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Nuclei can carry angular momentum by aligning individ-
ual particles along the rotation axis or by rotation 
of a deformed nucleus as a whole. The interweaving of 
these modes leads to a variety of behavior that is 
just beginning to be observed and explained. The 
discrete v—ray studies have led to a new 'backbending 
spectroscopy, which is telling us about the details of 
particle alignments and monopole and quadrupole pair- 
ing. The high—spin continuum studies, as yet less 
well developed, are indicating changes in shape and 
structure, as well as particle alignments from higher 
shells. New developments in detector systems and in 
theory promise much more detailed comparisons of 
experiment and theory and consequent increase in our 
knowledge of nuclear behavior at high spin. 

The addition of angular momentum to a nucleus presents a 

whole new dimension, a new coordinate axis, along which to 

study changes in nuclear behavior and structure. Observa-

tions as a function of spin give much more information 

than those at a single spin. The largest range of angular 

momentum observable in nuclei occurs in the rare—earth 

region. Heavier nuclei fission at lower spin because of 
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FIGURE 1 Decay modes (regions) in excitation energy-
spin space for the (typical) reaction indicated. 
Long arrows are neutrons emitted, short arrows are 
y rays. 

the increased Coulomb repulsion of the additional protons. 

Lighter nuclei come apart at a lower spin because of 

increased centrifugal pressure from the higher rotational 

frequency necessary to attain a given spin with a smaller 

moment of inertia. These results are predicted by the 

liquid-drop model 1  and are confirmed by experiment. 

Compound nuclei in the rare-earth region produced by the 

appropriate heavy-ion fusion reaction are predicted to 

reach spins of 65-70h with excitation energies of -70 MeV. 

A schematic illustration of the decay modes then possible 

for a nucleus of mass -160 is shown in Fig. 1. The heavy 

lines divide the excitation energy--spin space into the 

different modes. The yrast line is the locus of states of 

lowest enerqy for a given spin, and a line is also drawn 
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about one neutron binding energy above it. At spins above 

where the fission barrier approximates a neutron binding 

energy the nucleus fissions, but at lower spins the nucleus 

predominantly emits nucleons as long as it has sufficient 

energy to do so. The amount of angular momentum carried 

off by particle evaporation is relatively small, so when 

the nucleus has de-excited to within a neutron binding 

energy of the yrast line, it must get rid of most of its 

angular momentum and its remaining excitation energy by 

y-ray emission. It can be seen that the highest spins are 

associated with the fewest neutrons evaporated and the 

longest y-ray cascades. These y-ray cascades have two 

principal types of transitions. The "statistical" trarisi-

tions carry off energy but little angular momentum and so 

cool the nucleus towards the yrast line, while the "yrast-

like" transitions follow paths roughly parallel to the 

yrast line. There, is an enormous number of pathways until 

a region near the yrast line is reached, with the result 

that no single transition has enough intensity to stand 

out (with present techniques). This is the "continuum" 

y-ray spectrum. But, near the yrast line, the population 

"condenses" into a few pathways whose transitions can be 

resolved into discrete lines. This typically happens 

around spin 30h for masses near 160 and provides a logical 

division in high-spin studies. In the lower-spin region, 

one can employ all the techniques of conventional y-ray 

spectroscopy and develop detailed information on the 

nature of the transitions and states involved. At the 

higher spins, new techniques employing multiplicity 

filters, total energy spectrometers, and now 47 

multi-detector "balls" are providing a picture of the 

average nuclear behavior from the continuum spectra. 
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E = 2 !(I1) 	 (La) 

I = 0, 2, 4, 
2 

E = 	(41-2) 	 (1.b) 

where 	is the moment of inertia. Most nuclei, however, 

combine both types of motion, and it is this interplay 

between collective and single-particle motion that makes 

the behavior of nuclei along the angular momentum 

coordinate so fascinating and so rich in variety. 

Consider, for example, the moment of inertia as 

defined by Eq. (1.b). If the nucleus were rigid,rJ would 

be a constant. But a nucleus is not rigid; the nucleons 

move throughout the nuclear volume, and values for the 

moments of inertia of deformed nuclei at low spin are 

smaller than rigid-body values by factors of 2-3. This 

reduction is due to correlations in the nucleonic motion, 

in particular to the pairing interaction; rigid-body values 

are expected to appear with an increase in either nuclear 

excitation or nuclear spin. Figure 3 shows 4  at top a plot 

of 24/h 2  vs hw for 158Er (where hw 	E/AI = E/2 and w Is 

usually called the rotational frequency, though really the 

rotational velocity). For low values of to there is a 

gradual, but, smooth, rise in... This occurs because the 

increase in w increases the Coriolis interaction on the 

paired nucleons, weakening the pairing correlations 

(Coriolis anti-pairing) and so increasing the value of'. 

But since the Coriolis force is also proportional to the j 

of the particle, it acts most strongly on the high-i par-

ticles. Thus on the background of gradually increasing..D 

there are occasional sharp, irregular increases, where the 

nucleus finds it energetically more favorable to align a 
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FIGURE 2 Level schemes for 238U and 212 Rn, illustrat-
ing collective rotation and aligned individual particle 
motion, respectively, as predominant source of angular 
momentum (ref. 3 and 2). 

Nuclei can carry angular momentum in two principal 

ways: by the collective rotation of a deformed nucleus as 

a whole and by the alignment along the rotation axis of 

individual high—i nucleons. For spherical (or near-

spherical) nuclei, the latter mode is the only one 

possible. 	On the right in Fig. 2, the levels of 212Rn 

illustrate a scheme of particle alignment 2 ; it is quite 

irregular with transitions of a variety of electromagnetic 

types and with little pattern to the level spacing. On 

the left, the yrast band of 238U is shown 3 , a 

predominantly rotational scheme with only strongly 

enhanced electric quadrupole transitions and a level 

soacing that approximates that of a rigid rotor, 
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FIGURE 3 Plots of (top) twice the moment of inertia, 
(middle) the total spin, (bottom) the aligned spin, 
vs the rotational frequency (velocity), hw = E112, 
for the yrast sequence inhBEr  (ref. 4). 

pair of high-i particles rather completely while essen-

tially keeping the pairing correlations among the lower-j 

nucleons 5 ' 6 . This process corresponds to a bandcrossing 

between the completely paired ground band and an excited 

band with two aligned particles (and a larger effective 

moment of inertia). Above the crossing the two-particle 
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band becomes the yrast one, and the gain in aligned spin 

(bottom of Fig. 3) allows the nucleus as a whole to slow 

down, to decrease its collective rotation. In the 

rare-earth region, it is the alignment of a pair of 

i 1312  neutrons that causes the sudden jump in the value 

of 4 at hw -0.25 MeV. 

Experimentally, the y-ray transition energies at a 

bandcrossing may show a decrease, rather than the smooth 

increase with spin expected from Eq. (1.b), and this pheno- 

menon6  has been called hIbac kbendi ng s. Some nuclei in this 

region show a second smaller irregularity at hw - 0.4 MeV 

when a pair of h11 2 
 protons align to make a four-particle 

band yrast. At spin 38h, 	Er may be on the verge of a 

third such discontinuity, but with our present tools the 

intensity of the discrete lines fades at this point. 

A whole new spectroscopy of these backbends or align-

ments is now developing. Most of the information so far 

available is on the alignment of i 1312  neutrons in the 

rare-earth region. In Fig. 4 the aligned spin, i, for this 

pair is plotted against rotational frequency for three 

bands 7 . The solid line is for the lowest-energy band in 

the even-even nucleus 162Yb, similar to that in 158Er. The 

frequency of the crossing is about 0.26 MeV and the aligned 

angular momentum is -lOh (12h is the maximum for two 1 1312  

neutrons). The dashed lines are for two bands in 163 Yb 

with the additional neutron located in an (predominantly 

h912 ) orbital labeled either E or F. In 162Yb, this pair 

of states (E,F) is available for the pairing correlations, 

and, in particular, a pair of 1 1312  neutrons can scatter 

into it. On the other hand, in 	Yb it is blocked by 

the odd nucleon for the bands based on either E or F. The 

pairing correlations are thereby weaker in general, and in 
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FIGURE 4 Aligned spin vs rotational frequency for 
yrast sequence in lb2Yb and for negative-parity odd 
quasiparticle bands in 1 6 3Yb (states E and F). The 
crossing frequency is lower with the latter bands 
(ref. 7). 

particular for a pair of i 13,, 2  neutrons. It is then easier 

to unpair and align the i 1312  neutrons, and this occurs at 

a lower rotational frequency, -0.22 MeV, as seen in Fig. 4. 

The shift, 6hw, is clear and also occurs in other nearby 

nuclei 8 . It can be related, through calculations, to the 

change in the pairing correlations involved and turns out 

to correspond to a 20-30% reduction in the pairing gap. 

Thus, blocking just one orbital near the Fermi level 

reduces the pairing correlations appreciably, a result 

that is in agreement with transfers of pairs of nucleons 
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and the odd-even mass difference. 

But the analysis of data like that shown in Fig. 4 

can be carried even further. Most of the calculations of 

nuclear pairing correlations assume equal scattering for 

any orbital equally distant from the Fermi level ("monopole 

pairing"). This is, in fact, not very reasonable, since 

those orbitals that have better spatial overlap (are more 

similar) with the aligning nucleons (in this case, i 1312  

neutrons) will affect the pairing more (larger hw). 

One measure of the shape of an orbit is its quadrupole 

moment relative to the nuclear symmetry axis. The aligning 

113 2 neutrons have a large positive (prolate) quadrupole 

moment, and it has been found that the magnitude of 

is reasonably clearly correlated with the similarity 

of the quadrupole moment of the blocked state to this 

value. In fact, the 11f2[5 051 orbital is strongly 

oblate (very different), and blocking it produces no 

difference in the pairing behavior of the i 1312  neutrons 

(hw 	0) . These higher order effects are referred to 

as "quadrupole pairing", and such studies can be extended 

to additional blocked orbitals and other aligning pairs. 

There are also other effects, mostly less well understood. 

This new "bandcrossing spectroscopy" is just beginning and 

appears quite exciting. 

But I would like now to go on to still higher spins 

and rotational frequencies, that is, to the continuum 

region. Since at lower spins nuclei appear to carry angu-

lar momentum best by utilizing both collective rotation 

and single-particle motion, we might expect this behavior 

to continue. If so, this would result in regions (of 

alignments) in the continuum spectra where the transition 

intensity would be relatively high. Figure 5 shows the 
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FIGURE 5 Gama-ray spectra, as a function of rota-
tional frequency for 185 MeV 40Ar on the following 
targets: 124 Sn ( 	), 122Sn  (--), 120Sn (----4, 
llSSn (-...). The spectra have been normalized to 
the y-ray multiplicity, and then a "statistical 
component has been subtracted (ref. 10). 

unfolded de-excitation spectra from 160 ' 158 ' 156 ' 154 Er, with 

a statistical component of the form E 3  exp(-E/T) 

subtracted . (These spectra are all in coincidence with 

a total energy slice of 22.5-25.0 MeV measured in a sum 

spectrometer.) All the spectra show low-enerqy peaks 
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around hw - 0.25 MeV that correspond to the known first 

i 	neutron backbend. The peak corresponding to the
13/2 

second alignment, of h 1 112  protons, shows for 	Er and 

probably for 	Er (though this is not known from discrete 

1-ray spectroscopy). It, and possibly the third one (of 

h 912  neutrons) as well, appears to come at a lower fre-

quency with the lighter Er isotopes, making a narrower and 

taller group of low-energypeaks in 156 ' 154 Er. This is 

plausible, because the decrease in the neutron Fermi level 

causes it to approach the beginning of the 0 912  subshell 

and because the deformation decreases. Both effects cause 

easier alignment, as does the increasing softness of the 

nuclei towards triaxial shapes. In fact, some calcula-

tions 11  give that the vh 912  level falls below the 

one in 156 ' 154 Er. 

This compression of valence-shell alignments in the 

lighter Er nuclei leads to a minimum in the spectra around 

hw - 0.5 MeV and a high-energy peak just above, hw 

0.6 MeV. The minimum suggests that the valence-shell 

alignments are exhausted before this frequency. The high-

energy bump must come then from a new source of angular 

momentum. The two most likely ones are a change in shape 

or additional alignments from the next higher shell. The 

answer is not definitely known yet, but we believe that 

the second alternative is likely correct for several 

reasons. The magnitude of deformation required would 

involve the "superdeformations" that have been suggested 

and appear in calculations for this region of nuclei, but 

they are not supposed to occur until higher spins after 

the proton i 1312  and h 912  alignments from the next 

shell. Also such large deformations should give strong 

rotational transitions, which, however, do not seem to be 
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observed in --' correlation experiments. And finally, we 

have some experimental evidence, mentioned below, leading 

us to believe that the higher bump is caused by alignments 

of the i 1312  and h 912  protons. These should be rela-

tively unaffected by the neutron number, and, indeed, the 

high-energy bump appears to be the same in all four nuclei. 

Thus in the favorable cases of 156 ' 154 Er, we can directly 

see separate regions of particle alignment from the valence 

shell and now from the next higher shell, even with the 

relatively primitive, present-day continuum methods. 

Most of the techniques so far devised to study contin-

uum spectra involve measuring average moments of inertia, 

so let us consider this property more carefully. The 

first distinction to make is between kinematic and dynamic 

values 12 . A moment of inertia may be defined from the 

first derivative of the energy with respect to spin: 

	

=I ( . )_1  =- , 
	 (2) 

where 
4(1) is called the "kinematic" moment of inertia. 

The second derivative also leads to a definition: 

(2) 	

(dI

d2EC1 	dl

) 	
' 

where..'D 2  is called the "dynamic" moment of inertia. 

If there is only the kinetic energy term as given in Eq. 

(1.a), these two moments of inertia are equal; but, in 

general, when there are additional I-dependent terms in 

the Hamiltonian they will differ. In the present case, 

the Coriolis force perturbs the internal nuclear 

structure, giving rise, in lowest order, to an (1j) term, 

so that f 1) 	,j2). When they differ, J2) is much 

more sensitive to the local changes in nuclear structure. 
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These two moments of inertia can be defined in 

principle for any sequence of states, but certain ones 

occur rather naturally. If the particle configuration is 

frozen, so there is no perturbation (alignment, shape 

change, etc.) of the internal structure, e.g. a true 

collective rotational band, the appropriate moments of 

inertia are )ad and 	Jid.  In general, however, a 

single pathway involves a sequence of bands having 

different alignments or shapes, and we define " effective "  

moments of inertia 4CC and 	to include both the 

collective contribution and contributions caused by 

changes in particle alignment and shape 13 . For the 

unresolved spectra from the highest spin states, the 

population is spread over many bands in many decay 

sequences. Nevertheless, the average values of.J for the 

states populated can be determined in the following ways, 

and we shall call them "band" and "effective" values. 

For a perfect rotor, Eq. (1.b) gives a spectrum 

composed of equally spaced lines, up to some maximum energy 

corresponding to the decay of the state with highest 

angular momentum. One aspect of this distribution is that 

no two y  rays have the same energy. If plotted on a two-

dimensional diagram of E,(1) vs E(2). such energies 

give a pattern with no points along the diagonal and a 

series of ridges parallel to it. The width of the "valley" 

along the diagonal is determined by the difference between 

rotational v-ray energies and thus, via Eq. (3), yields 

"band without resolving the spectrum. All that is 

required is that the populated bands have somewhat similar 

moments of inertia at a given 1-ray energy. The data in 

Fig. 6 come mainly from 161 ' 160Er nuclei formed by 

bombarding 124 Sn with 40Ar at sufficient energy 



-14- 

R.M, DIAMOND 

1.4—  

0 
-')QCO 

( 

- 	
. 1&/C ¶ r.1w ;21" 

- 

> I 0— 	• 	c' ( 'r'ç 

LLJ 
0.8 

- 	
, 	•:.•• 

• 	 ('.Th" ' 	- 	116 
• 	- 	 .. 

	

- 	- 	.-  

	

0.6 	 C 	 r' 
______ 	 --S 	 '•- 	 1.. P13 

cS -2 
3 

- 	
3S 

r 

	

0.4 	 V —i 
0.4 	0.6 	0.8 	1.0 	1.2 	1.4 

E7  (MeV) 

FIGURE 6 Gamma-gamma correlation spectrum from the 
reaction 124Sn (4OAr,xn)l64-XEr at 185 MeV. The data 
were taken with Ge detectors, have been "symmetrized" 
around the diagonal, and had an average background of 
uncorrelated events subtracted. The scale for the 
contours (number of correlated events) is shown at 
the right (ref. 14). 

(185 MeV) to bring in all the angular momentum the product 

nucleus can hold 14  ( -70h). The data have had an 

"uncorrelated" background subtracted. A valley is clear 

up to energies -1 MeV, and again probably from 1.1 to 

1.2 MeV. Resolved lines have been seen in this case only 

up to -0.8 MeV. The width of the valley in both the upper 

and lower region is about the same and can be evaluated to 

g -iveJ 2  'h 2 	50 MeV, around two-thirds of the 
band 

rigid-body value. There are other important features in 

h 
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these correlation plots, as, for example, irregularities 

such as alignments. These produce several transitions in 

the same energy region and thus peaks in the valley and 

" stripes "  of higher coincidence intensity at these y-ray 

energies. The analysis of these features is not yet very 

far advanced; a major problem is removing the uncorrelated 

data from a pulse-height spectrum so as to be able to see 

the correlations. However, new statistical computational 

methods appear to give much better solutions, and the use 

of Compton-suppressed Ge detectors will greatly reduce the 

amount of uncorrelated (Compton-scattered) data taken. 

With these new methods the future appears very promising. 

Determination of the effective moments of inertia is 

simpler in some respects. In a spectrum consisting only 

of "stretched" electric quadrupolë (I * 1-2) transitions 

(which is known to be a good approximation in regions of 

rotational behavior), the number of transitions in a given 

y-ray energy interval is just half the spin removed from 

that interval. If one knows the fraction of the observed 

population that goes through the interval, then the height 

of the spectrum after correcting for feeding gives directly 

This had been recognized earlier, but the dif-

ficulty was to determine the feeding. Recently a method 

has been developed using the difference between two spectra 

from similar but slightly shifted spin distributions 

(spectra in coincidence with neighboring sum slices) 13 . 

This difference is generally proportional to the feeding 
 

curve. Figure 7a shows a spectrum due mainly to 159,160   Er 

nuclei from a rather broad distribution of spins centered 

at -55h. After a spectrum of statistical . rays has been 

subtracted (leaving essentially pure collective 

transitions) and the result has been corrected for feeding, 
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FIGURE 7 a) Unresolved 'i-ray spectrum for the indi-
cated reaction taken with a Nal detector in coincidence 
with a high-energy gate on a large total-energy y-ray 
spectrometer. The spectrum has been corrected for the 
detector response function. 
b) From spectra similar to a), after subtraction of a 
statistical component and correction for the feeding 
as a function of hw, one can obtain these plots of 
4(2 ective vs hw for the systems made by 185 MeV 40Ar 

on: 124Sn (thick solid line), 126Te (dotted line), 
130Te (thick dashed line). Also shown are the values 
ofband for 124Sn (thin solid lines) and 1 30Te (thin 
dashed lines) targets (ref. 13). 
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theIe )  values shown by the solid line in Fia. 7b are 

obtained. Two other cases, 162Yb and 166 Yb, are also 

shown in Fig. 7b. The irregularities below w =z 0.3 MeV 

result from partially resolved individual y-ray 

transitions and the known first backbends. The band 

moments of inertia from 	correlation data are also 

plotted as lighter lines in the regions where they have 

been determined. The rise in the effective moments of 

inertia above rotational frequencies of 0.5 MeV seem to be 

associated with a drop in the band values. This suggests 

that new alignments are becoming more important 

contributors of angular momentum. The higher values for 

the Yb (Z = 70) nuclei compared with 160Er (Z = 68) 

indicate that proton orbitals play an important role here 

as the Fermi surface for protons rises, in accord with 

calculations' 5  that predict proton h 912  and i 1312  

alignments may occur in this frequency region. 

Such data do not give the detail obtained at lower 

spins from studies of resolved lines, so efforts are being 

intensified to resolve continuum spectra. To achieve 

this, new types of detector systems are being developed. 

An obvious experimental goal is to measure the energy and 

angle of every y ray emitted from a decaying high-spin 

state (up to 35 transitions in some cases). Two 4ir detec-

tor systems have been built to accomplish this. These 

instruments consist of shells of Nal about eight inches in 

inner radius and seven inches thick (insuring almost com-

plete absorption of all 'r  rays). To separate individual 

. rays, the shell is divided into many elements, 72 for 

the system built at Oak Ridge and 162 for the one in 

Heidelberg. These instruments can measure the number of 

y rays and the total y-ray enerqy emitted, each with about 
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20-25% resolution (FWHM). In general, the number of 

rays is related to the initial spin and the total energy 

to the initial excitation energy. Thus these instruments 

can isolate a rather small initial population region (as 

can be visualized from Fig. 1), which should be simpler to 

study than that from the entire reaction. Furthermore, 

this region can be moved in spin or excitation energy by 

changing the gates used. Already, out of some initial 

studies, evidence for a dependence of the y-ray cascade 

pattern on initial temperature has been found 16 . 

But since Nal resolution is poor (5-6% FWHM for a 

1 MeV y ray), these crystal balls will probably often be 

used in conjunction with detectors of higher energy resolu-

tion, mainly germanium detectors. The latter give about 

0.2% resolution at 1 MeV, but are small and have a poor 

response function. Such considerations have led to 

"combination" detector systems--a low-resolution, highly 

efficient shell to give the initial-state selection, 

coupled with an array of high-resolution Ge detectors. 

One such apparatus exists as a Daresbury-Copenhagen colla-

boration. A sketch of such a system being constructed at 

Berkeley is shown in Fig. 8. The inner shell here is made 

of 44 bismuth germanate elements--a scintillator with 

poorer energy resolution than Nal but 2-3 times more 

compact (higher density and higher effective atomic 

number). It can define the initial state almost as well 

as the Nal balls and allows 21 germanium detectors within 

15 cm of the target. Each germanium detector is surrounded 

by a cylindrical shell of bismuth germanate, which detects 

photons Compton scattered out of the germanium and thus 

permits such events to be rejected, improving the response 

function of the germanium detector. For 60Co y  rays the 
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FIGURE 8 Sketch of the detector system under construc- 
tion at Berkeley. It consists of an inner 47 ball 
made of 44 sectors of bismuth germanate, surrounded by 
21 Compton-suppressed Ge detectors with bismuth 
germanate shields (ref. 17). 

percentage of ful 1-energy events increases from -20% to 

-60% (with a 300 KeV threshold). This detector system is 

aimed at acquiring high rates not only of double coinci-

dences but of triple and even quadruple coincidences as 

well. Coupled with the high resolution of the qermanium 

detectors, such high-order coincidences should specify a 

decay sequence more precisely than by any other present 

technique, i.e., will give very high "effective" resolving 

power. Such systems will contribute both toward resolving 
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the continuum and to the detailed spectroscopy of the 

lower-spin regions. 

For the future there are many questions to answer. 

In the lower-spin region we may ask where and how are the 

pairing correlations for both neutrons and protons finally 

quenched by the rotation? What is the nuclear shape and 

how does it vary for different bands (configurations) as a 

function of spin and as a function of nuclear temperature? 

At higher spins the questions must be more general, for 

unless we can resolve the spectra, we will be dealing with 

distributions of states. What are the shell effects at 

high spin, and to how high excitation do they remain? What 

are the appropriate quantum numbers to describe the system? 

This is related to the question of whether there are still 

large single-particle effects (irregularities) or whether 

the nuclear states have been homogenized at the highest 

spins and the motion has become fully collective. Then 

there are the interesting questions connected with "super-

deformations" and the shape evolution to fission. Over a 

broad range of masses the angular momentum we can study is 

limited mainly by fission, so it is clear we can reach 

situations where the centrifugal force produces major 

changes. The nucleus provides a chance to study a few-body 

quantal system over broad ranges of two important varia-

bles, rotational frequency and temperature. The results 

will surely enrich our perspectives on all such systems. 
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