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is not rising because the low-Z, fragments are
prefer entially populated by low-/ waves. The
analysis of the Z distributions and angular dis-
tributions as a function of Z performed indepen-
dently by some of us has led to the same conclu-
sion." The explanation for such an effect is sim-
ple. The potential energy versus mass asymme-
try depends strongly on angular momentum. In
the present case, at the entrance-channe1 asym-
metry, the potential energy slopes gently towards
symmetry for small angular momentum and it
becomes progressively steeper with increasing
angular momentum, Therefore only the lowest-l
waves contribute to the population of fragments
substantially lighter than the projectile. These
preliminary conclusions about the fractionation
of the angular-momentum distributions are of in-
terest because of their implication for the l de-
pendence of particle, energy, and angular momen-
tum transfers. Further studies along the present
lines will be needed to clarify these essential as-
pects of heavy-ion reactions.
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Evidence for a Dipole Component in the Yrast Cascade
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The shapes and angular distributions of continuum y-ray spectra for ~~4 ~~~W and Yb,
produced through ( 6O, xn) reactions, have been measured down to E& -—300 keV. Large
negative anisotropies are observed at the lower energies, suggesting the existence of a
dipole component in. the yrast cascade. A simple model gives good agreement with the
results.

The properties of nuclei with very high angular
momentum are of great topical interest. Informa-
tion on states of spinI ~ 22 is very fragmentary
and comes almost entirely from studies of the
"continuum" y rays following (heavy ion, xn) re-
actions. ' ' lt was suggested' that these y rays
arise from a cascade of statistical, mainly di-
pole, y rays from the initial highly excited states

to the region near to the yrast line, and a cas-
cade of stretched E2 transitions down collective
bands nearly parallel to the yrast line. When the
ground-state band (gsb) becomes the yrast band,
usually for I~ 16, the population gradually trans-
fers to the gsb via "dumping transitions, " the
transfer being almost complete by I= 8. Strong
discrete transitions are seen from the gsb. The
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statistical and yrast cascades and the dumping
transitions form effective continua since the weak
individual y rays in them cannot be resolved.
The dumping continuum consists only of direct
transitions from the yrast region to the gsb; i.e. ,
cross-band transitions within the yrast region
are included in the yrast cascade, and therefore
it has a multiplicity M ~ 1 and is weaker than the
other two. It might be expected to show little de-
pendence on angular-momentum input except when
this is very low. The present study is concerned
with the shapes of the continuum spectra. Such
measurements yield values for diVI/dE& as a func-
tion of y-ray energy E&, which can be interpreted
in terms of an average moment of inertia 8,(1) of
the collective bands in the yrast region.

In measuring continuum spectra the response
function of the detector is much more important
than its energy resolution. For this reason,
NaI(T1) rather than Ge(Li) detectors have been
used. However, because of the relatively poor
resolution of the NaI detector, the discrete tran-
sitions, which in rare-earth nuclei have E && 700
keV, cannot: be clearly resolved from the continu-
um spectrum. The E2 part of the continuum spec-
trum extends below 700 keV because 8,(l) & 8g, b(I),
while any dipole part that may exist might be
completely obscured since probably E &(dipole, I)
=2Er(E2, I). Hence to see all of the continuum
spectrum, which is necessary if the yra. st cas-
cade is to be property understood, it is essential
to subtract out the effect of the discrete lines.

With one exception, ' the present work is the
only case where the discrete lines have been sub-
tracted. This has enabled us to obtain evidence
for the existence of a substantial number of con-
tinuum y rays with low energies. We have also,
for the first time, made an attempt at detailed
fitting of the shapes of yrast cascade spectra.

The method is an improved version of that of
Ref. 2. The rea, ctions ' "4 Sm(' O, xn)'6'M a.t
bombarding energies of 75 and 88 MeV, respec-
tively, "'"'Dy("O,xn)'"W at82 a.nd . 98 MeV,
and '"'"'Dy("0, xn)""W at 81 a.nd 96 MeV were
initiated with beams from the Australian Nation-
al University's model 14UD Pelletron. Enriched,
=4-mg'cm ', metal targets on 0.12-mm urani-
um backings were used. y rays with E&~ 5 MeV
were detected in a 7.5&7.5-cm NaI(Tl) detector,
placed at 58 cm from the target, and in a Ge(Li)
detector, subtending the same solid angle, at
angles of 30', 45', 60, and 90' to the beam di-
rection. Both were taken in coincidence with
neutron pulses from a 7.5&&7.5-cm NE 213 scin-

tillator, placed at 4 cm from the target and 3' to
the beam direction; a lead absorber attenuated
most of the y rays, the remainder being rejected
by pulse shape discrimination. A large propor-
tion of the neutron-induced events in the NaI de-
tector were rejected by time of flight and small
corrections were made for the fraction of them
(=4%) under the y-ray time peak and for radia-
tion from the uranium backing. This method
lacks the specificity to a particular reaction of
some methods'" but has the advantage of much

higher data collection rate. By optimizing the
bombarding energy we estimate that ~ 65% of the
cross section goes into the dominant xn reaction,
most of the remainder going to (x+ 1)n reactions,

1(F/o into charged-particle reactions, and - 1%
into fission. y rays from Coulomb excitation
and most of those from transfer reactions are
eliminated by the ~ coincidence requirement.
Most of the evidence so far, '" including the pres-
ent study, has shown little difference in the con-
tinuum spectra for adjacent odd-mass and doubly
even nuclei. In this paper, data for a particular
xn reaction mean those for the optimized reac-
tion.

For Ey& 1.3 MeV the NaI spectra show dis-
crete lines together with a broad structure main-
ly from the yrast cascade [Figs. 1(a) and 1(b)].
Above this energy all of the spectra fall approxi-
mately as exp(- nE &), the constant n being inde-
pendent, and the multiplicity nearly so of whether
the final nucleus is produced by an xn or an (x
~ 1)n reaction. This part, attributed to the sta-
tistical cascade, has an approximately isotropic
angular distribution. Each spectrum was first
corrected for the discrete lines, whose energies
and intensities were deduced from a, Ge(Li) spec-
trum taken at the same angle; all lines with in-
tensities ~

5%%uo of the 4 2 transition were included.
From these and from the relative efficiencies of
the Ge(Li) and NaI detectors, a Na. l spectrum
was generated with a computer program which,
in essence, interpolated between measured spec-
tral shapes for twelve y rays, with 0.122 MeV
-E& 6.14 MeV. Pulse height spectra for '"W,
before and after discrete-line subtraction, are
shown in Fig. 1.

Since we were primarily interested in the yrast
cascade, we tried to minimize the effect of the
unknown shapes of the statistical and dumping
spectra below =1.3 MeV. Assuming reaction in-
dependence for these also, we normalized for
each angle the regions 2 MeV & E

&
& 4.5 MeV of

the xe and (x+ 1)n spectra and subtracted them
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FIG. 2. (a) (x+1)n —xn y spectra for ~Yb and '~4 ~75W.

The dashed lines give model fits for F2 only and the
full lines for E2 and M1/E2 components. (b) (30'+45')
—(60'+90') y spectra for the (x+1)n and xn reactions.
The full and dashed lines are model fits to the data.
(c) Angular distribution coefficients A2 for the continu-
um y-ray spectra.
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FIG.. 1. Pulse-height spectra for reactions leading to
W (0 = 60 ): (a) 5n, (b) 4n, before and after the dis-

crete-line subtraction; (c) the 5n -4n spectrum. The
vertical spread of the line indiates the statistical er-
ror .

[Fig. 1(c)]. The results should represent quite
well the differences between the yrast cascade
pulse-height spectra for the two reactions, which
bring in different angular momenta to the system.
They were then unfolded to give the y spectra
[see Fig. 2(a)]. Similarly, for each separate re-
action, y spectra corresponding to the differences
between the sums of the 30 and 45' and the 60'
and 90' spectra were obtained. If the angular
distribution of the yrast cascade were indepen-
dent of E& e.g. , if all were stretched E2- .he
resulting spectrum should have the same shape
as the yrast cascade, but otherwise not. Such
spectra are shown in Fig. 2(b), and the angular
distribution coefficients A, for the unmodified
spectra (including statistical pa.rt) in Fig. 2(c)~

The data are considered to be reliable down to
E&=300 keV.

All three cases exhibit similar features. The
5n —4n spectra show a broad peak having a max-
imum around 0.7 MeV, and a dip near 0.45 MeV
followed by a rise at lower energy. Similar be-
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havior occurs in the spectra for "'"'Yb.' The
broad peak is associated with a positive value of
A„ the angular distribution for the peak as a
whole being characteristic of that for stretched
E2 transitions and suggesting that the component
transitions are of similar character. The sign
of A., reverses through the dip, becoming large
and negative at the lower energies; this is clear-
ly reflected in the (30'+45') - (60'+ 90') spectra.
These large negative values indicate that most of
the transitions have &I =1 and are dipole, with
quadrupole admixtures & /(1+ & ) in the range of
about 0.005 to 0.16 or 0.76 to 0.97; here we have
assumed a homogeneous character for the compo-
nent transitions and that I; &I&, as seems most
likely for the yrast region. The mixing ratio &

is negative. '
The precise origin of the dipole component is

not clear since there is no adequate theory of the
many bands which exist above the yrast line. In
this region of nuclei, it is generally assumed that
the states nearest to the yrast line for I » 16
arise from rotation-aligned bands (which would
not have in-band dipole transitions) based on the
two-quasineutron (i»,)' and similar configura-
tions. However the observed discrete population
within such bands is usually a very small frac-
tion of the total population at the appropriate spin,
indicating that the population is contained within
many bands. Hence many of these might be de-
formation-a, ligned ba.nds and M1/E2 &I =1 transi-
tions within these bands could account for some



VOLUME 40& NUMBER 10 PHYSICAL REVIEW LETTERS 6 MARCH 1978

or all of the dipole component. It might also
arise from transitions, which could be M 1/E2
and/or E1/M2, between different bands.

To get some insight into the yrast cascade de-
cay we have made calculations with a simple mod-
el, the details of which will be reported later.
Decay is assumed to occur through a large num-
ber of roughly parallel deformation-aligned col-
lective rotational bands having definite K and with
8 tending smoothly to the rigid-body value 8„.

0 at
high angular momentum. The angular -momentum
distribution of population to the yrast region is
assumed to be that for the compound nucleus, de-
duced from the Bass model as modified by Broda
et cd. ,

' modified by allowing for the spreading
and reduction in angular momentum due to neu-
tron and statistical y-ray emission. The yrast
region is depopulated by the dumping transitions,
which have been taken to be of I to I—1 type,
though the results are not very sensitive to this
assumption. The E2 part of the yrast cascade
arises from the crossover transitions within the
bands, and the mixed dipole (All/E2) from the
cascade transitions. The branching ratio was
chosen to give the experimental "dipole" inten-
sity in the (x+ 1)n -xn spectrum at a spin cor-
responding to E&=300 keV, where the crossover
component is negligible. Other branching ratios
are then obtained from formulas such as B(M1,I-I—1)/B(E2, I -I—2) o- Q, 'K'(gl —g~)'f (I, K) for
branching ratios within rotational bands. ' In cal-
culating the curves in Fig. 2(b) we took the whole
of the "dipole" continuum to have the same angu-
lar distribution, with A, = —0.6 [see Fig. 2(c)].

The agreement between the results shown in
Fig. 2 and the data is surprisingly good consider-
ing the simplicity of the model and the fact that
we have not varied parameters after the initial
choice. The model fit determines the parameter
K'(g~-gz)' and, since typically Igx-g~ la 1, we
find that K ~ 3 is required. It also gives a value
for &'/(1+ &')=0.01 which is consistent with the
range required by the angular distributions. The
negative sign for & would be given if the bands
were based on quasineutron states. " The value
suggested for K, which should be taken as an
"average, " seems in reasonable accordance with
expectation since bands with lower K values are

probably mostly too high in energy to be in the
yrast region. The real situation must involve ro-
tation-aligned bands (K =1) as well. It is unlikely
that the good qualitative agreement with the E2
part of the spectrum would be changed by differ-
ent assumptions for the dipole part.

These results show, for the first time, that
there is a substantial dipole component in the
yeast cascade. The general shape of the spec-
trum for these cases can be well described by a
model involving few adjustable parameters to-
gether with the assumption that the average mo-
ment of inertia of the collective bands tends to
8„8 at large I. Further experimental and theo-
retical work is required to elucidate the origin
of the dipole component, a first step being to de-
termine whether it is &41 or E1, and to explain
the negative sign of &, if it proves to be a general
feature.

We are indebted to J. R. Leigh for considerable
help in the data collection.
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