucleus would only occur at higher spin values, if at all. If the 
decoupled odd particle in this example where an h„., neutron instead of 
an i,,.„ neutron, the above interference would not occur, and the h„,j, 
band would be expected to backbend like its even-even neighbors. 

The experimental data on backbending in the odd-fnass nuclei is rather 
convincing. Figure 34 shows a backbending plot for the i 1 3 / ? and h..-
rotation! bands in DYb compared with the ground band in Yb. It 
is clear that the h„.„ band backbends, whereas the i 1 3 / 2 band does not. 
Similarly, the inhibition of backbending in the i 1 3 , ? band of Er is 
shown in Fig. 35, while the opposite behavior of the h,,,~ proton band 
in three Ho isotopes is demonstrated in Fig. 36. Throughout the light 
rare-earth region it is in the decoupled i 1 3 / n n e u t |"on band, and only in 
this band, that backbending is inhibited. This constitutes rather 
convincing evidence that an aligned i 1 3 « ? neutron is involved in the 
band causing the backbending. 

In other regions it is a different orbital that inhibits the back
bending. In the Os region the U^/2 " l e u t r o n band does backbend, as is 
shown in Fig. 37, and it is the hg.p proton band that does not. In 
the Da region the decoupled h.,., proton inhibits the backbending as 
illustrated in Fig. 38. In each case the orbital seems to be involve 
in backbending when alignment is energetically most favorable (nearly 
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empty for these prolate shapes). When the h,. ._ proton and i 1 3 / ? neutron 
orbitals arc nearly mil in the Os region, it is the empty hg., orbital 
from the next higher major shell that contributes to the backbending. In 

45 this region there arc also high-K isomers observed, indicating that the 
deformation-aligned states are competing with the rotation-aligned ones 
along the yrast line. From Fig. 29 it can also be seen that the neutron-
rich rare-earth nuclt-. ihdt do not seem lo backbend are in . .jioris where 
the 1,-i/n orbital is rather full, but where the h,,., proton orbital is 
presumably still too high in energy to cause observable backbending. 
There must be a region around mass 170 where the i-i-j/o a n c' nq/? aligned 
bands lie at comparable energies. These bands will then mix to some 
extent, and it would bo interesting to find out whether: (1) either odd 
particle can completely block the backbending (strong mixing), or 
(2) partially block it (moderate mixing), or (3) neither can block it 
(no mixing). To summarize,it seems that the behavior of the decoupled 
bands of the odd-mass nuclei supports rather strongly the alignment 
explanation of backbending, at least in the rare-earth and Ba-Ce regions. 

5. Band Mixing 
It is now rather clear that the backbend is due to an intersection 

of the ground-state rotational band with another band having a larger 
effective moment of inertia. This was first demonstrated experimentally * 
in the 90-neuUon nuclei Gd and Dy. The level scheme 4 7 for 1 5 6 D y 
is shown in Fig. 39, where it is apparent that the ^-vibrational band 
(as well as the ground band) has been observed up to high spins. The 

156 states of this band become the yrast states at I = 16. The Dy energies 



-24-

are plotted against 1(1 + 1) in Fig. 40, and it is more apparent here 
that the two bands cross at about I = 16. It seems clear that the 
bands do, indeed, cross because the largest B(E2) values, which generally 
serve to define the members of a band, follow the crossing pattern shown 
in Fig. 40. There is a pronounced change in slope at about I = 12 in 

156 the ft band of Dy, which corresponds to a very dramatic backbond. This 
probably :lso corresponds to a band crossing, and it appears quite 
plausible in Fig. 40 that a third band, with a very large effective 
moment of inertia, crosses both the 6 band (at I = 12) and the ground 
band (at I = 16), and that the members of the true ft-vibrational band are 
not seen above spin 10. The mixing of the ground and third bands can 
be deduced from the E2 branching ratio of the lower spin 16 state, and 
from this and the level positions, the matrix element connecting the two 
spin-16 states can be calculated. For Dy this turns out to be 9 keV. 

154 156 
The Gd nucleus is similar in all essential respects to Dy, and 46 the band-mixing matrix element, in this case for the interaction of 
the spin-18 states, is 24 keV. For some time these two matrix elements 
were the only ones known in the whole rare-earth region, and there was 
very little theoretical effort to understand them—presumably because 
it was not clear what role the (3-vibrational band played in the 
crossing; that is, whether it is a two-band or a three-band process. 
Very recently Coulomb excitation studies have clarified this situation. 

The ganraa-ray spectrum obtained by Coulomb exciting Er with 
Xe projectiles is shown in Fig. 41, together with a coincidence spectrum 
from an a,In reaction leading to this same nucleus. The striking feature 
of the Coulomb excitation spectrum is the gap in energy between the 
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14 -• 12 and the 16 -• 14 transitions. This is the opposite of the usual 
backbending behavior. The known backbending states, 16' and 18', are only 
very weakly Coulomb excited, if at all; whereas, they are strongly 

164 
populated in the a,4n reaction. The resulting level scheme for Er is 
shown in Fig. 42, where it is clear that the Coulomb excitation has pop
ulated preferentially the ground band, ratner than following the backbend 
to the yrast (primed) states. This situation is similar to that for Gd 
and Dy, and the band-mixing matrix element turns out to be 38 keV for 
the spin-14 states. A conventional backbending plot of these results is 
shown in Fig. 43. The N = 96 isotones 1 6 6 Y b , 1 8 6 H f and 1 7 0 w also exhibit 
very similar backbending and the upper band has about the same moment of 
inertia and excitation energy in all these nuclei. Below the backbend 
the moment of inertia in the ground band increases slightly with 
increasing spin, presumably due to the influence of Coriolis anti-
pairing as was discussed earlier. The unperturbed ground-band 14 and 
16 states fall on an extension of the line through the lower spin states 
on a backbending plot, as indicated by the dashed line in Fig. 43, provided 
that the interaction matrix elements are taken to be 38 keV. This 
interaction gives a 24% reduction in the ratio B(E2;16 ->• 14)/B(E2;14 + 12) 
for the ground band which is within the experimental limit given by the 
Coulomb excitation yields. 

The energy for the 18 state, given by the smooth extrapolation in 
Fig. 43, lies 27 keV above the experimental energy. The two-quasi-
particle-plus-rotor model suggests that additional bands occur in this 
energy region (~350 keV above the yrast state) and this shift could be 
due to the intersection of the ground band with one of these additional 
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bands. Such behavior would result in a rapid loss of identity cf the 
ground band at higher spin values. Thus all features of this Er spectrum 
seem to be consistent with the simple band-crossing picture. 

Coulomb excitation into a backbend region has also been studied 
in rb. The observed gamma-ray spectrum is shown in Fig. 44. The 
pattern is that of a usual backbender, quite different from Er. In 
this case the Coulomb excitation follows the backbond, and the ground band 
above the backbend is populated too weakly to be seen. The level scheme 
is shown in Fig. 45. The band-mixing matrix element can be estimated 
to be about 70 keV at spin 16 in this case. It is not difficult to 
understand how this change in behavior comes about. Figure 46 is a 
sketch of a band crossing. The plot at the bottom shows how the two 
types of transitions (labeled (j) and (?)) vary as the mixing increases. 
It is assumed that the admixed amplitudes, e, are the same in the two 
states and that the bands have the same B(E2) values. Then initially 
the interband transition probabilities, (?), increase rapidly with the 
mixing at the expense of the intraband transitions, Q) , due to the 
respective constructive and destructive interference of the two components 
for each transition. Thus over most of the mixing range the B(E2) values 
favor the yrast sequence over the intraband sequence, as is observed in 

Vb. The other three cases discussed have sufficiently small mixing 
to lie to the left of the crossing point of © and (f) in Fig. 46. The 

approximate location of the four nuclei on Fig. 46 is indicated. The 
modest increase in the band-mixing matrix element i 
to change the observed behavior rather completely. 
modest increase in the band-mixing matrix element in Yb is sufficient 
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Band interaction matrix elements around 40 keV at the backbend 
are remarkably small, i.e., they are nearly two orders of magnitude 
smaller than the i-i?/? Coriolis matrix elements at these spins. However, 
this is the expected behavior in the rotation-aligned scheme. Calculations 
with the two-quasiparticle-plus-rotor model show that the aligned 
eigenfunctions for two i,.„ quasineutrons become localized around J = 12 
and R = 1 - 12 with increasing spin I. On the other hand the zero-
quasiparticle ground band has I = R for a fully paired state. The 
Coriolis interaction does not couple states with different core rotation 
R and thus the two bands interact only via the overlap of weak components 
in their wavefunctions. This overlap becomes progressively smaller with 
increasing spin due to the increased localization in R space of the 
aligned states. Two calculations ' within this model suggest that the 
interaction is <S140 keV and is nearly constant for 10 < I < 22. However, 
the assumptions made in these calculations may not be adequate for 

accurately reproducing the band-interaction strength. A more complete 
51 Hartree-Fock-Bogoliubov calculation by Mang also predicts a small 

interaction strength. This problem has very recently been considered 
52 in some detail by Hamamoto, who has come to the same conclusions outlined 

here with estimated band-mixing matrix elements of ~100 keV. Thus in 
the alignment model the band-mixing characteristics are explained rather 
well. It is not clear what might be expected in this respect from the 
pairing-collapse or shape-change models. 

A different and interesting approach to the band-mixing problem 
53 has been taken by Brogl ia et al. They have used a general rotational 

Hamiitonian, including centrifugal, Coriolis, and asymmetry interactions, 
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and investigated what limitations this imposes on the K value of the 
band causing backbending. They tested the quality of the fit to the 

Dy spectrum of Fig. 39 obtained by allowing a certain number of bands 
(up to 5) with specified K values, but freely varying all other parameters. 
They found that the intersecting band always had to have a K value of one--
no combination of K = 0 bands could produce acceptable fits. Thus within 
the framework of the model investigated the pairing-collapse and shape-
change bands (both K = 0) are excluded; whereas, the aligned band would 
fit these requirements. It is not completely clear whether the model is 
sufficiently general to be sure about these conclusions. 

6. Calculations of j!<ic_kbendirig 
31 ^2 Many calculations have been made '" of backbending behavior within 

the context of either the pairing-collapse or alignment models. These 
have shown that the basic backbending can be generally reproduced by 
either model. There have also been calculations based on shape changes, 
but in the rare-earth region the microscopically calculated potential 
energies do not support such an explanation, nor do the experimental 
B(E2) values. At the present time the most relevant calculations seem 
to be those that include both the pairing and alignment degrees of freedom, 
so that some indication of the competition between them is obtained. 
Such calculations began with the simplified-model studies of Krumlinde 
and Szymanski, but probably the first realistic calculations wore made 

5!) by Banerjep, Mang and Ring in 1973. They combined the self-consistent 
Hartree-fock-Bogoliuhov approach with the cranking model for determining 

50 
the average angular momentum of the sl.Ue. Very recently Faessler et al. 
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have added particle-number projection to this approach. The general 

result', from those calculations seem to lie that the reduction of the 

pairing correlations is responsible for the slow change in the moment of 

inertia at low spin values, hut that sudden effiits, such as backbentiing, 

are due to the alignment of a single high-j pair of nucleons. Thus 

there now seems to ho agreement between the calculations and the experi

mental indications as lo the cause of l.ackbendit; ;. 

7. Conclusion-, 

All of the three proposed causes for backhr ncliir, (shape change, pairing 

collapse and alignment) Live been fo:,ii'i to give tise to important effects 

as the angular :;-nr. ailun in nuclei increases. Shupo rhanges occur for the 

weakly deformed nuclei (:-. • 0.3), and in such regions these changes can 

occasionaly produce sudden effects which give rise to backbending 

behavior. The pairing correlations see".' to be steadily decreasing in 

most nuclei as the angular ror-cnVi::' increases, hut r.o sudden changes 

clearly due to this effect have yet boor, observed. The main cause for 

most backbond in*.; stems to be the alignment of the angular momentum of 

two hiyh-j nucUoiis, U^/-> neutrons in the light rare earth region. This 

alignment, in addition, is a step toward lower pairing, sincea pair is 

broken, but it is not generally a pair just at the lermi level which 

would be the ir.ost effective in reducing the pairing. The alignment also 

corresponds to a small shape change since the orbit of an aligned 

particle represents a triaxial bulge. However, the main effect is the 

addition of angular momentum (Ipii for two i.,., neutrons) along the 

rotation axis. In the cases v.nere sufficient information exists, the 

backbending has so far always involved the crossing of two bands—this 
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is the mechanism for the sudden change. The study of this band crossing 
and the mixing which occurs at that point is now of considerable interest, 
and Coulomb excitation with the recettly available very heavy ions seems 
to be a promising tool for this study. 
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III. VERY HIGH ANGULAR MOMENTUM 
The interest generated in understanding the processes involved in' 

backbending has carried over into the regions of higher angular momentum, 
and a large effort is now being made there, both theoretically and 
experimentally. On the theoretical side, the liquid-drop model provided 
the basic outline of what might be expected, and the effects of the shell 
structure have been added onto this basis, first qualitatively and more 
recently with detailed microscopic calculations. The prospects envisioned 
have spurred the experimental program, and some real progress has been 
made recently, though there are still many problems in extracting 
information about nuclear structure for states with spins much above 20ti. 
A qualitative overview of what might be expected of nuclei as the angular 
momentum is increased will be given first in this section, and then the 
results of the most recent experiments in this area will be discussed. 

1. Calculated Behavior of Nuclei at Very High Spins 
A view of the whole range of angular momenta possible for nuclei 

57 is given schematically in Fig. 47, which is due to Bohr and Mottelson. 
This is a plot of energy vs angular momentum for a nucleus of mass around 
160. The lower, approximately parabolic, line is the yrast line, so that 
there are no levels in the nucleus at energies below this. The upper 
line gives the fission barrier which normally sets the upper limit to 
the study of nuclear levels. The intersection of these two lines gives 
an effective maximum angular momentum possible for such a nucleus. Nuclei 
in this rare-earth region have prolate shapes near the ground state as 
a result of the shell structure and they have strong pairing correlations. 
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The hatched region near the ground state indicates where the pairing 
correlations are expected to exist. This region is predicted to terminate 
around I = 20 to 30, as has been discussed in Part II, and while the 
experimental data confirm a steady decrease in the pairing with increasing 
spin, no termination has yet been identified. 

Some insight into the behavior above 20ft in Fig. 47 can be obtained 
from the equilibrium shape of a liquid drop. A rigidly rotating, 
charged liquid drop prefers an oblate shape until shortly prior to the 
point where it fissions. The large moment of inertia associated with 
oblate shapes minimizes the total energy of the system in the same way 
that the earth's rotation gives rise to such a shape. While a nucleus 
cannot rotate about a symmetry axis like a classical object, it has 

22 been shown that for a Fermi gas the trajectory of states obtained by 
aligning the angular momenta of individual particles along the symmetry 
axis (deformation-aligned states) is the same, on the average, as that 
which would be obtained by rigid rotation of the system about that axis. 
This means that the deformation-aligned states generally lie lower than 
the rotation-aligned states in oblate nuclei; whereas, the reverse is 
true for prolate nuclei. Thus if the shell effects were negligible, the 
nucleus at high angular momentum would be oblate and the angular momentum 
would be carried by aligned individual nucleons. There would be no 
collective motion and thus no enhanced B(E2) values. This corresponds 
to the region labeled C in Fig. 47, and is proposed to occur at the higher 
angular momenta, when the classical liquid-drop effects dominate the 
shell effects. It is possible that this region might be identified 
experimentally by (he occurrence of isomeric states which arise due to 
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the absence of smooth rotational-band structures. However, no such isomers 
have been identified up to the present time, and the most recent microscopic 
calculations ' suggest that such isomers nay be rare due to the steep 
slope of the yrast line. 

At the very highest spins the liquid-drop estimates suggest that the 
nucleus will stretch rapidly into very deformed triaxial shapes leading 
to fission. The increase in deformation and moment of inertia is 
predicted to be so rapid that the rotational frequency will decrease and 
a "giant backbend" will occur. This backbend is expected to occur over 
a very limited region in spin, 5-10li, but it might be detectable if 
this region is as large as 10ii, and searches for it are in progress. 

Between the prolate ground-state region and the oblate high-spin region 
just discussed the nuclei are expected to go through triaxial shapes. In 
such a case the possibility of a wobbling motion, in addition to rotation 
about the axis with the largest moment of inertia, has been suggested by 
Mottelson to give rise to a series of closely spaced parallel rotational 
bands, labeled A in Fig. 47. In this region of spins there is experimental 

CO 

evidence suggesting that a number of parallel bands do exist, having 
enhanced B(E2) values. Furthermore, the observed backbend in the rare-
earth deformed region seems most likely to correspond to two aligned 
high-j nucleons, whose orbits would indeed represent a triaxial bulge in 
these prolate nuclei. Thus, there is some evidence to support the behavior 
suggested in Fig. 17. However, the extent of the triaxiality and the 
spacing and future of the parallel bands are not known at the present time. 

As discussed in the previous section, the backbend most likely 
corresponds to a particular pair of high-j nuclcons aligning their 
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angular momenta with the rotation axis. This represents a small "quantized" 
step toward the aligned oblate configuration described above. One might 
expect further steps of this type as bands based on other aligned nucleons 
cross under the previous yrast band. This situation is labeled B in 
Fig. 47 and offers the hope of additional structure at these spins in 
the nuclear spectra, but whether these crossings will show up as additional 
bandLending or be averaged out to a more classical centrifugal behavior 
is not clear at the present time. Some of the data considered below 
suggest that thero is structure remaining at these angular momenta. 

Microscopic calculations based on cranking a deformed oscillator 
have been made by several groups. * ' ' The calculations use a 
Strutinsky approach to normalize the average behavior to that of the 
liquid drop, and they give the nuclear potential-energy surfaces as a 
function of 6 and y. It is assumed that the pairing correlations have 
been quenched for the spin range of interest (I > 30), which greatly 
simplifies the problem. The potential-energy surfaces calculated by 
the Lund group ' for Yb are shown in Fig. 48. It can be seen 
that the behavior of the minimum follows, in general, that described 
above—first becoming oblate and then triaxial as the fission limit 
is approached. An efficient way to present part of this information 
is to plot just the minimum position as a function of spin as shown in 
Fig. 49 for several Yb isotopes. It can be seen that the shell effects 
are rather strong, causing a considerable variation in behavior. For 
example, the heavier Yl> isotopes do not reach the oblate liquid-drop 
shapes. Such plots for many isotopes in various regions of the periodic 
table are now available. More relevant to the present discussion are 
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151 the energies of the various minima. For Sm, these are compared with 

the Strutinsky smeared values (essentially the liquid-drop values) in 

Fig. 50. The differences between the crosses and the smooth lines are 

the shell corrections, and they vary, often somewhat irregularly, up to 

<3 or 1 MeV. The experimentally observable quantities are the energies 

of the transitions between these levels, which depend on the slope in 

Fig. 50. Some of these will be shown later in connection with some very 

recent experimental data. These calculations are extremely useful in 

trying to estimate the ways that the shell effects may affect the 

observed behavior of nuclei at these high spin values. 

2. Experimental Study of Very High Spin States 

The highest spin states in nuclei are produced in the evaporation 

residues of heavy-ion compound-nucleus reactions. The heavy ions can 

bring more than 100h into the composite system, but in order to get 

high angular momentum into the evaporation residue three conditions 

must be met: (1) a compound nucleus must be able to form, (2) it must 

not fission, and (3) the evaporated particles must not carry off too 

much of the angular momentum. These processes limit the maximum angular 

momentum so far observed to 60-70ii in nuclei near the middle of the 

periodic table. Due to the high energies involved in formation, this 

is no doubt a somewhat lower value than these nuclei can hold, but it 

covers most of the stable range. By studying the gamma-ray deexcitation 

of these evaporation residues, it is possible to learn about the nuclear 

structure at these angular momenta. 

Numerical studies of this gamma-ray deexcitation were made by 
65 Grover some time ago, and (with some additions) seem to be remarkably 

well borne out by subsequent experiments. The deexcitation path 
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is illustrated in Fig. 51, which is a plot of energy vs angular momentum 
in a rotational nucleus with mass around 160. The heavy bar in Fig. 5 
is an estimate of the energy and angular-momentum range left in this 
final product nucleus following an { Ar,4n) reaction. This energy is 
roughly a neutron binding energy above the yrast line, and the angular-
momentum range is limited by the 3n and 5n reactions. It is important 
to understand this limitation of the angular momentum. A nucleus with 
more than about 40ft in Fig. 51 would probably not have emitted the 
fourth neutron, since it would end up in a region very near the yrast 
line with low level density. Conversely for nuclei with less than 20 ii 
it is likely that a fifth neutron would be emitted. Thus, there is a 
fractionation cf the angular momentum, with the highest values going 
into the channels with the fewest particles evaporated. It is not yet 
clear just how sharp this fractionation is. 

The gamma-ray deexcitation of the populated region occurs in three 
distinct cascades. While the level density is high, a statistical 
cascade (I) consisting mainly of high-energy dipole transitions occurs. 
This carries off a considerable amount of excitation energy, but very 
little angular momentum, and is terminated by coming into the yrast 
region where the level density is no longer high. Grover has estimated 
that the gamma-ray spectrum from this cascade should fall of" approximately 
exponentially in intensity with increasing energy above 2 MeV. In the 
yrast region the cascade is forced to begin carrying off angular momentum 
and proceeds by stretched E2 transitions through a number of collective 
bands roughly parallel to the yrast line. This is the yrast cascade (II) 
and it produces a ow-energy "bump" in the gamma-ray spectrum whose 
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energy and shape contains information about the moments of inertia in the 
yrast region. Around spin 20)J the yrast levels become those of the 
ground-state band and an energy gap develops between these levels 
and others of the same spin. At this point all the population begins 
to shift into this particular band, producing individual transitions with 
sufficient intensity to be identified in the spectrum, that is, the 
discrete lines (III). Thus in the gamma-ray spectrum there are three 
discernible features: very low energy (<1 MoV) discrete lines: an 
unresolved relatively low-energy (?2.5 MeV) bump; and an unresolved high-
energy exponential tail. To learn something about the states above 20» 
it is necessary either to develop new techniques to isolate very weak 
transitions from this unresolved "continuum", ortodevise statistical 
methods to study the continuum. For isomeric states of sufficient 

lifetime (~1 nsec) it is possible to use the time delay to achieve this 
45 isolation and decays from states having spins up to 22 li have been seen. 

But these do not occur systematically, and so far none have been found 
at the very high spins. It may be that such isomer: can be found or 
perhaps other methods will be devised to isolate a level sequence; however, 
so far, more progress has been made on the statistical approach and that 
will be the subject of the rest of this section. 

Even if an attempt is not made to resolve individual lines, it is 
advantageous to enrich the observed spectp»n in high angular-momentum 
events. Two methods have been devised to do this. One is to record the 
continuum spectrum in coincidence with an array of many detectors. Since 
a relationship between the number of gamma rays emitted and the initial 
angular momentum of the nucleus has been reasonably well established, 
a selection of events where the most array detectors fired simultaneously 
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corresponds to a high angular-momentum selection. With Such arrays the 
number of gamma rays associated with any particular type of gate event 
can also be determined, and such "multiplicities" are quite interesting. 
Albrecht et al. have used multiplicities to estimate the angular momentum 
deposited in the fragments, and hence the orbital angular momentum 
transferred (12-15&), in deep-inelastic scattering (quasifission) events 
for the system 0 + Ni. Higher moments of the number distributions 

CO 

have been determined by Hagemann et al. by measuring higher-order 
multiple coincidences. These authors obtain not only the multiplicity 
(first moment) but also the average variation in the number of gamma rays 
(second moment) and even a hint of the "skewness" of this spread (third 
moment). It is clear the multiplicities will have many applications 
to study reaction mechanisms, but it is not yet clear that they provide 
the best method to select high angular-momentum events. The other way 
to pick out these events is to select a product nucleus where a small 
number of particles were evaporated, fls discussed above, this corresponds 
to a high angular-momentum selection. This method will be described 
briefly since it has been used in both of the examples to be discussed 
later in this section. 

The experimental arrangement currently used in Berkeley to study 
the continuum gamma rays is shown in Fig. 52. The beam strikes a thin 
target on a thick lead backing. An intrinsic Ge detector is used to 
select particular gamma-ray lines corresponding to individual reaction 
channels. The continuum spectrum is observed in coincidence with the 
Ge detector in each of three Nal detectors at 0°, 45°, and 90° relative 
to the beam direction and 60 cm from the target. The neutrons require 
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~20 nsec to reach the Nal detectors and can be almost completely separated 
from the gamma rays, which require only ~2 nsec. The large distance 
also makes corrections for the pile-up of pulses in the Nal detectors 
very small. The observed pulse-height spectrum must be corrected for 
the response function of the Nal detector. This is straightforward, 
though the procedure makes the statistical variations of the spectrum 
much worse. The corrected gamma-ray spectrum will be referred to as 
"unfolded" and the original pulse-height spectrum as "raw". Further small 
corrections for the motion of the emitting nucleus must be made to these 
unfolded spectra. By normalizing the number of coincident Nal events 
with the singles Ge rate, these spectra can be expressed as the absolute 
numbers of events in each channel (energy interval) per gate event 
(2 • 0, 4 -» 2, etc, transition). The integral of the normalized Nal 
spectrum is then the multiplicity. An important related quantity is the 
energy-dependent angular distribution of the spectrum, and this is obtained 
simply by comparing the corrected 0°, 45°, and 90r' spectra. The interpretation 
of these distributions is a bit complicated, since a beam-y-Y triple 
correlation is involved. However, with the Ge detector at 225° this 
correlation for the Nal detectors resembles the usual beam-y correlation, 
that is, a 0°/90° ratio of ~1.4 for stretched quadrupole transitions and 
~0.7 for stretched dipoles. Thus it is possible in a simple way to 
determine something about the character of the transitions at each energy. 

In order to clarify the method of channel selection, a spectrum 
l?fi 4 0 lfifi * taken in the Ge detector from the reaction Te + Ar -• Yb at 

l.'il MeV is shown in Fig. !i3. The lines from the 4u and 5n reaction 
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channcls can be easily identified. In the analysis of the data (stored 
event by event on magnetic tapes) gates were set on all the lines of 
interest, backgrounds were subtracted as determined from energy regions 
adjacent to those lines, arid then the sorted Nal spectra were summed for 
all lines from a given reaction channel. We have not yet found 
statistically significant differences between the continuum spectra in 
coincidence with different lines from the same reaction channel. Thus 
two (or three) channels from this reaction can be studied simultaneously. 

1 fi? 3. Studies of Yb at Very High Angular Momentum 
69 The raw and unfolded Nal spectra from the reaction 

1 2 6 T e + 4 0 A r • 1 0 2 Y b + 4n at 181 MeV are shown in Fig. 54 (the Ge 
spectrum is given in Fig. 53). Above 1.5 MeV this spectrum has a reasonably 
clear exponential tail whose slope is consistent with Grover's estimate for 
a statistical cascade. The nearly isotropic angular distribution in this 
energy region is also consistent with this conclusion, as is the general 
similarity of this region of the spectrum in a variety of reactions and 
reaction channels. From this, and from previous work, it seems 
very likely that these transitions do come, at least mainly, from the 
statistical cascade. Below about 1.5 MeV there is a "bump" on the 
exponential tail, whose angular distribution' (top of Fig. 54) suggests 
a preponderance of stretched Ei? (I -• 1 - 2) transitions. This, together 
with the variation of the shape with angular-momentum input (bottom of 
Fig. 54), suggests that this bump arises from the yrast cascade of 
Fig. bl. If so its location and shape contain detailed information 
about the moment of inertia in Yl> at very high spins. 
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At the bottom of Fig. 54 the shape of the unfolded spectrum (obtained 
from the dots in the spectrum above) is compared with that from this same 
reaction channel at a lower bombarding energy, and with the one from the 

Sm( 0,4n) Yb reaction. These last two have very similar estimated 
angular-momentum inputs, and show virtually identical spectra. In Fig. 55, 
these spectral shapes are compared with some other channels from these 
reactions. The 5n channel from the high-energy ftr data looks very much 
like the 4n channel from the lower-energy data (and like the 4n channel 
from the 0 data--Fig. 54), and again this is consistent with its having 
about the same estimated angular-momentum input. Similarly the 3n 
reaction at 157 MeV resembles the 4n reaction at 181 HeV, but the 
statistics for this 3n reaction are rather poor. The important point 
is that the higher-energy portion of the bump (E >.0.8 HeV) seems to 
depend mostly on the angular-momentum input, and not on the final 
nucleus. It is reasonably convincing that there is an edge, or upper 
energy limit, on the iiump, which moves up in energy as the angular 
momentum increases. It is interesting that the double peak around 

0.5 HeV in the 4n reactions is totally missing in the 3n and 5n cases. 
1 ft? This is the known backbend in Yb which, as was discussed in Part II, 

is not present in the most heavily populated odd-mass Yb band. This is 
a rather direct illustration of the kind of information contained in 
these spectra. 

There are two methods for obtaining effective moments of inertia, j', 
from these data. One depends on relating a transition energy, E t, to 
the corresponding spin, 1, according to the approximate relation: 

2 E. = (h /23){4I - 2 ) . The dependence of the edge of the bump on the 
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angular momentum brought into the system suggests that the energy of this 

edge can be associated with gamma transitions between the highest spin 

states in the yr.ist cascade. This spin can be estimated either from 

the cress sections or from the gamma-ray multiplicities though there nrf 

some uncertainties in both of these methods. Three values for 2J/h , 

obtained in thi'. way from the three cases shown at the bottom of Fig. 54, 

are plotted on Fig. 56 against (tiui) in the usual backbonding type of 

plot, where hw is taken to be E t/2. Also shown are the moments of inertia 

rf the known low-spin states i.i Yb and, for comparison, the low-spin 

data for the iso tone Er. 

The same general method can be applied for transitions in a region 

of the spectrum corresponding to angular-momentum values below which 

there is no appreciable direct population into the channel of interest. 

This region is likely to be below ~30h for the In channel in the 181 MeV 

Ar cases (Fig. 54) since most of the population with lower spins goes 

into the 5n or 6n channels, but it would be less than 20h for the 0 
40 and low-energy Ar cases. Provided there is a monetonic increase of 

transition energy with spin (no backbeuding), a spin value for each 

transition energy can be obtained by summing all the transitions (less 

the estimated statistical cascade background) up to that transition 

energy and multiplying by two. This method is applicable between ~0.7 

and 1.0 MeV in Fig. 54, leading to moments of inertia given by the dots 

Conner ted by a solid line in Fig. 56. 

The preceding method is an "integral" one, and tnus i: not very 

sensitive to local variations in the moment, of inertia. The second 

method is a "differential" one, and can show such local variations. 
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Each point on the unfolded spectrum of Fig. 54 gives the number of 
transitions per 40 keV encryy interval. The reciprocal of this is the 
difference, fit., between transition energies and is related to the 
moment of inertia hy 

, r & 81^ dUn? ,„. 
AE t - T } - ZE t -J,- (3) 

where E. is the transition energy for which AE t is evaluated. This method 
also requires the full population in the channel, and thus can only be 
applied quantitatively below ~301> for the 1R1 MeV Ar case. For the 
region 0.7-1.0 KeV in Fig. 54, 3 is nearly constant, so that the last 

-- 2 term of Eq. (3) can be neglected, giving 2"/h * 8/AF.. This procedure 
leads to the diamonds and dashed line in Fig. 56. The results are in 
good agreement with those from the integral method and this agreement 
suggests that the different approximations made in the various cases 
are reasonable. The power of the differential method is that changes 
in the moment of inertia can be recognized directly from irregularities 
in the spectrum, thereby providing a simple means to pick out regions of 
particular interest. 

The effective moment of inertia values measured by the techniques 
described above are compared in Fig. 56 with that of a rigid diffuse 

72 sphere of mass 162, having an equivalent rms radius of 6.71 fm. The 
deformed rigid-body value for the moment of inertia would be roughly 
10'.:, larger than this rigid-sphere value. The data above spin 20l>--

2 2 
(liw) ~ 0.12 MeV --are nearly consistent with the rigid-sphere value, but 
seem likely to be below the deformed value at least up to spin —40li — 
(lioi)? ~ 0.35 MeV 2. Since 1 6 ?YI> is almost surely deformed, this might 
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indicate that there are still some pairing correlations (or other effects) 
at these spin values whii_h reduce the effective moment of inertia below 
the rigid-body value. It is obviously of interest to improve these 
methods in order to see more details of these moment?, o; inertia and to 
extend the measurements to other nuclei. 

4. Studies of T«Li*.t„Vi-ry High Angular Momentum 
The Nal spectrum from the reaction Se( Ar,4n) l Te is shown 

in Fig. 57. Here a special smoothing procedure has been used to reduce 
the statistical variations. A line, judged to be the best fit, has been 
put through the raw data points in the lower part of Fig. 57, and then 
this line has been unfolded to give the upper spectrum. In this case 
many different lines have been tested, and compared with the older method 
of unfolding directly the raw data points. Based on all these, the unfolded 
spectrum in Fig. 57 is found to be representative and the following 
features seem to be well established: (1) sharp peaks around 600 and 
800 keV, which correspond to known groups of transitions near the ground 

118 
state of Te; (2) a large bump with an upper edge around 2.4 HeV; and 
(3) a valley at 1.2 MeV which is bound at higher energies by a peak 
around 1.4 MeV. An important feature of this spectrum is the structure 
it has just above 1 MeV. This spectrum is compared with those for 
other reaction channels in Fig. 58 and also for those at a lower bombarding 
energy. Three points emerge from this comparison. First,the bump 
develops with increasing angular momentum, though the exponential tail 
of the spectrum seems to vary also. Second, the movement of an edge 
is not so clear; the Gn reaction at 1151 MeV, for example, seems to 
have an edge at about the same energy as the 4n reaction. Finally, the 
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absence of structure at the lowest energies for the odd-mass nuclei is 
again evident. Obviously the grouping of transitions around 600 and 800 keV 
does not occur for Te. 

If the transitions in the bump of the spectrum shown in Fig. 57 arise 
from the yrasl; cascade, which the evidence suggests, then the structure 
observed there must represent a related structure in the effective 

118 moment of inertia for Te. Such structure would represent the shell 
effects superposed on the smooth liquid-drop behavior, and it is 
interesting to examine the recent microscopic calculations to see if 
there is some indication as to what kind of variations might be expected. 

74 Ragnarsson and Soroka have calculated the transition energies between 
the yrast states for Te and Cd, and these are shown in Fig. 59. 

1 no 

Also plotted there are the lowest known transitions in Te, and the 
liquid-drop behavior of the two nuclei. It is the slope in Fig. 59 that 
should compare inversely with the height of the bump in the Te spectrum 
of Fig. 57. The low-energy groups of transitions in Fig. 59 will 
obviously produce the sharp peaks in Fig. 57. Even above these energies, 118 the gross features of the Te points in Fig. 59 seem to correspond 
strikingly well with the spectrum of Fig. 57. The steep slope between 
20 and 30h on Fig. 59 could produce the valley in the spectrum at 1.2 MeV, 
and the flatter slope thereafter would then give the broad bump. The 
particularly flat slope between 50 and 60h on Fig. 57 might account for 
the very pronounced edge around 2.4 MeV in the spectrum, particularly 
since the multiplicity of this channel, an average of 31 transitions, 
clearly indicates an upper spin between 60 and 70li. Fven the peak at 



-46-

1.4 HeV in the spedrum could be caused by the calculated backbond at 
30li. It should be emphasized that whether this correspondence is real " 
or accidental is not at all clear at the present time. More cases of 
this type are badly needed in order to make this decision. In any case, 
however, this comparison demonstrates very effectively the potential 
of these methods for learning about detailed moments of inertia at very 
high spin values. 

If the irregularities in the Te spectrum of Fig. 57 reflect shell 
effects, then they should change as the nucleon number changes. In 

104 particular, Cd should have much higher transition energies in the 
region 40-50h, not only because of the liquid-drop increase, but also 

104 due to the strong shell effect in Cd which is evident in Fig. 59. 
These higher energies should have two effects. First, they should 
diminish the bump and spread it to higher energies. I The energies 
calculated for Cd in Fig. 59 would produce a sharp peak around 2.8 MeV 
if they were correct in that detail, and if as much as 60hwere present 
in that case. Neither of these seems too likely.) Second, and perhaps 
more important, they will strongly enhance particle evaporation, which 
must be very sensitive to the slope of the yrast line, i.e., the 
transition energy in Fig. 59. This is easy to understand; at 2.5 MeV 
per 21', a nucleon carrying off 6)> has 7.5 HeV decay energy even if it 
initially lies exactly on the yrast line. An alpha particle carrying 
off 10h would have 12.5 MeV of extra energy. This means that there is 
a critical yrast slope, or transition energy, above which particle 
emission will occur along the yrast line. Around 2.5 MeV per transition 
(iMi) seems a reasonable value for this critical energy in this mass 
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118 
region, and if that should be the case, then M g . 59 shows that Te 
could retain about 6(H (as observed), but Cd would retain only 
10!• and particle evaporation would be enhanced. These are changes very 
easy to look for, and while this has not yet been carefully done, there 
is some preliminary suggestion that they might occur. 

In Fig. 60 three Mai spectra are shown for 185 HeV Ar projectiles 
on Cu, Se and Te target nuclei, leading to Ag, Te, and Yb compound nuclei, 
respectively. These are spectra in coincidence with all Ge pulses, not 
separated channels. Nevertheless, the Te and Yb spectra have general 
features resembling those discussed above for the separated channels. 
The point of this figure is that Ag, which has just one proton fewer than 
Cd, has a much smaller bump than Te. This is apparent in either the raw 
or unfolded spectra. To obtain an objective, but otherwise arbitrary, 
measure of this difference, an exponential has been least-square fitted 
to the tail region between 3 and 6 lieV, and extended back through the 
bump region to 0.6 MeV. The ratio of the area above this line to that 
below it is plotted in Fig. 61 as a function of the charge of the product 
nucleus. The evidence for a break at Z * 50 or A = 110 is rather con
vincing, and this would be consistent with the proposed shell effect. 
There is also increased charged-particle emission from the product nuclei 
just below Z = 50 relative to those just above; however, it remains 
to be shown that this is an effect of the angular momentum. These data 
are too fragmentary to lend strong support to the proposals made above 
for shell effects. The entire interpretation of the spectra in this Te 
region in terms of Fig. 59 should he understood as an illustration of 
how the connection between experiment and theory can be made for this 
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very high angular-momentum region, tather than as the established behavior. 

It shows rather clearly that the very high angular-momentum regions 

are quite interesting and the possibilities for studying them arc virtually 

unlimited. 

5. Conclusions 

The general tendencies of nuclei with increasing angular momentum 

are given by the liquid-drop model. However, to this must be added the 

shell effects and, according to the recent microscopic calculations, these 

are often sufficiently large to obscure the basic liquid-drop behavior. 

In some respects this may he fortunate since it seems that the irregulari

ties characteristic of these shell effects may be the easiest features to 

observe. These very high spin states can be studied experimentally 

through the "continuum" gamma-ray spectra following heavy-ion reactions. 

In this way, moments of inertia for states up to 50li have been obtained, 

and more recently, structure has been identified in these spectra which 

can tentatively be related back to the calculated shell effects. This 

is at present an open and exciting area. 
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FIGURE CAPTIONS 
Fig. 1. The experimental and calculated positive-parity levels in 

161,163,165Er a c c o r ( J i n g t 0 Hjorth et al. 2 

Fig. 2. Schematic vector diagrams illustrating the strong-coupling 
scheme (above) and the rotation-aligned coupling scheme (below). 
The 3 axis is the nuclear symmetry axis, and the vertical axis 
is taken to bo the rotation axis, located in the 1, 2 plane. 

Fig. 3. Level spacinos, in units of l> /2j, for an i,,., particle in a 
normal rotational band (left) and in a decoupled band (right). 

Fig. 4. The ratio of AE(I + 2 -• I) in an odd-mass nucleus divided by 
the average of the corresponding transition energies in the 
adjacent even-even nuclei AE(I + 2 - j -• I - j), is plotted against 
mass number for the light Er nuclei. The rotational-band and 
decoupled-band limits are shown, together with the data for the 
first four such transitions in the lowest-energy ^-,-i/y band. 

Fig. 5. The results of diagonalizing the axially symmetric particle-
plus-rotor model for the h,, ,« orbital at various 6 values 
showing all the yrast states up to I = 23/2 (the second-lowest 
1 = 11/2 state is also shown). The ordinate is the difference 
between the eigenvalue and that of the lowest I = 11/2 state, 
in units of E, + . The Fermi surface, A, is below the entire h,, ,.> 

orbital for all the S values shown. 

Fig. 6. A portion of the Nilsson diagram for protons, where only the 
high-j orbitals have been fully drawn. At p = 0, the 50 closed 
shell is at the bottom of the figure, and the 82 shell comes 
between the s,.„ and h t / ? orbitals. 
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Fig. 7. Level schemes for h-,~ bands in the Tl isotopes as collected by 
the UNI50K group. 

Fig. 8. Decoupled i „ . , hands in the odd-mass Hg isotopes compared with 
o 

their even-even neighbors, as given by Lieder. 
Fig. 9. Partial hilsson diagram showing the h,,,, and g„,, orbitals for 

prolate shapes. 
Fig. 10. Strongly coupled 9/2 bands in the odd-mass Sb isotopes as given 

9 by Gaigalos et al. 
Fig. 11. A comparison of the negative-parity bands in the odd-mass La 

isotopes with the ground band in the neighboring Ba nuclei. In 
most cases (energy zero in parentheses) the La 11/2" level is not 
the ground state and its energy has been subtracted from all levels 
shown for that isotope. 

Fig. 12. Decoupled h-,, ., bands in the odd-mass Pd isotopes compared with 
their even-even neighbors as given by Rickey et al. 

Fig. 13. Partial Nilsson diagram showing the g g. 2 and f 5 / , orbitals. 
75 I! 

Fig. 14. The g„/? and f 5 /„ bands observed in Se by Zell et al. 
pi OO 

Fig. 15. Decoupled g g,, bands in Rb and Rb compared with the 
12 

neighboring even-even Kr isotopes, as given by von Brentano et al. 
Fig. 16. Low-energy spectrum of an even-even triaxial core as a function 

14 of Y as given by Meyer-ter-Vehn. 
Fig. 17. The odd-A energy spectrum as a function of y for 3*A ' = 5, 

j = 11/2, and the Fermi level on the lowest level of the orbital 
(one particle case). Taken from Meyer-ter-Vehn. 
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Tig. 18. The approximate location of the even-even Hg, Pt, and Os isotopes 

in the fl-v plane. These points are estimated from the lowest 

2 and 4 states and the second lowest 2 state. 

Fig. 19. Comparison of experimental and theoretical energies and branching 
191 1 

ratios of positive parity levels in Pt as given by Khoo et al. 

Here zero energy is defined by the 13/2 level (E = 149.0 keV). 

Theoretical transition intensities were determined using 

calculated U(M1) and B(E2) values, but experimental energies. 

Members of the favored band are denoted by thick lines and those 

of the unfavoured band by wavy lines. 
195 Fig. 20. Negative-parity states in Au. Energies are given in keV 

relative to the 11/2 state at 318 keV. Solid lines indicate 

transitions with 80 to 100%, broken lines transitions with 20 to 

80% of the strongest decay intensity of each level. Calculated 

intensities are based on calculated B(E2)- and B(H1)-values, but 

experimental transition energies when known. From Meyer-ter-Vehn. 
189 Fig. 21. The experimental h,,., and h„, 2 bands of Au as given by 

Wood et al. The h,,,, band has been compressed in the second 

and last spectra in order to compensate for the larger defor

mation of Pt relative to Hg. 

Fig. 22. Experimental and calculated energies of decoupled bands built 

on the i,,,? neutrons in odd-mass Hg isotopes. AROVMI denotes 
18 the results of Toki and Faessler using the VMI model to 

reproduce the core spacings. The column labeled MEYER gives 

the results ol Meyer-ter-Vehn. 
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Fig. 23. Schematic potential-energy surfaces for four different types of 
nuclei. 

Fig. 24. The energy spectrum of a system with an h„,, particle coupled to 
a potential whose minimum is stably prolate on the left hand 
side of the figure, then becomes increasingly y-soft though still 
stable R-deformed, and finally is stably oblate on the right 
side. A hole spectrum is obtained by changing the sign of the 
prolate-oblate potential-energy difference on the abscissa. 
From Leander. 

Fig. 25. A potential-energy surface fitted to reproduce the experimental 
IRfi properties of Os. The theoretical negative-parity proton 

particle spectrum for this core potential is shown alongside 
187 the relevant experimental system of levels in Ir. The dashed 

1R7 and solid arrows in the theoretical Ir spectrum denote E2 
transitions which account for more than 1% and 10% respectively 

20 of the total decay rate. From Leander. 
Fig. 26. A potential-energy surface fitted to the low-energy properties 

of the nuclei 1 9 6 H g and 1 9 7 T 1 . From Leander. 2 0 

191 192 8 
Fig. 27. Level schemes of Hg and Hg taken from Lieder. 
Fig. 28. A plot of energy vs spin for the ground-band rotational levels 

in Yb. The insert shows the same data in the type of plot 
generally used to show backbending behavior, where 
23/h 2 = (41 - 2)/E t and (r.u)2 = (E t/2) 2, with E t = Ej - E j _ 2 . 
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Fiy. 29. Ground-bond level energies in even-even rare-earth nuclei. The 
plots give the moment of inertia 5 vs the square of the 
rotational frequency u , as in Fig. 28. In a few cases where 
more than one possible choice exists, the lowest-energy 
transition is always used. Tentatively assigned band members 
are indicated by an omitted dot, and the recent Coulomb-
excitation data by crosses. 

Fig. 30. The open circles are the ratios of the B(E2) values measured for 
232 the ground band of "Th to the rotational values based on the 

2 •* 0 transition. The solid points are the ratios of the 
corresponding moments of inertia to that of the 2 •* 0 transition. 

Fig. 31. Plot of normalized B(E2) values vs (approximately) I" for Sin 
152 (upper curves) and Sm (lower curve). The solid lines are 

the least-square fits to all four points, while the dashed lines 
fit only the upper three points. A rotational nucleus would give 
a horizontal line. 

ion 
Fig. 32. Ground and deformed bands in Hg showing the band crossing, as 

TO 

given by Hamilton et al. 
Fig. 33. This plot shows the intersection point, based on the rotation-

alignment model, of the ground band with the two-quasiparticle 
excited band in: (1) an even-even nucleus (solid lines) and 
(2) an odd-mass nucleus with a decoupled i,,,^ odd particle 
(dashed lines). The subscripts on the quasiparticle creation 
operators [a ) refer to the rotation-alignment quantum number, a. 
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Fig. 34. Backbending plots for tho i.,,. and hg,, bands in Yb 
compared with that of the ground band in Yb, as given by 

41 Riedinger et al. 
Fig. 35. Backbending plots for J ' Er, and for the U^/2 ^coupled 

band in Er. 
Fig. 36. A comparison of backbending in the h,, / 2 bands of ' * Ho 

with their even-even neighbors. 
Fig. 37. The solid points show the backbending of the i 1 3 / 2 bands (and 

some others) in odd-mass Os isotopes compared with tha adjacent 
even-even Os nuclei. The hg.o band (and some others) in Re 

43 is also shown. Due to Neskakis et al. 
127 Fig. 38. Backbending plots for the h,, .« decoupled bands in La and 

129 
La compared with their even-even neighbors. 

Fig. 39. I vel scheme of Dy given by Andrews et al. 
Fig. 40. Band crossing it. Dy, due to Andrews et al. 164 Fig. 41. Coincidence y-ray spectra for Er. The upper spectrum is for 

the excitation of Er by Xe. The lower spectrum is for 
the sum of the coincidence spectra gated by the transitions from 
states with spin >12 fed by the Dy(a,4n) reaction. 

164 Fig. 42. Level scheme of Er. 
Fig. 43. Plot of the moment of inertia vs the square of the angular 

velocity for Er. The dashed line is a smooth extrapolation 
of the line through the lower spin states. 

Fig. 44. Gamma-ray spectrum of Yb excited by Xe projectiles. 
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Fig. 4!i. Level scheme of Yb. 
Fig. 10. Behavior of the B(K2) values at a band crossing. The lower plot 

compares the values for different amounts of mixing with the 
full rotational values. The approximate positions of ' Dy, 
1 6*Er, 1 M G d , and 1 7 0 Y b are shown. 

Fig. 17. Nuclear phases as a function of angular momentum and excitation 
energy (schematic). The fission barrier as a function of I is 
taken from the liquid drop calculations. For I > 80, these 
calculations give a triaxial equilibrium shape, which would imply 
another regime with collective rotational-band structure, but 
this feature has not been included in the present figure. The 

enlargements show possible level structures in the neighborhood 
57 of the yrast line. Due to Bohr and Kottelson. 

Fig. 48. Potential-energy surfaces calculated for Yb at various 
angular momenta by Andersson et al. 

Fig. 49. Trajectories in the c,y plane of the equilibrium shape for 
isotopes of Yb, as given by Andersson e1 al. 

Fig. 50. Sum of single-particle energies for the discrete levels (crosses) 
and Strutinsky-smeared levels (circles) for Sm as calculated 
by Andersson et al. 

Fig. 51. Excitation energy is plotted against angular momentum in a 
nucleus (with mass around 160) that is the product of an 
( Ar.ln) reaction. The- populated energy and angular momentum 
range is shown, together with the proposed cascade pathway to 
the ground state. 
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Fig. 52. Sketch of the experimental arrangement used in Berkeley for 
studying continuum gamma rays. 

Fig. 53. Ge spectrum used for setting gates to select the 4n and 5ti 
channels from the Te + Ar reaction. 

Fig. 54. Raw (D) ana unfolded (•) continuum gamma spectra from the 
1 2 6Te( 4 0Ar,4n) 1 6 2Yb reaction at 181 MeV. The larger solid dots 
represent 5 channel averages. Also shown is the 0/90 ratio for 
the unfolded spectrum. At the bottom are schematic spectra for 
this case (solid line), the 1 2 6Te( 4 0Ar,4n) 1 6 2Yb reaction at 
157 MeV (longer-dashed line) and the 1 5 0Sm( 1 60,4n) 1 6 2Yb 
reaction at 87 MeV (shorter-dashed line). 

Fig. 55. Smoothed representations of several continuum spectra leading 
to Yb isotopes. 

Fig. 56. Backbending plot for Yb. The small solid dots correspond to 
1 fi? 

the known low-spin states of Yb, whereas the open circles 
are for the isotone Er. The large dots correspond to values 
derived by the integral method from the 181 MeV Ar data. The 
triangle and square come from the 157 MeV Ar and 87 MeV 0 
spectra using the same method. The diamonds are values from the 
differential method applied to the 181 MeV Ar case. The hori
zontal dashed line is the moment of inertia of a rigid sphere 
with A = 162. 

Fig. 57. The raw continuum spectrum from the reaction Se( Ar,4n) Te 
is shown with a "best fit" line through it. This line has been 
unfolded to give the upper spectrum. 
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5B. Smoothed representations of several continuum spectra leading 
to Te isotopes. 

59. Calculated transition energies (solid circles and crosses) 
for Te and Cd as obtained by Ragnarsson and Soroka. The 

11° open circles ore known levels in uTe, and the lines give the 
liquid-drop values. 

60. The raw (clots) and unfolded (triangles) continuum spectra in 
coincidence with the full Ge-detector spectrum for 183 MeV 
Ar projectiles on Cu, Se, and Te targets. The straight 

lines are fitted to the unfolded spectrum between 3.2 and 6.2 MeV 
(solid portion) and extrapolated to lower energies (dashed 
portion). The upper plots show the 9°/90° intensity ratios for 
the raw data (dots) and for the unfolded data corrected for 
recoil motion (triangles). The error bars indicate statistical 
errors only. 

61. Ratio of counts above the fitted line (see caption to Fig. 60) 
to counts below it for continuum spectra from a variety of 
systems leading to products with 35 < Z S 75. 
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