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Feeding of High-Spin Particle Yrast States by Collective Structures in the Continuum

P. Chowdhury, J. Borggreen, '" T. I. Khoo, I. Ahmad, and H. K. Smither
Axgonne National Laboxatowy, Argonne, Illinois 60439

S.'R. Faber, P. J. Daly, C. L. Dors, and J. Wilson
2tcrdue University, West Lafayette, Indiana 47907

(Received 10 April 1981)

The population of yrast states in '~~Dy and properties of continuum y rays have been
measured as a function of input a~6'ular momentum, l, via the '~ Sn( S, 4n) reaction.
With increasing l an eventual saturation of the high-spin population with a narrow region
of yrast feeding is observed, together with an enhanced yield in the continuum spectra.
This implies that the decay of very-high-spin states is diverted from the yrast line by
continuum cascades and suggests collective modes which might be built on high-8 parti-
cle states.

q, 25.70.-2
population intensities as a function of spin. The
intensity of the 2' 0' transition defines 100~/p

population in the '"Dy channel. At the lowest
bombarding energy (144 MeV), the population
stays close to 100% up to spin 12 and then falls
off gradually. The population at higher spin in-
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FIG. 1. Yrast population intensities in Dy as a
function of spin for various 348 bombarding energies.
The results for 168- and 184-MeV +8 energies (not
shown) essentially fall on the 160- and 176-MeV data.
For comparison, yrast population intensities (Bef. 10)
of a prolate deformed nucleus, '+Er, are shown. T.~mes

A and B [which are the ratios 2& z" o(l)Z, 0"o(l), cal-&max

culated with o (l ) = mK (2l+ 1) and l~» given by the Bass
model (Ref. 11)I indicate the expected yrast intensities
for direct population f'rom the entry line for S ener-
gies of 144 and 160 MeV (l~« = 42 and 55), respective-
ly.
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PACS numbers: 21.10.Be, 21.10.Ft, 27.70.+

Yrast isomers and states up to very high spin
have been identified in several nuclei with A -150
(Refs. 1-5). In '"Dy, for instance, yrast states
up to spin 38 have been observed. ' ' The yrast
configurations have been established to be pre-
dominantly of a few-particle nature, "with the
spins of individual nucleons aligned about a sym-
metry axis." The high degree of alignment of
particle orbits and the concomitant core polariza-
tion are believed to lead to an oblate deformation
along the yrast line with p-0. 1—0.2 (Refs. 6 and
7).

The character of yrast states at higher spin and
of states above the yrast line still remain to be
explored. Of particular interest are the collec-
tive modes which might be built upon few-particle
states with very high J. The nature of the states
above the yrast line will affect the y deexcitation
pattern following (heavy ion, xn) reactions and
the population intensities of the yrast states.

We have measured both the intensities of the
yrast transitions in '"Dy and the properties of
the continuum y rays for different initial angular
momentum, l, using the reaction '"Sn(~S, 4n)'"Dy,
induced by ~S beams from the Argonne supercon-
ducting linear accelerator. The target was placed
at the center of a 33& 30 cm NaI sum spectrome-
ter which was divided into eight segments. A

coincidence among at least four segments and a
window on the sum energy enhanced high multi-
plicity events and suppressed unwanted reaction
channels. As in previous experiments, "the y
multiplicity was found to increase with the su'm

energy, and hence with E.
Excitation functions for the yrast transitions

were measured with Qe detectors at beam ener-
gies from 144 to 184 MeV. Figure 1 shows the
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creases with bombarding energy, reaching -90/z
for spin 29 at 160 MeV. However, when the beam
energy is further increased to 168, 176, and 184
MeV, the population no longer grows, even though
the. measured y-ray multiplicity and the sum en-
ergy indicate that the maximum / in the '"Dy re-
action channel continues to increase. The popula-
tion of the highest-spin yeast states saturates
near &go Me V. The sharp dropoff in the popula-
tion intensity for I & 29 implies that the popula-
tion of the yrast l.ine is largely funneled through
states in the spin interval between 29 and 38.

The observed feeding of '"Dy contrasts with
that for prolate deformed nuclei, where the yrast
population in a similar reaction decreases gradu-
ally above spin 10 (see Fig. 1). The markedly
larger population at high Wpins in '"Dy is never-
theless still smaller than that expected (cf. lines
A and B in Fig. 1) if the yrast line were fed di-
rectly by statistical y rays. This fact and the
saturation of the high spin population for bom-
barding energies exceeding 160 MeV indicate that
the y deexcitation of the highest spin states does
not feed the yrast line directly via statistical
transitions, but is diverted by continuum cas-
cades —not observed as discrete y rays —and
only reaches the yrast line in the spin interval
between 29 and 38. This deduction is also sup-
ported by the observation that the intensities of
transitions from the high spin yrast states do not
increase with sum energy.

To investigate the y rays feeding the yrast line,
we have measured the continuum y spectra at 160
MeV bombarding energy. The detector was a 25
x 30 cm NaI crystal, with a Pb shield restricting
target y rays to a 10 cm diameter central region
to improve the response function. Measurements
were made at 0' and 90, with the detector located
75 cm from the target to allow neutron discrimi-
nation by time of flight. Spectra corresponding to
coincident sum energy slices -6 MeV wide were
obtained and normalized to the measured multi-
plicity for each sum slice. To obtain the actual
spectrum of continuum y rays feeding the yrast
states, the contribution of the discrete lines—identified with a Ge(Li) detector were sub-—
tracted with use of the measured response of the
NaI crystal. The net spectra were then correct-
ed for the detector response (unfolded). The rel-
atively small contribution of statistical y rays,
estimated in the manner described in Ref. 12;
was also subtracted. %ith the reasonable as-
sumption of mainly stretched dipole and quadru-
pole y rays, it was possible to decompose the
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F1G. 2. (a) Stretched quadrupol-e (solid lines) and
stretched-dipole {dashed lines) components of the un-
folded spectrum of continuum p rays coincident with
sum energy slices 2 to 7, where each shee is 6 MeV
'wide. Contributions from discrete and statistical y
rays have been subtracted. (b) Differences bebveen
spectra associated with successive slices of Fig. 2{a)
for the stretched-quadrupole component. Typical
error bars are shown for each spectrum.

continuum transitions into stretched quadrupole
and dipole components using the 0' and 90 spec-
tra [see Fig. 2(a)]. The quadrupole transitions
are undoubtedly E2 because of the observed short
feeding times' and y polarization. "

The dipole component is located around 0.5

MeV, while the E2 part shows two discernible
components, centered around 0.6 and 1.3 MeV.
With increasing sure energy, and corresponding
increase in /, the following features are ob-
served: (i) All components increase in multiplic-
ity; (ii) the higher energy E2 component grows
with respect to the lower energy one; and (iii) the
centroid of the higher energy E2 component in-
increases rapidly initially and then only gradually
at the highest sum energies. The third feature is
clearly observed by taking differences between
successive slices [see Fig. 2(b) j to reveal the
transitions occurring within successive l win-
dows. The continuum transitions belong mainly
to '"""Dy, with some contribution from "Dy
and "'Dy at low and high sum energies, respec-
tively. The continuum y rays of these nuclei
have properties distinctly different from those of
a prolate rotor, where the centroid energies of
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successive difference spectra increase steadily
with sum energy at a much faster rate. '"

The mean entry spin corresponding to each sum
slice has been determined by using the relation,
Imtry =Ml+ 2M2+ Ipmt- Ml and M2 are the multi-
plicities of the stretched dipole and quadrupole
continuum transitions obtained by summing cor-
responding spectra of Fig. 2(a). These multiplic-
ities do not include the contributions of the dis-
crete and statistical y rays, which have been sub-
tracted. Iyet ls the mean entry spin into the
yrast line, averaged over the different residual
Dy isotopes. For the slices 2 to 7 shown in Fig.
2(a), I,„~&=23, 34, 44, 50, 55, and 59, with an
estimated uncertainty of 3. Whereas the energies
of the dipole and lower E2 components show no

apparent correlation with entry spin, the energy
of the higher E2 component evidently increases
with spin. We have attempted to characterize
this increase by fitting a Gaussian to the upper
E2 component in the difference spectra [Fig. 2

(b)]. For increasing slice differences centroids,
C, of 1.08, 1.28, 1.39, 1.42, and 1.47 MeV (all
&0.04 MeV) were obtained. Effective moments of
inertia, g, were then deduced by use of the re-
lation C=(5'/28)(4I-2), where I is the average
entry spin of the two successive slices. Unlike
the case for a prolate rotor where 8 appears to
remain constant, "8 for the Dy isotopes with
A -152 increases with spin approximately as
2g(I)/0'=(51+1. 81I) MeV '. This expression
for 8(I) can then be used to describe the ener-
gies of the transitions in the higher E2 compo-
nent as a function of spin. The resulting trajec-
tories of continuum transitions feeding high- J
yrast states at 5A intervals are shown in Fig. 3.
Similar trajectories built on single-particle
states above the yrast line are also expected.

Both the yrast population pattern and the prop-
erties of the continuum y rays can be understood
if we associate these trajectories with transitions
within collective bands. Following neutron emis-
sion, the y deexcitation takes place with the
emission of statistical y rays until a region of
high density of bands is encountered. The fast
collective E2 transitions within bands compete
with the statistical decay, diverting the y flow
away from the yrast line and channeling it along
the bands into a narrow region of the yrast line.
Interband transitions could also occur, which
may be responsible for the observed stretched
dipole and quadrupole y-ray components around
0.5 MeV. The dominance of stretched E2 transi-
tions and the fast feeding times —&1.2 ps for the
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FIG. 3. Trajectories of E2 transitions feeding high-
J yrast states at 5@ intervals in ' Dy, calculated from
the measured energy vs entry-spin relation for the
higher-energy E2 continuum component (see text).
The full circles denote the known yrast states in '

Dy
and the dashed line is a linear fit through these mainly
single-particle states.

1= 37 state (Ref. 2)—argue for the occurrence of
collective excitations above the yrast lines zn

'"Dy. A similar phenomenon occurs in "'Qd
(Ref. 14). Other explanations for our data may be
possible. For example, the yrast population in-
tensities may be interpreted"" in terms of a
large increase in the density of few-particle ex-
citations for spins larger than the maximum val-
ue possible with use of only valence nucleons out-
side an N = 82, Z = 64 core (I~ = 30 in '"Dy).
However, the fast feeding times and the domi-
nance of stretched E2 transitions may not be
readily explained in these terms, unless collec-
tive modes are also included. Another possibility,
suggested" on the basis of the continuum spectra
in neighboring """Er, is a transition from
spherical or weakly oblate to prolate rotational
structures at spin 40. Our data for '"""Dy,
however, indicate that even below this spin col-
lective components may occur above the yrast
line.

An interesting speculation regarding the bands
of Fig. 3 may be made. Bohr and Mottleson"
have recently pointed out that the collective mode
likely to be built on high spin aligned oblate struc-
tures is a y vibration, with its spin aligned along
the large particle spin. Presumably, higher spin
collective states may be constructed from coup-
ling multiple y phonons. Building many such y
phonons upon an initially oblate structure should
result in a rotating triaxial shape, which tends
towards prolate with increasing spin. An excited
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'state of this type efficiently utilizes both particle
and collective angular momenta by aligning them.
At the largest spins the nucleus fissions, so one
should expect prolatelike shapes to become yrast.
%e note that around I= 55 the bands of Fig. 3
begin to have lower energy than the line extrapo-
lated from the known few-particle states. This
suggests that these collective modes may be as-
sociated with the expected pathways towards
eventual fission.

This interpretation raises the exciting possibil-
ity that, whereas the yrast lines of nuclei like
'"Dy are dominated by oblate aligned few-parti-
cle structures, there is a transition to collective
(possible triaxial) structures above the yrast
line, and even at the yrast line at larger spin.
Detailed calculations and further experiments are
clearly called for. In any event, the combination
of the two sets of data presented here, the yrast
population intensities and the properties of the
continuum transitions, serves as a constraint on
theoretical models which address the interesting
topic of collective excitations built on high-spin
aligned-particle states.
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