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Abstract 

When angular momentum i s added t o a nuc leus, i t i s , of course, 

ca r r i ed by the i n d i v i d u a l nucleons, but two l i m i t i n g types of behavior may 

be d i s t i n g u i s h e d : 1) a small number o f h i g h - j p a r t i c l e s a l i gn w i t h t -"' 

r o t a t i o n axis and 2) the nucleus is .;formed and ro ta tes as a whole. 

h igh spin a l l nuc le i seem to show a compromise u t i l i z i n g both mot ions. 

The exc i ted nuc le i l e f t as products o f (H I ,xn ) reac t ions have so many 

pathways down that none of the -y-ray t r a n s i t i o n s have enough i n t e n s i t y to 

be seen i n d i v i d u a l l y u n t i l the popu la t ion gathers near the yrast l i n e . 

This occurs usua l l y between spin 20-40 h . A l l our in fo rmat ion on the 

higher s ta tes comes from t h e i r continuum spec t ra , w i th the new techniques 

tha t are deve lop ing , i n c l u d i n g the use of m u l t i p l i c i t y f i l t e r s , 

t o t a l - e n e r g y spectrometers, energy c o r r e l a t i o n s tud ies , c r y s t a l b a l l s , and 

observat ion of g iant d ipo le resonances in the continuum spec t ra , there i s 

hope to learn much about the nature of the h i gh -sp in s t a t e s . 

This work was supported by the D i r e c t o r , O f f i c e of Energy Research, 

D i v i s i o n of Nuclear Physics of the O f f i ce of High Energy and Nuclear 

Physics of the U.S. Department of Energy under Contract W-7405-ENG-48. 
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Continuum Y-ray spectroscopy has come to the fore in the past few 

years because of the great interest in high-spin states of nucle i . At the 

present time, our best source of information about the nature of high-spin 

states is the study of the Y-ray cascades that de-excite these levels, 

f i r s t , the continuum cascades and then, nearer to the ground state, the 

discrete t rans i t ions. 

In an over-simplif ied picture we may consider nuclei as being able to 

carry angular momentum in two l im i t ing modes: the col lect ive rotat ional 

motion of the whole deformed nucleus with energy levels ( for an even-even 

nucleus) approximated by those of the r ig id ro tor , 

E - | j 1(1 + 1) ; (1 ) 

and the orbital motion of certain individual (high-j) particles aligned 
with the rotation axis. In a real nucleus there is a compromise between 
these two types of motion that permits the nucleus to carry large amounts 
of angular momentum in a least expensive way energetically, that is, to 
produce the yrast line. However, over a limited spin region, examples of 
both types of behavior can be found. 

An illustration of the two modes of motion is furnished by the 
1S8 discrete transitions in Er. Figure 1 is a standard "backbending 

1 2 
plot' for this nucleus , with twice the moment of inertia, 2-J/h , as 

2 the ordinate and the rotational frequency squared, (E 12) , as the 
abscissa. Up to spin 12 h the nucleus is showing collective rotation with 
the transition energy increasing monotonically, but not exactly as it 
should for a rigid rotor, 

Jl 
E^ = | y (41 - 2) (2) 
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because the moment of iner t ia is also increasing. This is due to a 

gradual loss in the pairing correlat ions, the Coriol is ant i -pa i r ing. 

Between spins 12 and 14 h the ground band is crossed by another band, with 

a larger ef fect ive moment of i ne r t i a , which then becomes the yrast band 

above 14 h. The t ransi t ion between the bands leads to the abrupt 

"backbend" observed pr inc ipa l ly as a decrease in the y-ray t rans i t ion 
2 

energy but also as a marked increase in the moment of iner t ia . The 

crossing band is thought to be a two-quasiparticle one, in this case, with 

two i i ^ i o neutrons unpaired and aligned with thei r orb i ta l angular 
3 

momentum along the rotat ion axis . The strength of the Coriol is 

interact ion depends upon I- j and so is greatest for the nucleons with the 

largest value of j . This pair of i . , , , , neutrons is thus decoupled from 

the deformed nuclear symmetry axis and aligned with the rotat ion axis. In 

Er about half the angular momentum at spin 20 h comes from the 

col lect ive rotat ion and about half from the two aligned neutrons. This 

arrangement appears to be the most e f f ic ient way for the nucleus to carry 

angular momentum and also implies a change in i ts shape. The orbi ts of 

the aligned nucleons cause a bulge at r ight angles to the rotat ion axis, 

making the nucleus, o r ig ina l l y ax ia l ly symmetric and prolate, t r i a x i a l . 

I f the alignment of a pair of high-j part ic les is less expensive 

energetically than the f u l l (quadratic) rotat ional energy at spin 20 h of 

the nucleus as a whole, does the process repeat i t se l f at s t i l l higher 

spin when the rotat ional frequency has increased again? Apparently the 

answer is yes, for the f igure shows a second alignment, an "upbend", at 

about spin 28 h. This second i r regu lar i ty has now been seen in several 

other nuclei , and theoretical considerations suggest i t is due to the 

crossing by a band with an additional two unpaired h., . , protons. At 
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spin 30 h , again about half the angular momentum is in the co l lect ive 

rotat ion and about half is contributed by the (four) aligned nucleons. I t 

remains for future work to determine whether th is compromise continues to 

higher spin and whether th is is a general phenomenon or is l imited to a 

few nuclei such as Er. As is discussed below, i t appears that such a 

mixed si tuat ion also occurs with increase in spin when star t ing from the 

opposite extreme of a near spherical nucleus at low spin, where most of 

the angular momentum comes from the individual par t ic le motion. 

Perhaps one more feature about backbends should be mentioned. 

Extensive studies, pr inc ipa l ly in Copenhagen, have suggested that in a 

given nucleus, or even in a small range of nucle i , the rotat ional 

frequency ( t rans i t ion energy) at which two part icular nucleons unpair and 

al ign themselves with the rotat ion axis is roughly independent of the rest 

of the nucleonic conf igurat ion. That i s , at a part icular rotat ional 

frequency, a rotat ional band w i l l be crossed by another band with the same 

configuration except for an additional pair of aligned par t ic les , and th is 

crossing may occur at the same t ransi t ion energy for many pairs of excited 

bands as long as they d i f fe r only by the same aligned par t ic les. Figure 2 

shows f i ve bands in 1 5 0 ' 1 6 1 y b that have upbends at hw - 0.36 MeV; they 

a l l contain one U->/? neutron in the original band and a pair of the 

next best aligned i , , , ? neutrons in the crossing band . 

The highest spin states yet observed by discrete -y-ray spectroscopic 

techniques are less than 40 h (usually less than 20-30 fi) and occur in 

rare-earth nuclei . Is th is as much angular momentum as nuclei can hold? 

A f i r s t answer to th is question is given by the liquid-drop model, which 

allows a classical calculation of the c r i t i c a l angular momentum at which a 

nucleus blows apart in nuclear times. I t is based on the balance between 
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the nuclear interact ions, given as a surface tension, and the repulsive 

Coulomb and centrifugal interact ions. Figure 3 plots th is angular 

momentum vs the mass of the nucleus, for the nuclei in the valley of 

s t a b i l i t y . Curve £. . is for that angular momentum that yields a zero 

f iss ion barr ier . Actual ly, nuclei are almost always produced in excited 

states rather than along the yrast l i ne , so that they predominantly 

f i ss ion even for a nonzero barr ier up to ~8 MeV, the neutron binding 

energy. The dashed l ine shows the angular momentum corresponding to an 8 

MeV f iss ion barrier and appears a more rea l i s t i c l i m i t . I t has a maximum 

of ~75 h in the l ight rare-earth region and fa l l s off sharply at higher 

mass because of the increased Coulomb repulsion with more protons (nuclei 

in the actinide region may show spontaneous f iss ion in the ground state at 

zero spin) . The curve also f a l l s of f steeply at low mass because with 

decreasing mass the moment of iner t ia becomes smaller, so that for a given 

spin the rotat ional frequency must increase, greatly increasing the 

centr i fual force and thus blowing the nucleus apart. 

The l iquid-drop model also makes some predictions as to nuclear 

shapes. A l l nuclei at spin zero are spherical, and under rotat ion they 

spread at the equator and so become somewhat oblate with the symmetry axis 

the same as the rotat ion axis. With some additional excitat ion energy, 

the nucleus may become prolate and rotate around an axis at r ight angles 

to the symmetry (or near-symmetry) axis. But at high spin, as given by 

curve I, in Fig. 3, the prolate ( t r i a x i a l ) shape becomes energetically 

the lowest lying and with a further increase in spin stretches out un t i l 

the nucleus f issions at I... The l iquid-drop model is incomplete in at 

least one major aspect; i t neglects shell ef fects. Because of shell 

ef fects, nuclei tend to be prolate rather than oblate as suggested by the 
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model. And because they are small quantal objects they cannot show 

col lect ive rotat ion around a symmetry axis. So the rotat ion of an oblate 

nucleus around i t s symmetry axis involves the motion of individual high-j 

nucleons around the equatorial region and not a col lect ive ro ta t ion , as 

may be true for rotat ion around an axis at r ight angles to the symmetry 

axis. Thus, these two l im i t ing types of rotat ion w i l l result not only in 

di f ferent shapes but also in di f ferent classes of states (s ingle-par t ic le 

vs ro ta t i ona l ) , d i f ferent kinds of de-excitation t rans i t ions, and quite 

di f ferent decay times. F ina l l y , neglect of shell effects leaves some 

doubts as to the nature and va l id i t y of the shape change indicated by 

curve S... 

Now let us consider what happens to nuclei when they are given as 

much angular momentum as they can hold without f iss ion ing. They usually 

lose much of the i r exci tat ion energy by evaporating nucleons, which, 

however, carry of f l i t t l e of the angular momentum. When the energy has 

dropped to less than a part ic le binding energy above the yrast l ine (the 

entry l i m i t , Fig. 4) , no more nucleons can be emitted, and the remaining 

excitat ion energy and angular momentum are carried off by y-ray cascades, 

as shown schematically in Fig. 4 for a product nucleus of mass = 160. 

There are two principal types of y-ray t rans i t ions. The " s t a t i s t i c a l " 

ones, probably El t rans i t ions, carry of f energy but l i t t l e angular 

momentum and so cool the nucleus towards the yrast l ine . The "y ras t - l i ke" 

f rays, col lect ive rotat ional t rans i t ions, form bands roughly paral le l to 

the yrast l ine ; they carry off 2 h apiece and, on average, are of lower 

energy than the s ta t i s t i ca l y rays. There are an enormous number of 

pathways from the beginnings of the y cascades to the yrast l ine at low 

exci tat ion energy and spin, so that no single t ransi t ion has enough 
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intensi ty to stand up in the spectrum (with present techniques). This is 

the or ig in of the name "continuum" y-ray spectrum. In a strongly deformed 

prolate nucleus, the rotat ional bands may be as enhanced as the ground 

band, and so the decay is pr imari ly down many bands to spins around 20 h 

before the s ta t i s t i ca l t ransi t ions and the band crossings can dump the 

population into the yrast region where individual t ransi t ions can be 

seen. In a near-spherical or somewhat oblate nucleus, the col lect ive 

t ransi t ions are weak, and so the nucleus cools more quickly to the yrast 

l i ne , and discrete t ransi t ions can generally be seen to higher spin (~38 h 

for Dy, Er). Nevertheless, there are s t i l l many paths to that 

point; to learn anything about the higher states we must study the 

continuum y rays themselves. 

The next f igure shows the y-ray cascades from the reaction 185 MeV 
40 124 

Ar + Sn; th is has been taken with a 12.7 x 15.2 cm Nal crystal 

and corrected for the detector response funct ion. The high-energy t a i l in 

the spectrum fa l l s off exponentially with energy and corresponds to the 

s ta t i s t i ca l y rays, while the peaks at low energy correspond to known lines 

in the discrete y-ray spectrum. For example, the large peak at ~500 keV 

can be ident i f ied with the lines of the f i r s t backbend in Er. But 

the most interest ing region of the spectrum is that between about 0.7 and 

1.7 MeV in th is example. This is the region of the "yrast bump" made up 

of y ras t - l i ke t rans i t ions, the rotat ional cascades ly ing above, but 

roughly paral lel to , the yrast l ine . They are mainly stretched E2 

t rans i t ions, as has been determined in a number of cases by angular 
7-10 9-11 

d is t r ibut ion and linear polarization measurements . The upper 

edge of the yrast bump moves with angular momentum uptake of the nucleus 

as expected for a rotor . That i s , at higher angular momentum (higher 



bombarding energy, or coincidence with a higher fo ld in a mu l t i p l i c i t y 

f i l t e r , or coincidence with a higher sl ice in a total energy spectrometer 

spectrum), the edge moves to a higher t rans i t ion energy. From the to ta l 

Y-ray mu l t i p l i c i t y and the knowledge that most (85-90%) of the transit ions 

are Al = 2, we can estimate the spin corresponding to the highest energy 

rotat ional t rans i t i on . Taking the bump edge to be the energy of these 

t rans i t ions , we can determine the ef fect ive moment of iner t ia of the 

nucleus at that region of spin by substi tut ion in eq. (2) . The resul t ing 
2 -1 

value is 24ln « 150 ± 15 MeV at spin 50 ft, in agreement, within the 

indicated errors, with that calculated by the l iquid-drop model or for a 

rigid sphere. 
But can the suggested correlat ion between y-ray energy and spin be 

observed more direct ly? The answer is "yes", by either of two new 
12 13 techniques. One is the development of y-ray mu l t i p l i c i t y f i l t e r s ' 

There are a number of such f i l t e r configurations, but a l l involve a number 

of Nal detectors to determine the number of coincidence h i ts per event and 

thus s t a t i s t i c a l l y the Y-ray mu l t i p l i c i t y d is t r ibu t ion . A high y-ray 

mul t i p l i c i t y corresponds in general to a large angular momentum, although 

the exact relat ionship may not always be clear. But because of this 

re lat ionship, a measurement of average t-ray mu l t i p l i c i t y as a function of 

Y-ray t rans i t ion energy gives direct information on t ransi t ion 
14 energy—spin correlations in the continuum. Examples for two 

target -pro jec t i le systems at several bombarding energies are shown in Fig. 
40 124 164 

6. For Ar + Sn > Er*, there is a pronounced peak in the 

mu l t i p l i c i t y spectrum at a l l bombarding energies, and i t comes at the edge 

of the bump in the intensity spectrum, corresponding to the highest energy 

and highest spin t rans i t i on . This peak moves to higher energy with 
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increasing bombarding energy and, hence, higher angular momentum input, a 

nice confirmation of the col lect ive rotat ion picture for th is nucleus. 

Away from such deformed rotors, however, the behavior may be more 

complex. For the 4 8 Ca + Mo » Sm* system, the nearly 

semi-magic product nuclei do not show formation of a rotat ional peak un t i l 

about spin 50 ft. 

However, a l l the cases we have looked at do appear to become 

rotat ional at some high spin, even including those that at low spin are 
144 somewhat oblate or near-spherical, such as the Sm product above. 

That i s , nuclei that at low spin are dominated by s ingle-part ic le motion 

develop col lect ive rotat ion and come to some intermediate behavior, just 

as do the rotors that undergo par t ic le alignment at higher spins. 

From the energy of the mu l t i p l i c i t y peaks in Fig. 6, combined with 

the maximum mu l t i p l i c i t y obtained for a part icular react ion, a value for 
15 the moment of iner t ia can be determined again by use of eq. (2) . The 

problem is to get th is value for the smallest range in spin possible. The 

crystal ba l ls , to be discussed by another speaker, w i l l do th is the best, 

u t i l i z i n g a range of no more than 20% in spin. With present techniques, 
i fi however, the best way is probably to use a total-energy spectrometer , 

which yields a FWHM of 60-70% in spin. The idea is as fo l lows: i f one 

can capture in a large Nal counter most of the Y-ray energy emitted in the 

cascades, one can then make cuts at various excitat ion energies, hence at 

various spin ranges, and observe the decay spectrum in a coincident 

external counter viewing the target through a small hole in the sum 

spectrometer. Examples of such spectra taken in a 7.6 x 7.6 cm Nal 

crystal outside a 20 x 33 cm sum spectrometer and in coincidence with 

consecutive ~4 MeV wide slices of the total energy are shown in the next 
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17 40 124 lfi4 

f igure for 185 MeV Ar + Sn » i D Er*. The main products are 

Er and Er, well-deformed prolate nuclei in the ground band and 

i , , ,p bands, respectively, and a l l the way to the highest spins 

observed. These spectra are normalized to the number of t ransi t ions per 

event per 200 keV in terva l . By subtracting one spectrum from the next, we 

obtain the difference peaks shown at the bottom, which i l l u s t r a te nicely 

the increase in E with increase in s l ice number (exci tat ion energy), 

and hence spin, as represented by the average m u l t i p l i c i t y , M, of the two 

contr ibut ing spectra.' Converting M to I (essential ly by mult iplying by 

two), we can obtain a value for the ef fect ive moment of iner t ia at that 

average spin from eq. (2) . Some of these values are shown in Fig. 8, 
2 2 

where 2^/h is plotted against (E 12) , the usual backbending p lo t . 
The black dots are values from the discrete t ransi t ions of the ground band 

1 S8 

and yrast continuation of Er, showing the f i r s t and second 

backbends. The dashed l ine is the l iquid-drop curve; the giant backbend 

at high spin is where the nucleus in the calculation crosses the I, 

curve and changes from s l igh t l y oblate to a strong prolate t r i a x i a l 

deformation, y ielding a large increase in *0 and decrease in E . The 

experimental points derived from the difference peaks as just described 

are shown as open c i rc les . They give a gently r i s i ng , almost f l a t , value 

for •J with an upbend at the end. But you must remember that our slices 

and difference peaks are sampling a broad d is t r ibut ion in spin, something 

l i ke 60-70% FWHM and so are smearing out any f ine structure. Such poor 

resolut ion also washes out the increase in<d at the end, making i t appear 

weaker than i t is and at too low an E . So what is the nature of this 

upbend at very high spin? We are not cer ta in. Since the principal 

products of th is reaction, ' Er, are probably always protate or 
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prolate t r i a x i a l , i t cannot be s t r i c t l y the change from ohlate to prolate 

t r i a x i a l shapes predicted by the l iquid-drop model (curve I. in Fig. 

3 ) . The combination of surface, Coulomb, and rotat ional energies that 

give th is l iquid-drop effect cer ta in ly could contribute to the observed 

change, which is l i ke ly a rapid stretching out of the nucleus. But in 

addit ion, theoretical calculations indicate a strong shell effect of 

several MeV for nuclei around Z « P"i and N = 8 2 , which have a 2 : i axis 
18 ra t io at these high spins . Such a shell energy would greatly favor 

the stretching of the nucleus out to the 2:1 shape. Another region for 

such a 2:1 shape shell effect is calculated at Z = 86 and N =145 even for 

zero spin, and th is is surely the cause of the double minimum in the 

f i ss ion barr ier in the Pu region leading to the spontaneous f iss ion 
19 isomers . Measurement of their rotational energy-level spacings and 

20 quadrupole moment does indicate a 2:1 axis rat io there , and i t remains 

for future experiments to t e l l us what the si tuat ion is in the present 

high-spin case. 

The moment of inert ia described so far is an "ef fect ive" one; i t is 

measured along the average of the Y-cascade pathways and so is an average 

envelope for many intersecting (crossing) bands as shown in Fig. 9. The 

col lect ive moment of iner t ia of an individual band is smaller and 

coresponds to i t s greater curvature in the p lo t . I t is related to 

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

difference between average y-ray energies in a pathway (several 

intersecting bands). The angular momentum in these excited bands is 

carried part ly by the rotat ion of the deformed nucleus as a whole and 

part ly by a few high- j nucleons aligned to the rotat ion axis. The energy 

in one such rotat ional band is given by 
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2 2 
E ( I ) - T T R 2 + E ( J ^ = 7 T t 1 ' j a ' 2 + E ^ ' a ' ' <3> 

Holl a H o 11 a a 

where-wf ,-| is the moment of iner t ia of the col lect ive rotat ion of the 

nucleus, j is the aligned angular momentum of the nucleons, E(j ) is 

the bandhead energy, and 1 is neglected compared to I - j . The 

assumptions made in Fig. 9 are that 4 , „ n and j . are approximately 
CO I I a 

constant in a band and only E ( j a ) and j , change between bands. The 
a a 

Y-ray t rans i t ion energy within the band is then 

2 
E = ^ — 4(1 - j j , (4) Y ^ c o l l a 

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

V ^ 4 1 ' (5) 

which gives the envelope of the bands without reference to any alignment. 
The relationship between the two moments of inertia is then 

4ff = A-4on • ' < 6 > 
a 

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

region .and probably not re la t i ve ly smaller at higher spins—>A n l i must 

be much smaller than J> « , re f lec t ing the fact that a single par t ic le 

cannot contribute f u l l y both to the aligned angular momentum and to the 

co l lec t ive moment of ine r t ia . Only I and E are usually measured, so i t 

i s - J *f that is normally determined and found to be roughly equal to the 

rigid-body value. 

Can-J , , be determined experimentally? There is some evidence •coll J 

that t h i s can be done by studies of Y-Y energy correlat ions. Consider a 
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nucleus de-exciting through a rotat ional cascade with a f ixed moment of 

ine r t ia , a true r ig id ro tor . Then by Eq. (2) the Y-ray spectrum is a set 

of t rans i t ions, evenly spaced at 8 f> /2if, as shown in Fig. 10a. I f th is 

cascade is looked at by two y counters, and the f i r s t one is gated on a 

part icular t rans i t i on , the coincident spectrum in the second counter looks 

as shown in F ig. 10b, One sees the whole spectrum but for the gated 

l i ne . I f , instead of a single value for d>, there are many cascades with a 

small spread in \i, then the lines become a d is t r ibut ion of transit ions 

that widen as they leave the v i c i n i t y of the gate energy, Fig. 10c. But 

the distance between the peaks on each side of the missing gate is s t i l l 

equal to 16 h /2JI •,-,, and the spread in the peaks gives the i n i t i a l 

spread in values of xf. 

A schematic two-dimensional spectrum of one coincident Y-ray detector 

against another for a rotat ional nucleus is shown in Fig. 11. The dots 

represent the location of coincidences between y rays de-exciting states 

up to I = 14 in a perfect rotat ional band with moment of iner t iaW. 

However, di f ferent bands might have somewhat di f ferent moments of ine r t ia , 

and the lines through the dots represent bands having moments of iner t ia 

d i f fe r ing by ±10 percent from vf. Since high-j part icles may align at such 

spin values, the crosses are coincidences between transi t ions from spins 

16 to 26 h in a band having 11 h aligned, also with a moment of iner t ia 

•<$. The l ight lines through the crosses again represent (aligned) bands 

d i f fe r ing in^Jby ±10 percent. I t is clear that even i f bands are 

populated that d i f fe r considerably in moment of iner t ia and aligned 

angular momentum, a strong pattern remains in the two-dimensional Y-Y 

coincidence spectrum. The valley along the diagonal, representing the 

absence of transit ions of the same energy, is not at a l l f i l l e d , and the 
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f i r s t ridge adjacent to i t is rather clear. (Notice, however, that a 

single band with a changing moment of iner t ia or alignment has not been 

considered.) I t is then of considerable interest to know whether these 

correlations are present in real spectra at very high spins. 

To perform such correlat ion experiments requires good s ta t i s t i cs and 

a method to reduce the number of uncorrelated events. The f i r s t 
21 successful experiment was made by Andersen et a l . They used four 

detectors, p lo t t ing every coincidence on a single two-dimensional array. 

A background of uncorrelated events was subtracted by a s ta t i s t i ca l 

method. However, th is procedure actually subtracts too many events, 

including some correlated ones, so that better, i te ra t ive methods have 

been devised. There are s t i l l some problems even with these, and so other 

schemes are being explored, but i t is hoped that the basic results 

obtained so far are not much effected. An additional correction to the 

tvo-dimensional array is to divide each point by the corresponding 

re la t ive detector e f f i c ienc ies . 

Such a two-dimensional array (but without the iterated background 

subtraction or ef f ic iency correction) for the system Sn + Ar •» 

Er* at 185-MeV Ar energy is shown in Fig. 12. Four features, 

believed to be general, can be pointed out. F i r s t , there is a d ist inct 

valley along the diagonal up to about 1 MeV (spin 40 h) having a 

measurable width, and there is some poss ib i l i t y th is valley also exists in 

the region above 1.1 Mev. Second, there are a few bridges across th is 

valley beginning as low as 0.55-0.60 MeV and continuing as far up as the 

valley persists. Also, there are i r regu lar i t ies in the ridges alongside 

th is val ley. Third, there is a general f i l l i n g of the valley above -1 

MeV, which is rather complete around 1.1 MeV. F inal ly , on many arrays 
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there are stripes or lines of increased intensi ty running paral lel to the 

coordinate axes. 

The mere existence of the valley strongly indicates the rotational 

nature of the bands for th is range of f - ray t rans i t ion energies. In 

addit ion, the half-width of the valley is just the difference between 

successive t ransi t ion energies. Assuming again that these occur within a 

band of constant v0 -,-, and j , 

J 
AE„ = 8 J , (7) Y ?3 t o l l 

2 
and the valley width equals 16 h / 2 , J >

c o n a n d s o determines VJ? , . . 

The f i r s t results on th is point suggest that - A o l l is indeed smaller 

than -J r c , with values as low as -0.6 „ . These results are ^eff eff 

ten ta t ive , but i f J c n - | i > ^ e f f > a n d I c a n b e re l iab ly measured, then 

j . can be determined via Eq. (6) . This would be a very interesting 
a 

quantity to know for the high-spin states. 

The lowest energy bridges in Fig. 12 are due to known backbends in 

the nuclei produced. The large one at 0.55 Mev (u - 0.27 MeV) corresponds 

to the f i r s t backbends in Er and Er (the major even-even 

products). Backbending or upbenrfing behavior implies several y rays of 

similar energies in the band and thus tends to f i l l the val ley. The 

argument has been made ear l ier that a given level crossing may show up in 

many bands at the same rotational frequency (the same -y-ray energy). This 

must be true for the second large bridge at ~0.8 MeV U - 0.42 MeV), at 
1 CO 

the location of the second backbend in Er, since the population of 
that backbend in the yrast sequence is quite weak, but the bridge is a 
prominent feature. It is known that the ;irst backbend in this region of 
nuclei involves the alignment of two iiqio neutrons and the second 
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probably the alignment of two h.. , ? protons. There are at least two 

more higher energy bridges in Fig. 12, each of which must involve many 

bands since they have not beei. observed in any discrete- l ine studies. I t 

is not clea>~ which orbi ta ls are involved in these higher bridges. 

However, the general behavior up to about 1-MeV y-ray energy seems 

reasonably clear—a deep valley ref lect ing good rotat ional behavior, and a 

few large i r regu la r i t ies in both the valley and ridge structure resul t ing 

from alignment of specif ic high- j o rb i ta l s . 

Above 1 MeV in Fig 12 the valley is largely f i l l e d and completely so 

in places. I t is not rea l ly clear what causes t h i s , but a possible 

explanation is as fol lows. The erbium nuclei produced here have 68 

protons, so the Fermi level is in a basically N = 4 shell into which an N 

= 5 (h . . ,?) o rb i ta l has intruded. I f i t is followed to higher 

frequency, i t intersects some strongly downsloping levels at « * 0.56 

(E = 1 . 1 MeV for A = 160). These proton levels come from the shell 

above (N = 5 with N = 6 intruder) and in fact correspond to the highest 

aligned i n / ? (N = 6) components together with the most aligned h . . ? 

level . An N = 6 level coming down into the basically N = 4 shell (&N = 2) 

is par t i cu la r ly interest ing since i t has the same parity and thus can mix 

with the N = 4 levels. The neutrons in th is region do the same thing [N = 

7 ( j . c / o ) coming into the N = 5 shel l ] at about the same frequency. 

Thus one might expect level crossings and very disturbed rotat ional 

bands. Perhaps th is can account for the general f i l l i n g of the valley in 

th is region. I f t rue, i t could be a reasonably general phenomenon 

implying tendencies for the nucleus to become more t r i ax i a l and more 

deformed. I t w i l l be interest ing to t ry to ver i fy such behavior. 
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Fina l ly , we come to the str ipes paral le l to the coordinate axes. 

Those at lower -y-ray energies involve the known backbends; because of the 

increased number of t ransi t ions of the same energy, there is an increase 

in the intensity of the row and column passing through the backbend peak 

near the diagonal. I t seems l ike ly that the same effect explains the 

higher energy str ipes, except that the intensity at the backbend or upbend 

may come not from a single band crossing but from a number of (excited) 

bands that cross at approximately the same rotational frequency (as 

mentioned ea r l i e r ) . For a cascade with mult iple backbends (upbends), the 

coincidences between them occur at the intersection of a horizontal and 

vert ical s t r ipe and w i l l stand out in the iterated spectrum as a peak due 

to the increased intensity of both backbend (upbend) regions. However, i t 

should be noted U.at the peaks and str ipes being discussed constitute only 

a few percent of the intensi ty of the original data array before 

background subtractions are made and i terated. There may be other 

explanations for such small peaks and st r ipes. 

F ina l ly , let me take up one more topic on continuum y-ray 

spectroscopy, which is quite new, and though i t may seem at f i r s t to be 

out of place, I hope you w i l l recognize i ts potent ia l . This has to do 

with the observation of giant dipole resonances, GDR, in continuum 

spectra. The GDR, the vibrat ion of the neutrons against the protons in a 
23-25 nucleus, was the f i r s t col lect ive motion studied . Excitation of 

the resonance based on the ground state has been observed in many nuc le i , 

and i t s systematics has been studied, both theoret ical ly and 

experimentally, with quite reasonable agreement. However, Brink has 

proposed that every state in a nucleus, not just the ground state, has 

a GDR based on i t . A consequence is that every state 15 or more MeV above 
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the yrast l ine would have the poss ib i l i t y of El decay with a 

Lorentzian-l ike strength function and with a ijiagniiude yivtn uy the El sum 

ru le . Such a var iat ion with E would result in an enhanced probabi l i ty 

of Y-ray transi t ions near the GDR energy, -15 MeV. In fac t , in several 

l ight nuc le i , excitat ion of the GDR based on the f i r s t , and even the 
27 second, excited state has been observed . In addit ion, enhancement of 

the region from 8-20 Mev in the -f-ray spctrum fol lowing the spontaneous 
252 28 

f i ss ion of Cf has been observed and ascribed to GD decays . We 
have recently observed th is effect in the Dirac continuum y-ray spectrum 

29 fol lowing heavy-ion fusion and deep inelast ic reactions. 

Three examples are shown in Fig. 13 of the high energy part of the 

r-ray spectrum observed in eight 12.7 x 15.2 cm Nal detectors placed 50 cm 

from the target and in coincidence with a sum spectrometer. The sum 

spectrometer had eight sectors, and events were stored only i f more than 

six of these gave coincident pulses. Beams of 5-10 ena of 170 MeV Ar 
2 

from the LBL 88" cyclotron were used to bombard -1 mg/cm targets of 
8 2 S e , 1 1 0 P d , and 1 2 4 S n . For the region 2 <E < 8 MeV, the 

spectrum for each target shows an exponentially f a l l i n g t a i l , the 

s ta t i s t i ca l t rans i t ions . Al l spectra rise above this exponential at 

energies above -10 MeV, suggesting a new component of y rays. Above -20 

MeV the spectra are low and f l a t , probably due to cosmic rays. The reason 

for the i n i t i a l steep slopes in the f igure is that the level densities for 

the f ina l states, to which the t ransi t ion probabi l i t ies are proport ional, 

vary approximately exponentially with E , the energy above the yrast 

l i ne ; thus, the t rans i t ion probabi l i t ies depend on exp (-E /j). So a 

rough way to see the shape of the y-ray strength functions is to remove 

the level density dependence by multiplying by exp(E /T ), where T g 
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is an effective T. For 2 < E < 8 MeV, T = 1 MeV, whereas above 10 
Y e 

MeV the curves are f l a t t e r , indicating that these y rays are emitted at a 

higher T„. We have somev.hat a rb i t ra r i l y taken T = 1.43 MeV for the 3 e e 
Er compound nucleus ( Sn target ) , and adjusted the others for the 

-1/2 expected mass dependence, T <* A . The same data from Fig. 13 (with 

the f l a t high-energy background subtracted) mult ip l ied by these 

exponentials are shown in Fig. 14. Peaks are now v is ib le that have maxima 

(-14 MeV) and widths similar to those for the GDR based on the ground 

state. They go up in energy as the target mass decreases, as is expected 

for the GDR (Eg - A ' ). Integrating the spectra between 10 and 20 
3 

MeV gives 2-3 x 10 t ransi t ions per cascade for a l l three targets. 

These results may be compared with calculations using the compute'' 

code GR0GI2; Fig. 15a shows the calculated y-ray spectrum for the Er 

system. The dashed l ine is for a constant El matrix element, while t>i = 

f u l l curve is for a strength function involving a Lorentzian-l ike shape 

with a maximum at 15 MeV and a width of 5 MeV. I t can be seen that the 

spectrum is similar to the experimental one, and integration of the y ie ld 
_3 

between 10 and 20 MeV gives 1.9 x 10 transi t ions per cascade, in good 

agreement with the observed value. Mult iplying the spectrum by 

exp(E /1.43) gives the spectrum shown in Fig. 15b. The dashed l ine here 

is the Lorentzian shape put into the calculat ion. The agreement suggests 

that the procedure used in Fig. 14 can indicate the shape of the strength 

functions involved and that the experimental results in Fig. 14 are 

compatible with Lorentzian-l ike functions rather than constant values. 

I t seems most l i ke ly , but not proved, that we are seeing GDR y rays 

emitted from the highly excited compound states in competition with 

neutron (or other par t ic le) evaporation. I f t rue, a most excit ing 
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prospect is to look for structure in the resonance peak. For if the 
nucleus is deformed into an axially symmetric shape, the peak will split 
in two. If the deformation is prolate, the lower energy component will 
have 1/3 the total intensity and the higher one 2/3, and the inverse will 
be true if the nucleus is oblate. If it is triaxial, the GOR peak will 
split.into three components. If it will be possible to observe such 
structure, we shall thus be able to determine the shape of nuclei at high 
spin and txcitation energy and in a way that should be quite general for 
many nuclei. 

As I hope you have seen, the field of continuum y-ray spectroscopy is 
a rapidly developing and changing one, and the introduction of new 
experimental techniques such as the use of crystal-ball, 4n detector 
systems can only accelerate the pace. I should also note that theoretical 
developments are also proceeding along similarly expanding lines, so that 
we may look forward to a wealth of new information on high spin and highly 
excited states in the next few years and much more detailed knowledge 
about their structure. 
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Figure Captions 

1 . P lo t o f 2 J / h 2 vs (hu,) 2 f o r the y ras t l i n e in 1 5 8 E r , 

showing the f i r s t and second backbends ( r e f . 1 ) . 

2 . Backbending p lo t showing the y ras t sequence and three 

n e g a t i v e - p a r i t y sidebands in Yb and two i ._ , „ bands in 

1 6 1 Y b ( r e f . 5 ) . 
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Fig. 3. Angular momer'um at which f iss ion barr ier becomes zero (sol id 

l ine) or 8 MeV (dashed l ine) as a function of mass number (for 

nuclei along the valley of s t a b i l i t y ) . The stable shape is 

oblate below I. and t r i ax i a l (prolate) between JL and i.. 

( re f . 6) . 

F ig . 4 . Typical Y-ray de-excitation pathways to the ground state. The 

ver t ica l arrows represent the s ta t i s t i ca l transit ions that lower 

the temperature of the system, whereas the y ras t - l i ke 

( rotat ional ) transit ions are roughly paral le l to the yrast l ine 

and remove the angular momentum of the system. 

F ig. 5. De-excitation Y-ray spectrum from the indicated reaction taken 

with a Nal crystal and corrected for the detector response 

funct ion. The spectrum has been taken in coincidence with a 

high-energy sl ice on the spectrum from a total-energy -y-ray 

spectrometer. 

Fig. 6. Plots of mu l t i p l i c i t y vs Y-ray energy for the systems (a) 
1 2 4 Sn + 4 0 Ar and (b) 1 0 0 Mo + 4 8 Ca for the indicated 

bombarding enegies. One Nal Y-ray spectrum is also shown for 

each system (ref . 14). 

Fig. 7. (top) Spectra from a 7.6 x 7.6 cm Nal detector corrected for the 

detector response function (number of t ransi t ions per 200 KeV 

per event) for consecutive -4 MeV wide slices of the coincident 

to ta l Y-ray energy spectrum taken with a 33 x 20 cm sum crystal 

for the reaction products (mainly 1 5 9 > 1 6 0 E r ) 0 f iQ5 MeV 4 0 A r 

+

 1 2 4 S n > 1 4 6 E r * (ref. 17). 

(bottom) The difference in spectra from consecutive slices as 

indicated in the f igure. 
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Fig. 8. Plot of 2J/h 2 vs (hoi)2 for the products (mainly 1 5 9 > 1 6 0

E r ) 
40 124 164 

of the reaction 185 MeV Ar + Sn > Er*. The solid 
158 circ les are the known transit ions in Er. The open c i rc les 

are calculated from difference spectra l ike Fig. 7 as described 

in the tex t . The pure l iquid-drop prediction is given by the 

dashed l ine . 

Fig. 9. Schematic i l l us t ra t i on of the bands in a decay pathway (sol id 

l ines) and thei r envelope (dotted l ines) . The band parameters 

were taken to the ^ c o ] ] l h Z = 50 MeV"1, 2J f f / h L = 100 

MeV , j , = 0, 10, 18, and 24 h Mr the bands, in order of 
a 

increasing energy. 
o 

Fig. 10. (a) The evenly spaced (8h /2*J>) transit ions from the state 

indicated for an idealized r i g id rotor , (b) The spectrum 

observed in a second detector, which is in coincidence with a 

gate on the I » I - 2 t ransi t ion in the f i r s t counter, (c) Same 

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

dif ferent values of -4. 

Fig. 11. Schematic energy correlation plot for a rotational nucleus, the 

dots locate the coincidences for a band with spins up to 14 h 

and the heavy lines show the effect of bands where the moment of 

iner t ia d i f fers by ±10 pecent. The crosses show the location of 

coincidences in a band with spins 16 to 26 ft , of which 11 ft is 

from aligned par t ic les . The l ight lines again show the effect 

of bands d i f fe r ing ±10 percent in the moment of iner t ia . 
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12. Energy correlat ion spectrum from the reaction 
1 2 4 S n ( 4 0 A r , x n ) 1 6 4 " x E r at 185 MeV. The data were taken 

with Ge(Li) detectors and had uncorrelated events subtracted. 

The plot shows contours of equal numbers of correlated events, 

where the darker regions have more counts according to the scale 

at the r ight edge ( re f . 22). 

13. De-excitation Y - ray spectra from the indicated reactions taken 

with 12.7 x 15.2 cm Nal detectors in coincidence with a y-ray 

total-energy Nal spectrometer. The shapes of the true y-ray 

spectra are not expected to d i f fe r greatly from these, and so 

the ordinate in " t ransi t ions per MeV per cascade" should be 

approximately correct. 

14. Spectra of Fig. 13 with background subtracted and then 

mult ip l ied by exp (E /T ) with T indicated on the 
1/3 f igure . Arrows indicate Eg = 78/A MeV, the centroid of 

the ground state GDR (ref . 29). 
164 

15. (a) Gamma spectra for Er* from a GR0GI2 calculation with a 

constant El matrix element — , with a Lorentzian-like strength 

function . 

(b) Giant resonance spectrum from (a) multiplied by exp 
(E /1.43). The dashed line is the Lorentzian function put 
into the calculation (see text)(ref. 29). 
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