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Shell Effects at High Angular Momentum

'\J
M.A. Deleplanque, A.0. Macchiavelli,* R.M. Diamond,
F.S. Stephens, E.L. Dines,** and J.E. Draper**

Nuclear Science Division, Lawrence Berkeley Laboratory-
University of California, Berkeley, CA 94720

Abstract:
Major shell effects are seen in the unresolved y-ray'Spectra cdming from

154Er to 160Er.

high-spin states in the transition region} The angular-
momentum‘a1ignments in the valence shell, which are spread in frequency in the
heavier nuclei, are compressed into the low frequency region in the lighter
nuclei and separate almost completely from those due to ‘the next higher major

(proton) shell.

ig’
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It now appears that the.behaVior of nuclei at high spins can be largely
understood as an interplay between collective and single-particle motion. 'At
spins up to 40h where the y-ray spectra are rego]ved, the collective and
single-particle contributions to the angular momenfum can be rather easily r
separated. Collective rotational motion is characterized by a smooth increase | \/'
in rotational frequenty with spin. The rotational frequency is pfoportiona]
to the collective E2 transition energy (Ey), and thus in rotational nuclei
there is a strong correlation between the observed y-ray energies and spins
(EY a:ZIhzhﬁ). Angular momentum can also be built from single-particle |
motion by aligning the single-particle spins along a common axis, and there is
then very little or no resulting correlation between y-ray energy and spin..
This latter behavior is generally observed in nuclei near closed shells, but
alignments ﬁay occur in rotational nuclei, producing local irregularities in
the y-ray energies as a function of spin (backbends). Above spin 40h,
individual sequences can no longer be seen in the deCay of compound nuclei,
and it becomes necessary to analyze the unresolved (continuum) y-ray spectra.
This is generally done by measuring average moments of inertia1 and Y;Vay
energy torre]ations (EY vs I or EY Vs EY). In favorable cases these can
also lead to a separation between the single-particle and the collective
contribution to the angular momentum of the’system.

Whether the nucleus behaves collectively or not depends very much on
shell effects. Near closed shells the shape tends to be spherical, and v
alignment of single-particle angular momentum is favored. Between closed J
shells deformations tend to build up, favoring rotational behavior. However,
in a single nucleus these tendencies will both occur as a function of spin or
rotational frequency. Some frequency regions will be favorable for alignments

and others for rotations. It can also happen that a nucleus is so located in



L

, -Ev/T
‘E3e Y
Y

_3-
N and Z that the large alignments of the major shells tend to be bunched
together in frequéncy. This will produce large effects in the y-ray
spectrum. We believe such effects occur in the light Er nuclei, where the
large alignments of the valence shell are bunched together -at low frequency
and those from the next higher shell produce a broad peak at higher
frequencies. To see these effects, we have compared the continuum spectra of
erbium nuclei in the mass region 154 to 160.

The experimental spectra come from the de-excitation of high-spin states

. in the product nuclei after a compound-nucleus reaction. The experiments were

performed at the 88" cyclotron of the Lawrence Berké]ey Laboratory with a

185 MeV 4OAr beém dn lead-backed targets of 124’122’120’118$n.v Thesé
reactions each produce two or three final-product Er nuclei, but for the
highest spins conSidered here there is essentially only one product, namely
160’158’156’154Er, respectively. The continuum y-ray spectra'were detected
in seven (12.7 x 15.2 cm) Nal scintillators placed at various angles, 1 m a&ay
from the target, and in coincidence with a sum spectrometer.l' The latter

gives a signal approximately proportional to the total y-ray energy for an

‘event. The y-ray spectra, in coincidence with different slices of the total

energy, sample the decay from different initial populations of states. The
y-ray spectra are unfolded, horma]ized to their multiplicity, and then
combined to give an "isotrobic" spectrum. A statistical component of the form
normalized to the exponential tail of the spectrum is then
subtracted. Figure 1 shows the y-ray spectra so treated, which correspond to
a total energy slice of 25 to 27.5 MeV in the sum spectrometer for all the
systems studied.

The nucleus 160Er (full line in Fig. 1) has already been extensively

discussed.l‘2 The two peaks at ~0.2 MeV are partially resolved known
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discrete lines, and at somewhat higher frequency three more peaks can be
distinguished. The large one (lowest energy) corresponds to the wel1l-known

160Er, where the additional aligned angular momentum

first backbend in
produces extra y rays in this frequency region. The blocked first backbend
shows up as the narro& second peak, and the third peak at a frequency abouf
0.45 MeV is very probably the second backbend in '6%r. The height of the
y-ray spectrum fa1js off above frequencies around hw = 0.6 MeV, due to the
incomplete feeding of that frequency (spin) region.

In 158Er (long dashed ]ihe), the spectrum looks very much like the

3 around

previous one, but one sees much more_c]ear1y the second backbend
0.4 MeV. The shoulder around 0.5 MeV very'probab1y indicates the third back-

bend in this nuc'leus.3 Some intensity missing at ~0.6 MeV seems to have

been redistributed to lower frequencies mainly into the second backbend. This -

suggests that the valence-shell angular momentum is more easily generated in’

158Er than in 160

Er. This is reasonable, both because the neutron Fermi
level becomes lower, approaching the beginning of the 113/2 and particularly
the h9/2 neutron subshells, and because the deformation decreases. Thus,
the neutrons in these orbitals align more easily. At the same time, the

4,5 and can move more easily towards triaxial shapes,

nucleus becomes softer
which also favors alignment. This trend, to see the valence alignments (back-
bénds) at lower frequency, is expected to continue in lighter erbium nuclei.
The effect is indeed clearer in 156Er (short-dashed 1ine). Above about
0.6 MeV the spectrum does not change very much, but the low-energy bump becomes
taller and narrower, corresponding to a "compression" of the three valence
backbend frequencies (the two neutron ones mentioned above plus the h11/2

protons). In fact, Dudek's6 calculations suggest that the second backbend

in 156Er is due to h9/2 neutron alignment rather than h11/2 proton alignment

v
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158Er. This is consistent with a compression of the

as was the case in
neutron alignment frequencies. The other important feature is the "dip" at
0.5 MeV between the low-energy bump and the high-energy bump; the transitions
seem to be removed from the 0.5 MeV region to accumulate at lower frequency
where the three'valence backbends very probably occur. This indicates that
around 0.5 MeV, the nucleus cannot easily generate additional aligned angular
momentum, so that essentially only the collective contributions remain.

The 154Er spectrum (Fig. 1, dotted line) is very similar to that of
156Er, although the ]ow-energy.bump has a very different character. It is

smaller, since some transitions are lost due to a 40 ns isomer, but it also

contains a much bigger proportion of stretched dipole transitions as indicated

by angular distributions. Figure 2 is a plot of the percentage of stretched

quadrupole transitionsdeduced from the ratio of spectra at 25° and 90° based

- . on: (1) the assumption of only stret;hed dipole and stretched quadrupo]e

transitions and (2) the use bf only the Pz(coso) term in the angular
distribution. Above frequencies of ~0.55 MeV,_a11 the systems are similar and
are consistent with pure stretched quadrupoie transitidns, Below ~0.55 MeV
the 156’158’160Er systems still show a strong predominance of stretched

15

quadrupole transitions; whereas, the 4Er system drops to ~60%

quadrupoles. It is interesting that the high-energy bump in the 154Er
system remains unchangéd despite the large change in the low-energy bump.

We concentrate noQ on the properties of the high-energy bump. The
similarity of the y-ray spectra above 0.5 MeV for all the Er nuclei studied
suggests a similar behavidr of these nuclei at high freduencies. The spectrum
of 156Er is the most suggestive of the mechanism through which the angular
momentum in that region is built. As described above, there are probably

three valence-shell backbends in 156Er concentrated in the narrow low-energy
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bump. The dip in the spectrum at 0.5 MeV suggests that the big valence-shell
alignments are exhausted prior to this frequency. The onset of the
high-energy bump therefore indicates that at frequencies above 0.5 MeV, a new
source of angularvmomentum is contributing. The only two sources that seem
likely to us are a change in the nuclear shape or some shell effect causing an v
increase in aligned angular momentum.

To generate the raiher large amounts of angu]ar'momentum observed in the
0.6 MeV frequency range by a shape change a]one‘would require quite sizeable
defbrmations—-probab]y involving the "superdeformations" that may occur at the
highest spins. These are not expected to occur until still higher frequencies
and, more importantly, not until after the proton 113/2 and h9/2 |
alignments. Furthermore, a larger deformation should give strong rotational
tfansitions that‘do not seem to be observed in y-y correlation e#periments.
Thus, while shape effects (especia]]y y-softness) wi]]lhave an influence, they
do not seem so likely to play the major role. |

The other possibility is that we are seeing alignments in orbitals
originating from the next shell, which are brought down to the Fermi level at
these higher frequencies. An earlier, more quantitative analysis of the
continuum y-ray spectra1 in 16OEr and 1'66’162Yb in terms of~4£il, using a
feeding correction, showed the probable occurrence of h9/2 and 113/2 proton
alignments at frequencies around 0.6 MeV in these nuclei. It seems plausible
that such alignments might be rather insensitive to the neutron number in this
region since it is mainly a proton effect. Although there could be some v
differences in these proton alignments due to the shape changing with neutron
number, Figs. 1 and 2 suggest that these are not large, perhaps because those
alignments trigger their own characteristic shape (probably somewhat triaxial

and of moderate deformation). Thus, the effects of the valence shell and of
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the next higher shell are directly seen as two separate bumps in the 156Er

154Er, but the lower bump

n 158’160Er, the

spectrum. The same two shells are also seen in
(valence-shell region) has a noncollective character. 1
neutron Fermi level is highef and the prolate deformation is more stable.4
In those cases, the neutron alignments are less easy and therefore generated
over a wider frequency range than invthe~1ighter erbiums. AS é.consequence,_
there is no longer a pronounéed separation between the two shells.

It is not clear yet whether the evolution of the spectra described above

is due to a change in structure or to-a change in population flow as a

function of neutron number or to both. We know that resolved y-ray lines are

seen from higher. spin states in the lighter nuclei, suggésting that there

might be a lower average temperature in the decay paths for these nuclei.
Although the y-ray spectra of interest here come from higher spins, there
still might be temperature effects in these spectra. Such effects can
probably be studied in "Nal crystal balls" through combined total y-ray energy
and multiplicity cuts.

The interpretation of both the low- and high-energy parts of these
spéctra suggests that We are seeing mainly shell effects in these nuclei. The
valence alignments are easier in the less-deformed (lighter) Er nuclei. They
come earlier in frequency and separate completely from the alignments due to
the next higher (proton) shell. In that sense, we can directly "see" two
major shells in these continuum spectra where the conditions are favorable.

It will be interesting to extend this analysis to a broader range of nuclei.

This work was supported by the Director, Office of Energy Research,
Division of Nuclear Physics of the Qffice of High Energy and Nuclear Physics

of the U.S. Department of Energy under Contract DE-AC03-76SF00098.
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Figure Captions
Fig. 1 The f-ray "isotropic" spectra (after subtraction of a statistical
background) as a function of frequency for the following systems:

124Sn + 4OAr (solid line), 122Sn'+ 40, (

long dashed line),
1205, + 40pr (short dashed 1ine), 118sn + %0ar (dotted line).

Fig. 2 Percentage of stretched quadrupole transitions as a function of
frequency for the spectra of Fig. 1. The systems are represented by

the same symbols as in Fig. 1.
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