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SPECTROSCOPY OF HEAVY NUCLEI - YRAST STATES, SIDE BANDS AND BACKBENDING

A. W. Sunyar
Brookhaven National Laboratory, Upton, New York 11973

In this talk, I would like to discuss some recent experimental results

from Brookhaven which are concerned with the high spin structure of two rare-

154
earth nuclei. The first of these is Er, a nucleus with 86 m ltrons. An

account of this study has just appeared in the literature. Thi^ general

region of nuclei with neutron number just beyond the N = 82 shell closure

and with mass number A ̂  ^ 0 has been subjected to intensive investigation

at a number of laboratories with some very interesting results. One good
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example, Dy, has been discussed by Khoo et al. Much of this interest

arises from a Bohr and Mottelson observation concerning the possibility of

high-spin isomers in oblate nuclei at high spin, where individual nucleons

contribute to spin by aligning their angular momenta along the symmetry axis.

Calculations also suggest oblate shapes even at reasonably low spin (I ̂  40)

for nuclei with N * 84-88. Searches for yrast traps have discovered iso-

meric states in this region.

Aguer et al. have reported an isomeric state in Er, together with

details of the yrast cascade above the Isomeric state to about 8.5 MeV ex-

citation. At Brookhaven, C. Baktash, E. der Mateosian, 0. C. Kistner and I

have independently studied the high spin structure of this nucleus with the

( 0,4n) reaction at about 100 MeV and the ( Ni,4n) reaction at about 275

MeV. Targets were a few (% 3-4) mg/cm in surface density and were backed
208

with Pb. The usual combinations of high resolution singles, y-y

*
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coincidences, y-ray angular distribution measurements were utilized. Most

of th^ data were obtained by means of the ( 0,4n) reaction. A pulsed 0

beam was used to obtain delayed y-spectra and to measure the isomeric half-

l i fe . Fig. 1 shows a few representative y-ray spectra obtained in the

course of these measurements.

The experimental results presented here confirm parts of the decay

154scheme of Er as given in Ref. 6. However, spins are assigned to some

low-lying levels, and several transitions are re-ordered. The high-spin

yrast cascade has been extended by six levels to spin (35,36) at over 12

MeV in excitation. In addition a quasi-ground state band sequence consist-

ing of a cascade of stretched AL - 2 transitions has been extended from the

14+ to the 18+ state.

The decay scheme based upon our data is shown in Fig. 2. So far as

the levels below the isomerlc state are concerned, the ordering of the 432-

796 keV cascade which feeds into the 6+ level is fixed by observation of a

low-intensity 254-keV transition to the 8+ state of the quasi-ground band.

Angular distribution measurements suggest AJ = 1 and AJ = 2 assignments to

these transitions, respectively. This sequence is therefore characterized

as proceeding between levels with spin 9 •* 8' -•• 6+. The parallel sequence

of 554 keV (AJ - 2) and 674 keV (AJ = 1) is characterized as being 9 -> 7 •+

6+. Ordering of the 554-and 674-keV transitions is difficult both because

of their equal intensity (within errors of experiment) and the admixture of

the near-degenerate 675-keV transition into the 674-keV peak. However, the

spin 9 assignment to the level just below the isomer is secure on the basis

of the characteristics of all cascades out of this level. Support for the

placement of the 432-, 554- and 686-keV transitions in the decay scheme is

also provided by the time spectra shown in Fig. 3. All three of these



transitions exhibit no "prompt" components while succeeding transitions do

show such a component. The particular ordering of the 554- and 674-keV

transitions in Fig. 2 and the suggested assignment of odd parity to the spin

7 level is consistent with the energy-level systematics of the N = 86 iso-

tones ( Sm, Gd and Dy) of Er. Fig. 4 displays these systematics,

where the negative parity of the spin 7 levels is based upon the results of
Q

Haenni et a l . who experimentally established the negative parity of this

state in Gd. This negative parity assignment together with the syste-

matic appearance of spin 7 and spin 9 levels in these isotones strongly sug-
154gest odd parity assignments to these levels in Er.

The isomeric state decays by two parallel, unobserved low-energy transi-

tions, one of which leads to the spin 9 level and the other to the 10+

state of the quasi-ground band. These transitions, the lack of transitions

to levels with spin 8, together with the observed isomeric half-life etc.

suggest spin 11 and negative parity for the isomeric state, although spin 10

cannot be completely ruled out.

The high-spin yrast cascade of discrete transitions from spin (35,36) to

154the isomeric state in Er has interesting properties in that its detailed

152structure differs from that of the Dy yrast cascade reported by Khoo et
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al. An energy versus 1(1+1) plot for Dy showed l i t t l e deviation from a

straight line above I = 14. The authors of Ref. 1 interpret these high spin

states to be aligned individual particle states which they analyze in the
154framework of the Fermi-gas model. A similar plot is shown for Er in

Fig. 5. The ysrast levels here fall on a series of connected straight line

segments rather than exhibiting a random distribution about a straight line

as in Dy. It is noteworthy that some Er Y-ray sequences contain Y-rays

of near equal intensity. When states connected by such equal intensity



transitions are joined by straight lines in Fig. 5, these levels lie on

small straight segments of the broken line. All transitions in a segment

exhibit the same spin change, and side-feeding, indicated by arrows in Fig.

5, occurs at the break points in the yrast line. These short sequences are

made up of transitions with energies comparable to those of collective vi-

brational transitions (% 500-700 keV) in the N = 86 isotones. Lower energy

transitions connect these "band-like" sequences. At one such break point

at the spin (18,19) level, angular distribution measurements indicate a

decided change in alignment, perhaps indicative of the appearance of isomers

at such break points.

In contrast to the unusual side-feeding pattern in this high spin yrast

sequence (concentration at specific points), the intensities of the y-rays

in the quasi-ground state sequence show the usual type of side-feeding pat-

tern to all levels which is familiar from studies in the deformed region.

This is true even though the levels of these two cascades fall very near to

one another along the yrast region to spin 18. In spite of this close prox-

imity of levels of comparable spin, the reaction strength concentrates

strongly in the high-spin yrast cascade. At about 5.5 MeV excitation, the

Y-ray intensity in the quasi-ground band is about a factor of seven smaller

than that which passes through the level at this excitation in the high-

spin yrast cascade. Such striking features in the side-feeding pattern of

this high-spin yrast cascade no doubt carry implications about the structure

and distribution of high spin levels in the region of high excitation

through which the continuum cascades must proceed in the process of de-

exciting the nucleus to the region of the yrast line.

It is important, as all recognize, to determine whether transition

rates out of levels in these high-spin yrast cascades in this region ara



characterized by s ing l e -pa r t i c l e ra tes or whether co l lec t ive aspects play an

important r o l e . Some very recent l i fet ime information concerning several
154 9

Er levels to about spin 30 has become avai lable . Both co l lec t ive and

non-col lect ive t rans i t ion ra tes are reported. Unfortunately, s igni f icant

differences in level-orderings between the r e su l t s reported in Ref. 1 and

Ref. 9 remain. Such differences, u n t i l c l a r i f i e d , cloud in terpre ta t ion of

the l i fet ime measurements.

As a second example of high-spin s t ruc ture in a rare earth nucleus,

I w i l l show some recent r esu l t s concerned with a re-study of the y ras t and
158near-yrast levels of Dy. This work has been carried out by E. der

Mateosian, P. Thieberger and myself. The experiment employed again the

standard techniques of "in-beam" Y-ray spectroscopy and u t i l i zed the

( C,5n) reaction at 71 and 75 MeV. Besides the ground s t a t e band, two

new s ide bands with most unusual charac ter i s t ics have been observed and

appear in the level scheme shown in Fig. 6. Both s ide bands show an energy-

158level progression such tha t t r ans i t ion energies mirror those of the Dy

ground s t a t e (g . s . ) band t rans i t ions below a g . s . band moment of i n e r t i a

anomaly (J <_ 10+}. In addi t ion, they both closely approximate the expec-

ta t ions for g . s . band t r ans i t ion energies for J > 10+ as determined by a

l inear extrapolation of the moment of i ne r t i a behavior for J > 10 as

function of (tfw) to spins beyond the moment of ine r t i a anomaly. The f i r s t

s ide band consists of a cascade of at leas t seven stretched L » 2 t r a n s i -

tions and feeds into the g . s . band at spins 10+ and 12+. The second s ide

band consists of a s imilar cascade of a leas t five y-rays and feeds into

the 12+ and 14+ s t a t e s of the g . s . band. In our previous study of Dy,

levels of the g . s . ro ta t ional band and the even-spin, even-parity ( e . s . e . p . )

yras t band continuation beyond a moment of ine r t i a anomaly to the spin 22+



state were reported. This band of (e.s.e.p.) yrast levels has now been ex-

tended through three additional levels to a probable spin 28+. The moment

of inertia associated with these highest spin states appears to be rising

slightly at a value of about 130 MeV~ .

The 837.9- and 756.8-keV interband transitions from levels of band B

to the 12+ and 14+ states, respectively, of the (e.s.e.p.) yrast cascade

are predominantly dipolar with Aj = 1 type angular distributions. A lack

of strong quadrupolar admixture into these transitions somewhat favors a

negative parity assignment. The 2887- and 3369-keV levels are thus assigned

tentative spin-parities of 13 and 15 , respectively. The stretched

L =* 2 character of angular distributions for the lower transitions in this

side band plus the systematic band-like behavior of the upper transitions

provided the basis for probable spin assignments to upper levels of this

band. Similar arguments hold for the AJ = 2 cascade of side band A. How-

ever, the actual spin sequence for this latter band is more uncertain. The

measured angular distributions of both the 957.7- and 758-keV y-rays are

consistent with either AJ = 2, 1 or 0 spin changes and thus do not uniquely

determine the spin sequence in side band A. Any of the spin sequences in-

creasing progressively by 2 units and beginning with spin 10, 11 or 12 at

the 2478-keV level are consistent with these data. However, a spin 12 as-

signment to the 2478-keV level would require that at spin 18 and above,

states of side band A would form the yrast sequence. The weak population

of band A relative to that of the main band sequence does not suggest that

i t is the yrast sequence. We thus favor a spin 10 or 11 assignment to the

2478-keV level rather than a spin 12, with both of the observed interband

y-rays interpreted as mixed dipole-quadrupole transitions. No definitive

parity information is as yet available.



From Fig. 6, i t is apparent that the lower three transitions in side

band A and tha lower two transitions in side band B correspond closely to

the 10-8, 8-6, 6 •*• 4, and 12 •*• 10, 10 -*• 8 transitions in the g.s. band,

respectively. This suggests an interpretation that the states of each band

correspond to core rotations with five units of intrinsic angular momentum

added for side band A and either seven or six units added for side band B,

depending upon the actual spin (11 or 10) of the 2478-keV state . This in-

terpretation is strengthened by an examination of Fig. 7 where 2 J/U vs

7 158

(Mw) is plotted for the Dy bands. The behavior of the g.s. band moment

of inertia at low spin has been linearly extrapolated (jj ^ u ) in Fig. 7.

The points along this line are the apparent moments of inertia of levels

of the side bands when these are plotted under the assumption of complete

decoupling of intrinsic angular momentum from the core. The close corre-

spondence of these points for both side bands with the line indicating the

extrapolated g.s. band behavior is apparent. Thus, both side bands exhibit

in a striking way a behavior which suggests the alignment of an intrinsic

angular momentum with and virtually complete decoupling from the core rota-

tional angular momentum. I t is hard to understand why the core in
158

this case resembles that of Dy and not that of either the (N-2) or

(Z-2) nucleus as one might expect. I t may also be noted that neither side

band exhibits a moment of inertia anomaly. This latter circumstance might

suggest that the i . , , neutron orbital is somehow involved in the configu-

rational description of each of the 2 quasi-particle states and thus

12blocks the appearance of an anomaly as seen for the g.s. band. Ring et

al . have performed Hartree-Foch calculations with effective interactions

for the Dy, Dy and Dy systems which demonstrate clearly that the



neutron rapidly aligns with and decouples from the core rotation as

158

the core angular momentum increases. In the Dy case, the intrinsic angu-

lar momentum increases only slowly, if at a l l , with spin. The behavior is

perhaps suggestive of a system described in terms of the "serai-decoupled"
14model of NeergSrd et a l . , where only the high-spin member of the two-quasi-

particle state is decoupled from the "core" by the Coriolis force. The sec-

ond low spin partner remains strongly coupled to the core. The aligned in-

trinsic angular momentum is then approximately that of the aligned, high

spin, quasi-particle. The band in this model has a AI = 1 spin sequence

which is then separated into odd spin and even spin members (AI = 2) by a

14short range residual interaction. While the present experiment has not

determined the parities of either side band sequence, negative parity is

certainly a possibility. If spin 10 is assumed for the 2478-keV state , the

high spin (> ^ 21) behavior of the states of the two side bands in energy

is indeed suggestive of a single band with a AI = 1 sequence but with two

separated AI = 2 cascades between the even and odd spin states. Obviously,

further experiments are also needed to determine whether both bands have

the same (negative) parity. Gamma-ray linear polarization measurements

on the 958- and 838-keV "interband" y rays are in progress at Brookhaven

158
and may accomplish this purpose. It remains to be seen whether these Dy

side band features are simply accidental or may find an accomodation within

the framework of speculations such as those indulged in above.
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FIGURE CAPTIONS

Figure 1. Representative singles and coincidence-gated y-ray spectra ob-
served in the 100 MeV 160 + 142Nd reaction.

Figure 2. Decay scheme for ^54Er. Relative intensities are given in paren-
theses to the right of the energies. Broken horizontal lines
indicate uncertainty in order of transitions.

Figure 3. Time distributions relative to beam pulse for selected gamma rays
in 154]7r> ih e time scale is approximately 2.7 ns per channel.
The relative position of gamma rays in the decay scheme is shown
in Fig. 2. The prompt component in the 574-keV spectrum is mainly
due to the 675-keV line.

- - (-) (-)
Figure 4. Energy systematics of 3 , 5 , 7 and 9 states in N = 86

nuclei, together with the systematics of 2+, 4+ and 6+ states.

154
Figure 5. E vs 1(1+1) plot for Er. Both the quasi-ground band and the

long cascade feeding the isomeric state are plotted. States as-
sociated with the equal intensity sequences in the lat ter cascade
are joined by solid lines. Arrows with open dots or filled dots
indicate side-feeding into levels of the cascade based on the
isomeric state or the quasi-ground band, respectively. Strictly
speaking, the straight line representing the quadrupole transition
to the level just above 6 MeV should not be there since i t does
not equal in intensity the transition out of this level. However,
this is due to the accidental presence of a parallel cascade which
has side-feeding in i t . The important consideration is the lack
of side-feeding into the level at 6 MeV.

Figure 6. Level scheme of Dy as observed in the Nd( C,5n) Dy
reaction at 75 MeV.

2 2 158
Figure 7. 2$/H vs. Orfio) plot for Dy even-spin, even-parity yrast se-

158quence and for the 158py s±&e bands under assumptions discussed
in the text.
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