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VERY HIGH-SPIN STATES IN NUCLEI*
Richard M. Diamond
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and
Department of Nuclecar Physics,
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Abstract

The continuum y-ray spectrum following neutron emission in a

(HT,xn)} rTeaction consists of a high-energy tail, the statistical cascade,
and a lower-energy bump, the yrast cascade, which contains most of the
intensity and consists mostly of stretched E2 transitions. Thus, a good
approximation to the average angular momentum carried by the y-rays is
2N&, Under favourable conditions, cffective moments of inertia can be
deduced for states up to the top of the y-ray cascade. The maximum
angular momentum in the cascades is probably limited by a-emission for

nuclei with A < 150 and by fission for thosc with A > 150.

*  Work performed under the U.S. Energy Research and Development

Administration.



Today it is possible to obtain information on nuclei at very high
spins, and so sce whether there are differences in behaviour from that
at low spins. When 100 units of angular momenta are added to a nucleus,
we enter a new nuclear regime in which the rotational energy approaches
the order of magnitude of the Coulomb and surface energies, and is much
larger than pairing and shell effects. As a result, effects on the
nuclear shape, on the moments of inertia, even on the modes of decay,
might be expected, and there will be an interplay between the single-
particle and collective motions to most efficiently carry the angular
momentum.

The use of heavy ions has made possible the investigation of high-

spin states, and there have been three principal classes of studies:

1) Heavy-Ion Coulomb excitation

2) (Heavy-ion,xny) reactions to study the discrete states up to spin
24-28%

3} (Heavy-ion,xny) reactions to study the yrast region up to spin

60K via continuum y-rays.

It is the third type of study that T would like to take up, as we
want to discuss the properties and behaviour of nuclei with spins > 30#.
Let us consider what might reasonably be expected. The first figure
presents a schematic view of the excitation energy vs. angular momentum
diagram for an even-even nucleus of A ~ 160. Drawn across the plot is
the yrast1 line, the locus of the lowest-~lying states of each spin. At
low cnergies and spins one observes mainly the ground band, and sometimes
the so-called quadrupole and octupole vibrational bands, but there are not
many levels until above the pairing gap. Then the number of levels
increases exponentially, and they become quite dense a few MeV up in

excitation. Pdiring, however, weakens with increasing spin, and the gap



is expected to disappear between spin 20-30h. Shell effects, on the other
hand, are not expected to go away with an increase in spin, although the
nucleon number at which they appear will change as a function of spin.
Their magnitude is indicated roughly on the figure.

Most deformed nuclei at low excitation are prolate with axial symmetry,
but as the angular momentum of the nucleus increases, pairs of nuclepns may
decouple from the deformation axis and align their spin with the axis of
collective rotatj0n2° This particle motion breaks the axial symmetry, and
the nucleus becomes triaxial. If more and more pairs of nucleons decouple
and align with the rotation axis, as is expected, an increasing fraction
of the total angular momentum will be carried by the aligned particles rather
than by the collective rotation of the core. If all the particles in the
unfilled shell become aligned, the nucleus may become oblate with all these
pafticles going around the rotation axis which is now also the symmetry axi53
At a still higher spin, the nucleus may start to stretch dramatically and
become triaxial again before fissioning4o The initial fission barrier for
zero spin in this case is v 40 MeV, but decreases with spin, as shown in the
figure, and becomes zero about I = 90.

That is what we might expect. I would like to use the same sort of
diagram to show you what we actually know in Figure 2. Below ~ 3 MeV and
I ~ 20, we know a lot. We have seen the ground-band levels and have measured
many of their properties. We have observed B~ and y-bands and octupole
bands, and have seen the curious results of band crossings known as backbending5=
But above that region we know increasingly little. We do know that the time
from the formation of the compound system to the observation of discrete
transitions in the ground band is fast, some few picoseconds, in the dozen
or so measured case;}B. And there is a cut-off at high spin which has been
determined from the sum of the evaporation residue cross sections, assuming

.. 9-12
a sharp cut-off model for the collision



So the problem is to learn more about the high-spin states above I = 30,
especially those along the yrast region where the nucleus is thermally cool
and docs not have a high density of states. One might consider irradiating
a target with a heavy-ion beam to bring in 50-100k and then study the
de-cxciting y-rays to obtain the energy-level spacings, the branching ratios,
multipolarities, the moments of inertia, etc., as already done for spins
< 20k, In fact, the problem is not so simple. Bombardment of an
A = 80-150 target with Ar or Kr can involve up to 100h in the collision,
but not all collisions yield compound nuclei. The distant collisions, those
with the largest impact parameters, are the high angular momentum collisions,
but they mostly go into direct reactions, into quasi-elastic transfer
reactions, deep-inelastic scattering, and prompt fission. However, summing
the experimental cross sections for evaporation residues,

= 2
g %4 mx 2e.r,(ﬁear.ﬂ) ' (1)

indicates that %-waves up to £ = 60 are involved in the xn reaction products.
That is, there are states with spins that high in the initial compound
nucleus that lead to the observed evaporation residue products.

Figure 3 shows the low-energy portion of two y-ray spectra of the de-
excitation of ®°Yb taken with Ge counters. The discrete lines of the
ground-band transitions fade out about spin 14%, but the '"background" goes
on for several MeV, though decreasing in intensity. But this is not a
background in the usual sense; for example, it is not the room background,
which has already been subtracted. A gate set at 1 or 2 MeV brings back
the same spectrum in another Ge counter that is in coincidence with the
first one. Both the discrete lines and the continuous "background' appear.
The latter is a continuum of Y-ray lines that lie above the discrete ground-
band transitions and cascade into them., The individual transitions cannot

be seen, we think, because there are too many of them sharing the intensity
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to be resolved by our Ge counters. But this continuum of y-rays represents
morc intensity than is present in the discrete transitions observed, and
is our only direct experimental contact or connection with the initial
high-spin states in these nuclei.

So let us look just once more at the plot of excitation energy vs.
I in Figure 4 and considerlgth@coursecﬁ?an (”OAr,4ny) reaction after
the initial production of compound nuclei with A ~ 160. With an “YAr bom-
barding energy of 170-175 MeV, these initial nucleil will have an excitation
energy of ~ 70 MeV and a distribution of angular momenta from 0 up to a
value of about 60%. The first step in the de-excitation process is the
cmission of ncutrons; each one takes away its binding energy plus, on the
average, 2T of kinetic energy, where T is the nuclear temperature, a
total of 10-15 MeV. The distribution in kinetic energies fuzzes out the
valuc of the excitation energy of the residual nuclei, the more so the larger
the number of neutrons emitted, but since the neutrons carry off little
angular momentum, they leave the spin distribution relatively unchanged.
When the excitation energy is just less than a neutron binding energy above
the yrast line, y-ray emission takes ovefp{ This limit after the emission
of four neutrons is shown by the heavy line in Figure 4. Several MeV above
the yrast line there is still a high density of levels, so y-rays from this
region arc probably dipole transitions statistically distributed in energy.
They, too, carry off energy but little angular momentum, and so they, also,
change the spin distribution litflc, But approaching the yrast line the
level density becomes small, and the y-rays must carry off angular momentum
as well as cnergy and so move parallel to the yrast line. Since we know
that the entire y-ray cascade takes only picoseconds, the individual
transitions have lifetimes of tenths or even hundredths of a picosccond, and
most likely are stretched E2 transitions moving down collective bands. There

must be a dozen or more such bands dividing up the intensity, as we cannot



resolve the individual linesis. And for the same reason, the intensity

must stay distributed in the different bands and not gather in the

lowest band, at least not until about spin 20 where discrete lines‘usually
begin to be observed. One other featurc may be expected, namely, that

more neutrons arc emitted from compound nuclei with low spin than from

those with high spin. This arises simply because there is more thermal
excitation energy available (the difference between the initial excitation
energy and the yrast line) at low spin than at high spin where tens of MeV

are tied up in the rotation of the nucleus as a whole. As a result, there
will be some fractionation of the final products depending upon the initial
angular moméntum, This is why the heavy line in Figure 4 indicating the
region leading to a 4n product does not cover the entire angular momentum
distribution available to the initial compound nuclei. However, the upper

and lower cut-offs are not sharp as shown in the figure. But this feature

is of importance to our studies, for we will observe the highest spin states
in the y-ray éuscudcs by picking out the rcaction channel with the fewest
neutrons.

OQur hasic experimental set-up to study continuum y-ray spectral shapes15C
is shown in Figure 5. There is a Ge counter placed at -125° to the beam
direction and 5 cm from the target, a ~ 1 mg/cm? foil on a 25 um Pb backing.
This counter is in coincidence, pairwise, with three 7.5 x 7.5 cm Nal(T®)
detectors at 0°, 45° and 90° to the beam and 60 cm back from the target.
Setting windows on known discrete lines in the Ge counter brings back the

vy -ray spectrum associated with a particular reaction channel in the Nal
detectors, and the Ge counter also provides a start signal in order to
distinguish neutron and +y-ray events at the Nal counters by time of_flight,
Other types of start signals and experimental arrangements have been used by
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Figure 6 shows a Ge spectrum for the de-excitation cascades resulting
from the irradiation of 126Te with 181 MeV “0Ar. When gates are placed on
the discrete lines corresponding to the 4n reaction channel, thereby
picking out the cascades of 162Yh alone, the raw coincidence Nal spectrum
shown in Figure 7 with hollow squarcs is obtainodlsq It is obvious even
from this spectrum that a gross structure is present, namely a high-energy

exponential tail and a low-energy "bump". But we must unfold this pulse-

height spectrum with the detector response function in order to get back
the original y-ray distribution. This is done by means of a computer
programxjwhose parameters have been determined by running standard sources
in the same detector arrangement as used in the experiment. If we also
divide the spectrum by the efficiency of the Nal detector and by the number
of Ge counter singles gates, and make a small correction for Doppler shift,
we get the absolute number of transitions per energy interval (40 keV in
our case). This is plotted as the filled circles with the left-hand scale
as ordinate. The integral of this curve over all transition energies is
the average number of y-rays per event. It is the average y-ray multi-
plicity for that (4n) reaction channel, and will be symbolized by NQ, The
unfolded spectrum shows the two components more clearly perhaps, and the
ratié of intensities for the 0°/90° angular correlation given at the top
of Figure 7 suggests that the bump region, containing most of the y-rays,
is made up of stretched E2 transitions, while the higher-energy exponential
tail is probably mixed dipole-electric quadrupole.

If the bump transitions are indeed all stretched E2's as indicatedg
then we can approximately determine the average angular momentum, %, carried
by the cascades for a particular reaction channel by Z(N&mé)j where § is the
number of statistical y-rays effectively carrying off no angular momenﬁum,

(Empirically this number seems to be 2-4.) That is,

- 8) (2)



This is an important and very useful relation, if true. Is there any

independent evidence bearing on this point?

There is. If we assume a sharp cut-off model of the nucleus, we
can obtain an estimate of the largest value of & leading to a particular
xn reaction product from the sum of the cross sections leading to that
~product or to any higher xn product. By assuming an angular momentum
distribution, e.g. the classical triangular one, we can calculate from
this upper value of % the average value of & involved in that reaction
channel, 2(0), and then compare it with the value deduced from the wmulti-
plicity. Such a comparimng7is shown in Figure 8 where values of ﬁ& are
plotted vs. %(g) for two dozen reaction channels involving some de-excitation
cascades from 1705 168yh compound nuclei, but mainly from 166Yb.‘ The compound
systems were produced with %0, “OAr and 86Kr beams (from the Berkeley 88"
cyclotron and Super-HILAC), and there is no trend or differentiation whatso-
cver with ihc nature of the projectile. But there clearly is a strong
correlation between N& and 2(¢), although the slope is not 1/2 as required
by Eq. 2. The line arbitrarily drawn through the points has a slope of 0.43,
which corresponds to 2.3K carried per y-ray, rather than 2.0 for stretched
L2 transitions. We know from the measured cascade decay times that no
octupole transitions can be involved (too long-lived). But there are at
least two reasons for observing values greater than 2. Firstly, the value
of 2(0) obtained from the cross sections is the average angular momentum
before ncutron emission, and so must be decreased by the angular momentum
carried away by the neutrons before comparing with the average spin value
deduced from the y-ray multiplicity. In addition, when high spins are in-
volved, the statistical vy-rays may carry off some angular momentum. Secondly,

T(¢) has been calculated assuming that each reaction channel takes a certain



cxclusive range of angular momenta. Since the channels are certainly
not that distinctly fractionated in spin, there must be some overlap in
their range of spin values. If so, the average value for a reaction
channel in a high-spin range will be lower than has becn calculated, and
that for a channcl in a low-spin range will be higher. This effect certainly
helps account for the deviation from slope 1/2. So Eq. 2 appears justified,
and the intercept on the y-axis suggests that there are v 4 statistical
y-ruys that carry away no angular momentum, at least at low spin. But the
main point to be drawn from Figure 8 is that ift2NY for all but lowmultiplicities.
Looking now at the bottom curves in Figure 7, the unfolded spectrum
{(from the upper part) has been redrawn as a solid curve and can be compared
with the unfolded spectrum for the same 4n reaction channel, but at a lower
(157 MeV) average wOpy bombarding energy and from the 1SOSm(16O,4n)vrcaction
with 87 MeV 100. These last two reactions have very similar (estimated)
angular momentum inputs, and show essentially identical spectra, though
quite different from that with 181 MeV “*OAr. The main difference at the
higher cnergy appears to be displacement of the yrast bump horizontally
to higher energy, corresponding to about six more y-rays in the cascade and
so to 12 units more angular momentum in the initial nucleil leading to this
recaction channel.
Figure 9 gives the unfolded spectra from additional reaction chann01527,
namely the (160,5n) with 87 MeV 160 and the (qur,Sn) with 157 and
("0Ar,5n) with 181 MeV “UAr. 1In each case when one compares the spectra at
a particular bombarding energy, each fewer neutron emitted means an increase
in the upper energy of the bump and an increase in the area under the bump
corresponding to ~ 6 y-rays (v 12K more angular momentum in the initial
compound nuclei). This is a clear indication of the expected fractionation
or the reaction products according to the angular momentum distribution of

the original compound nuclei. That is, thosc nuclei with the largest



amount of angular momentum emit fewer necutrons and more Y-rays than those
with smaller amounts of angular momentum. More importantly, increasing
multiplicity, hence angular momentum, seems to go with a higher yrast
bump edge in these examples. 1f we associate the edge energy with the
transitions from states of highest spin, as is true fér a rotor, then

we can determine the effecctive moments of inertia, J, at these high spins15C

from
12
E = == (41-2
L = 37 (I, (3)
the expression for the transition energies of a rotor. The same expression

can also be used at transition energies below the edge if they are low enough
so that there is no appreciable direct population into the reaction channel.
Such dctefminations of the effective moments of inertia are shown in Figure
10 where 2J/h is plotted vs. #%0? (essentially (EY/Z)Z) in a conventional
backbending plot for '62Yb. The discrete transitions of the ground band are
shown as filled circles. We were not able to find still higher transitions,
which, presumably, might go through a backbend, and so have also plotted

the values for the isotone '®0Er (open circles), which is known through a
backbend to spin 22+. The values of 27/K% determined from the bump edges are
shown as the three solid symbols at high 1w, and the use of Eg. 3 at lower
cnergies below the region of direct population gives the large solid circles.
Values obtained by a differential method of calculating moments of inertia,
but also only for the region of transition energies below direct population
after ncutron emission, are shown by the filled diamonds. All these values
are in reasonable agrcement with each other, and since they depend on
different assumptions, we belicve they are correct within their indicated
crrors. They are near the value calculated for a rigid diffuse sphere

with A = 162, shown as a dashed line in the figure, and fall only slightly



below the liquid-drop values, which would be equal to the rigid sphere
at low spin (or Hw) and ~ 10% larger at the highest point (I & 60).

A1l of the examples so far have been of Yb nuclei; let us look at a
somewhat lower region of the periodic table. Consider the casc "Oar
+ 8250 o 1227¢" Figure 11 shows the raw data of the y-ray continuum
spectrum for the 4n reaction channel as scen by the Nal counter, and above
it is drawn the unfolded spectrum (scale on the 1eft)28. The same sort of
gross structure is observed; there is the high-energy exponential tail of
the statistical y-rays, and the lower energy bump containing most of the
intensity and coming, presumably, from the many cascades along the yrast
region. In agreement with this, the anisotropy of the angular correlation, the
ratio of intensities at 0° to that at 90° shown at the top of the figure, again
indicates stretched E2 transitions for the bump region. The unfolded
spectrum also shows some finer structure. There are two sharp peaks at
about.600 and 800 keV, a valley just above 1 MeV, possibly a small peak at
v 1.4 MeV, and a broad peak just below 2 MeV. The low-cnergy peaks are
casily understood. The 2+> 4" and ¢ states in 118Te de-excite by mecans
of 605, 601, 615 keV transitions, and these create the first peak, which,
in fact, integrates to three transitions. We have studied the energy-level
scheme of '18Te, and the next four higher states give four lines which make
up the 800 keV peak. The higher energy features arec not so easy to explain,
but the existence of a valley followed by a broad peak at higher energy
indicates a change in nuclear structure, a dcefinite increase in y-ray
transition density. It might cven correspond to a giant backbend at high
spin;  we do not know at this time.

An interesting point is that Ragnarsson and Soroka, two young
theoreticians at Berkeley, have calculated the transition energy spectrum
along the yrast line for 1187q by adding shell corrections to the liquid-

C . .
drop valueszj. They knew of our interest in this nucleus, but did their



calculations quite independently of our experiments. Their result is shown
in Figure 12 where the transition encrgies are plotted vs. spin. The
“curve is the liquid-drop result, the unfilled circles are the known levels
to 14" in 118Tc, and the filled circles are their shell-corrected energies,
starting with the 20 + 18 transition (as they did not include pairing in
their calculations). Thcéo boints correspond in the unfolded spectrum to

a valley around 1 McV, a peak at 1.5 MeV, and a larger peak just above 2 MeV.
I am not trying to say there is a one-to-one correspondence between calcula-
tion and experiment, as I do not believe either one is accurate enough yet
to draw such conclusions. I am only pointing out that both experiment and
theory suggest that therc should be finer structure in the unfolded spectra,
and that, hopefully, in the future we may achicve an accuracy for both

which will permit a rcal comparison.

Figurc 13 shows unfolded speétrazg for the y-ray cascades from ‘18T¢
made by Sl and 75 MeV (12C,4n) on !10pd and 161, 171 and 181 MeV (49Ar,4n)
on 82507 With irradiation by 51 MeV '2C one is less than 10 MeV above the
Coulomb barrier and so less than 22 units of angular momentum are brought
to the compound nucleus, even before ncutron emission. One sees the ground-
band transitions up through the 14 - 12, but there is little of the yrast
bump, since few decays involve much higher spin states. DLven with the
75 MeV 12C run, there is little to the yrast bump. But with the use of
“OAT projectiles, considerably larger amounts of angular momentum are
brouéht to the nuclei and large yrast bumps result. An interesting fcature
in Figure 13 is that with an increase in bombarding energy, and hence
increase in'angglar momentum brought to the nucleus, there appears to be
little change in the high-energy edge of the yrast bump. This is in contrast
to the situation in the Yb nuclei shown in Figures 7 and 9. The occurrence
of a rclatively fixed edge to the bump in 11871¢ might come about because of

a backbend in the transition cnergies at that point, but we believe that it



is more likely duc to a limitation caused by a-cmission from near the
yrast linc at sufficiently high spin values (determined by the steepness
of the line, as described below). There will certainly be limitations
on how much angular momentum can be accommodated by a nucleus, and this
is the final topic 1 would like to discuss.

I have mentioned ecarlier that, at least with the heavier targets,
fission (or, with heavy projectiles, quasi-fission) is the most likely
result from high angular momentum collisions. Figure 14, taken from the
paper by Cohen, Plasil and Swiatock%ﬂx shows, as a function of mass number,
the angular momentum at which the fission barrier of a liquid-drop nucleus
falls to zero. Also shown is the curve for a barrier of v 8 MeV, which
scems to correspond to the cut-off to the evaporation residue cross sections
found experimentally. On the average, nuclei with more angular momentum
than this fission hefore getting to the y-ray cascade, thus creating limits
to both the transition energies, Ey(max)3 and the spins, I(max).

But for lighter nuclei, A < 150, we believe that o-emission is the
limitation, and by that we mean a-emission from the yrast line and the
region just above the line, in contrast to the a-emission that may take place
at high cxcitationz{ For sufficiently steep yrast lines (high I and low A),
the decreasce in encrgy for the change of a few units in I is large enough
to equal the binding energy plus Coulomb and centrifugal barriers for
cmission of an a-particle. For any given nucleus whose yrast line 1is
assumed (usually taken at high spins to be that of a rigid rotor), values
of T{max), Ey(max), and Al, the angular momentum carried off by the particle,
can be calculated for the point where the probabilities for y-decay and
particle decay arc equal. For the y-rays we usced an average enhanced
3/2 (

. Z AN
reduced transition probability, B(E2)V = 1,6(66) TEZ) 362b2, and for the
particlesgz, T{(P) = TQ(P) D/2w, where TQ(P), the transmission coefficients,

were taken from optical model codes and D, the level spacing, was assumed



to have the value 30 keV or 3 keV at I = 40 for A = 104. These

numbers provide a plauéible, but not necessarily correct range of values;
however, éalculations with them do scem to straddle the experimental
results. To allow for the variation of D with A and I, we used the
triaxial rotor model of Bohr and Mottelson for the yrast regiozﬁS,yielding
D«IA*S3, if the shape of the nucleus were independent of A and I. (Not
truc, but not serious, in generél,) There are lots of ifs and assumptions
in the analysis, but the results must be grossly right, though probably
wrong in detail. The analysis shows that the limiting angular momenta

for proton and ncutron cmission along the yrast region in these moderately
neutron-deficient nuclei are considerably higher than those for g-emission.
Hence, the latter p?ovides the 1imit shown in Figure 15, where Ey(max)

and I(max) are plotfed vs. Z. Below A ™ 150Aor Z v 60, a=emission along
the yrast region provides the 1limit on the angular momentum brought into

. 34
compound-nuclear residues™’,

It can be seen in the figure that Ey(max)

in this region changes relatively slowly, increasing from v 2.5 MeV at

Z = 60, to™v 3.5 MeV at Z = 32, and that I{max) becomes quite low at low Z.
The actual experimental limits, however, will not be as smooth as the
curves drawn because of shell effects; the latter have been neglected in
the analysis.

We can compare these predictions with a final set of experimentsz4
Targets of 12C, 27A1, KC1, Ti, Fe, 68Zn, 82Se, 126,1307¢, 0.5 - 1.2 mg/cm?
thick deposited on 0.025 mm Pb, wére bombarded with “OAr beams of a number
of encrgies botweeﬁ 119 and 185 MeV. A '"multiplicity filter" was used,
consisting of six 7.5 x 7.5 cm Nal detectors placed symmetrically around
the beam pipe and upstream from the target. These counters were in pairwise
coincidence with a seventh 7.5 % 7.5 cm Nal detector placed at 45° to the

beam direction and 60 cm from the target, and were electronically coded to

indicate how many fired simultaneously with each event in the special Nal



detector. That is, the number of counters in coincidence with the special
counter, the coincidence '"fold" (a number from 1 to 6) was recorded for
cach cvent. From the distribution of folds, the multiplicity could be
determined as a function of EY in the special counter. Typical results
arc shown in Figures 16 and 17. 1In Figure 16 are given plots of N& VS. EY
for the reaction products resulting from ®?Se irradiated with "CAr at the
various initial energies listed. The lowest bombarding energy, 119 MeV,
is just at the barrier, but the characteristic feature of the curves for
the higher encrgies is the growth of a multiplicity peak around EY = 2 MeV,
Since the highest y-ray energy in a rotational cascade, Ey(max), will
correspond to the highest angular momentum, and hence highest multiplicity,
this peak identifies directly Ey(max), for the nucleus and bombarding
cnergy considered, as being at its lecading edge. This edge shows a slow
increase in energy to just above 2 MeV, which value was indicated in
Figure 15. The peak multiplicity corresponds to the highest multiplicity
for any reaction channel, but somewhat lowered by dilution with statistical
y-rays. On the other hand, for EY greater than 3-4 MeV, we have only
statistical vy-rays which occur at all angular momenta, so they represent
the average y-ray multiplicity over all the reaction channels. This
average tises with bombardingvenergy up to 161 MeV, but at 185 MeV it
falls slightly (as does the multiplicity peak). The reduction is due to
the onset of new reactions of lower average y-ray multiplicity; for this
nucleus it is most likely a-emission (carrying off large amounts of spin),
and, indeed, we do observe large numbers of a-particles.

For compound nuclei of lower Z, similar behaviour occurs; the plots

of NY Vs, EY shown in Figure 17 are for 161 MeV “O0Ar, except for

(185 MeV) and '2C (131 MeV). The multiplicity peak seems to disappear

130'1'0

for compound systems below Z ~ 35. It is from such plots that the experi-

mental values of EY(max) and I(max) shown in Figure 15 are obtained, and



- 16 -

from the essential agreement between the points and the calculated curves,

we conclude that the picture of angular momentum limitation by w-emission

below A ~ 150 and by fission above A v 150 is generally valid. The

highest spins in compound-nuclear residues should be obtained around A ~ 150.
I hope I have convinced you that exciting information about high-spin

states is contained in the y-ray continuum cascades, and that we are now

just beginning to develop the techniques to obtain that information. I

would like to summarize my talk in the following sentences.

1. Continuum spectra have a gross structurc; they usually consist

of an "yrast bump'" and a "statistical tail.

2. For medium to heavy nuclei, the yrast bump contains most of
the y-rays, and they are stretched E2 transitions. An
approximate value for the angular momentum carried by the

y-cascade is ZN§,

3. There is evidence for fractionation of the reaction products
with the angular momentum of the initial compound nuclei.
The difference in angular momentum per neutron emitted 1is

n 12h with the heavy-ion projectiles used.

4, Under favourable conditions, effective moments of inertia
can be determined up to I(max), 50-60h for the Te and Yb

nuclei studied.

5. Continuum y-ray spectra may show finer details of nuclear

structurc, e¢.g. backbends.

G. The maximum angular momentum in yrast cascades is probably
limited by fission for A > 150 and by oa-emission along the

yrast region for A < 150.
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Fig.

Fig.

Fig.

Plot of excitation energy vs. spin for a nucleus with A ~ 160.

Expected behaviour,

Plot of excitation energy vs. spin for a nucleus with A ~ 160.

Known behaviour.

Singles Ge de-excitation spectra of 1©0Yh made by 139Tb (11, 4n)

(upper curve) and 130Te(%0Ar,4n) (lower curve).

Plot of excitation energy vs. spin for a nucleus with A" 160.
Schematic illustration of y-ray de-excitation paths following

|1 .
‘Ar, 4n reaction.

Experimental set-up used in Berkeley to study continuum y-ray

spectral shapes.

Ge spectrum used for setting gates to select the continuum
spectrum associated with the 4n and 5n reaction channels from

the “9ar + 126T¢ yeaction.

Raw (1) and unfolded (e) continuum y-ray spectra from the

12670 (40Ar,4n) 162yp yeaction at an average beam energy of 181 MeV.
The larger solid dots represent five-channel averages. At the
top is shown the 0°/90° ratio for the unfolded spectra. At the
bottom arc shown schematic spectra for the 12676 (M0Ar, 4n)162yh
reaction at 181 MeV( solid line), the same reaction at 157 MeV
(longer dashed line), and the 1505 (160,4n)162Yb reaction at

87 MeV (shorter dashed line).



Fig. 8. Average y-ray multiplicity, N&, plotted vs. the average angular
momentum determined for a particular reaction channel from cross

scction measurcements (see text for details).

Fig. 9. Unfolded (smoothed) continuum vy-ray spectra for the indicated

reaction channels leading to Yb nuclei.

Fig. 10. Plot of 2J/h? vs. (kw)? for 162Yb. Filled dots are the known
low-spin statcs, and the open dots are the known states in the
backbending isotone, 180Er. The large dots are values derived
by the integral method for determining moments of inertia (see
text) from the 181 MeV “OAr reaction. The triangle and square
are for the 157 MeV "OAr and 87 MeV 60 reactions. The diamonds
are values from the differential method applied to the 181 MeV
“OAr data. The horizontal dashed line is the moment of inertia

of a rigid, diffuse sphere with A = 162.

Fig. 11. Raw (e) and unfolded (~) continuum vy-ray spectra from the
825¢ (%0Ar,4n)118Te reaction at an average energy of 181 MeV.

At the top is shown the 0°/90° ratio for the unfolded spectra.

Fig. 12. Transition energies for 1187e calculated by Ragnarsson and
. 29
Soroka from liquid-drop values (solid curve) plus shell corrections .

The open circles give the known ground-band transitions.

Fig. 13. Unfolded continuum y-ray spectra for the indicated reaction

channels leading to 1187¢,



Fig. 14. Plot of angular momenta at which liquid-drop fission barrier
drops tozero vs. mass number,(QI is angular momentum at which
nuclcus goes triaxial.) Dashed line gives angular momentum at
which fission barricr is calculated to drop to ™~ 8 MeV. Taken

from ref. 30.

Fig. 15. Plots of Ey(max) and I(max) vs. the atomic number. The solid
lines are limits set by o-emission; the dashed lines arc limits
scet by fission. The experimental points come from the next two

figures (sce text).

Fig. 16. Average y-ray multiplicities as a function of y-ray cnergy
{(pulse height) for spectra from "Opr + 825¢ at the indicated

bombarding cnergies.

Fig, 17. Average y-ray multiplicities as a function of y-ray ecnergy
(pulse height) for spectra from indicated targets irradiated by

161 MeV "OAr except for 130Te (185 MeV) and 12C (131 MeV).
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