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Summary
The y-rays associated with deep inelastic collisions can give

information about the magnitude and orientation of the angular
momentum transferred in these events. In this review, special
emphasis has been placed on understanding the origin and nature of
these y-rays in order to avoid some of the ambiguities that can
arise. The experimental information coming from these y-ray studies
is reviewed, and compared briefly with that obtained by other methods

and also with the expectations from current models for deep inelastic

collisions.
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I. Introduction

My objective in this talk is to consider the question: "What can
be learned about deep inelastic collisions (DIC} from studying the
associated gamma rays?" It is a somewhat difficult subject, with a
number of uncertainties and ambiguities. This has led some people to
conclude that the answer to this question is "nothing." I hope to
convince you otherwise. First, I want to discuss the origin and
nature of the gamma rays from DIC, then the kinds of information
gamma-ray spectra contain, and finally come to the combination of

these two subjects.



II. The Gamma Rays from DIC

In Fig 1 I have sketched the excitation energy of a DIC product
nucleus vs angular momentum. This figure is made for a mass number
around 160, although the general consideration to be made do not
depend very strongly on mass number. The first feature to notice in
Fig. 1 is that above a certain angular momentum (~70h for A ~ 160) the
product nucleus fissions,1 resulting in two lighter product nuclei
at much lower angular momentum. Below this critical angular momentum
(which comes when the fission barrier is around 8 MeV}, particle eva-
poration dominates over fission, deexciting the nucieus toward its
ground state {i.e., that of the appropriate neighboring nucleus). If
this evaporation is mostly neutrons, which tends to be the case for
high~Z, and/or neutron-rich systems, then very little angular momentum
is lost in the process {<lh per neutron). However, charged particles,
especia11y o particles, can remove iarge amounts of angular momentum--
up to 20h per a particle. The particle evaporation process proceeds
to the so-called "entry line," a region about 8 or 10 MeV above the
yrast line, from which point y-ray deexcition dominates. (The yrast
line is the 1ine below which no states exist for that angular
momentum.) Thus, the y-rays dominate only below the point where a
particle binding energy is no longer available without a significant
reduction of angular momentum.

The deexcitation y-rays are divided into two types—resolved and
unresolved--depending on ﬁhether enough population goes through a

given transition to make ﬁt stand up in the spectrum, or not. In



general the resolved transitions occur only near the bottom of the
cascade, i.e., for I T 10k. The unresolved transitions are further
divided into two types. those that carry off angular momentum
(yrast-like) and those that cool the nucleus without carrying much
angu lar momentum (statistical). In Fig. 1, four statistical transi-
tions are indicated, which is typical, and the last 5 or 6 yrast-like
transitions would probgb]y have sufficient population to be resolved
in the spectrum. Above this spin, there are hundreds or even
thousands for pathways (one of which is indicated), and nothing is
resolved in the spectrum, giving rise to the so called "continum.™ It
is apparent from Fig. 1 that the number of y-rays gives information
about'the initial angular momentum in the product nucleus. To inter-
pret this information we must know (1) how much angular momentum has
been lost during the particle evaporation, and (2) the nature of the
y-rays emitted. A discussion of these topics will come somewhat
rlater, however it is essential from the outset to realize that most of
our information about the nature of the y-rays invoived in DIC comes
from studies of the deexcitation of compound nuclei following heavy-
ion fusion reactions. It is important to understand why we believe
this information is relevant.

A diagram like Fig. 1 for the product of a compound-nucleus
reaction would look very similar except that the initial excitation
energy is constant but can be varied--it is in general adjusted (by
the bombarding energy) to be much lower than 100 MeV (usually

50-60 MeV). This results in fewer particles evaporated, but



presumably in no change to the decay from a given point on or near the
entry line, This is because the entry line, yrast line, and fission
barrier, are nuclear properties and are not expected to depend on how
that nucleus is formed. It would be very exciting if some information
about the entrance channel survived to the entry line, but this seems
highly unlikely and there is no evidence at present to suggest it.
Thus we should be abie to apply our information about compound-nuclear
y-rays to product nuc]éi from DIC. The outline of the decay process
given above comes from this source.

A spectrum of y-rays from a compound nucleus reaction2 is shown
in Fig. 2. Two features are apparent and seem to be general. The
statistical transitions fall off exponentially with increasing y-ray
energy above ~2 MeV and are currently thought to follow an intensity
relationship something like:

N = kEze-EY/T (1)

Y Y ’

where T is a temperature around 1 MeV, and k is adjusted so that the
integral over EY is 3 or 4 transitions. The yrast-like y-rays are
the most important for the present discussion, since they carry off
the angular momentum. They comprise a "bump" 1p the y-ray spectrum
that lies below about 2 MeV as is seen in Fig. é. Their nature is
sensitive to the nuclear structure, ranging from predominantly
stretched quadrupole transitions (I » I-2) in regions of rotational

nuclei, to mixtures containing 50 percent or more of dipole



transitions in other regions. Unfortunately the non-rotational
regions are the most common and in these cases our knowledge of

individual nuclei is generally rather poor.



III. Information Content of y-Ray Spectra

Before beginning a detailed discussion of y-rays from DIC, it
seems useful to consider briefly what one can possibly learn from
y-ray studies, and why only two types of studies will be discussed
here in connection with DIC. I will list and make a few comments on
the types of measurements commonly made to study y-rays. First (1)
one can measure the tqta] y-ray energy; the sum of all individual
y-ray energies for a given reaction. This has not yet beer done for
DIC, though it is very Tikely imminent. It is obviously important for
the total energy balance in the reaction, though Fig. 1 shows that
y-ray energy is not a large component in that balance. Perhaps more
important, it is related to the angular momentum. Figure 1 shows that
at 40h, an extra 10 MeV appears as y-ray energy, and at 60h, 20 MeV.
This is potentially a sensitive way to measure these angular momenta,
which is independent of transition type. Next (2) one can measure
individual y-ray energies. These are related to the nuclear struc-
ture, and can be used, for example, to identify a reaction product.
If their multipole character is known, they can be used to determine
the alignment of the angular momentum in the product nucleus emitting
them. Then (3) we can measure the angular distribution of the emitted
y-rays for the purpose (here) of defining the angular momentum axis of
the system. This subject will be one of two main topics discussed.
Further, (4) the polarization of the y-radiation can be measured.

This can serve to define not only the axis of the anaular momentum,



but also its direction. Professor J. de Boer will discuss this topic
later in the school, so I will not take it up. An important property
(5) to measure is the total number of y-rays emitted, the multi-
plicity. This is obviously related to the total angular momentum and
will be the other main topic discussed here. Finally (6) the time of
y-ray emission can be measured. These are generally in the range
10'14—.7.0'9 sec after the reaction, and this is much too late to

give information about the time development of DIC. So far, these
times have been used mainly to relate the y-rays to particular events
{selected in other detectors). As mentioned, I will discuss only two

of these areas, the multiplicities and the angular distributions.
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IV. Gamma-Rays from DIC
1. Mu]tgplicities ’

We éint to measure multiplicity to relate it to the spin
transfeired to the internal degrees of freedom of the product nuclei.
As mentﬁoned earlier, we must first determine how much angular
moment%n is carried off by the particle evaporation. Natowitz3 has
made aszstematic attempt to relate multiplicity to spin for
diffeﬁint-mass productfnuc1ei, and his plot is shown in Fig. 3. Two
features are apparent. The top of the plot, A ~ 150, is in the rare
earth region of rotational nuclei, and a good approximation there is
the emission of four statistical y-rays (carrying no angular momentum)
and the rest stretched E2 transitions. Then the spin is related to

multiplicity by:
I = 2(MY - 4) , (2)

as has been suggested in numerous compound-nucieus studies. On the
other hand, near the bottom of Fig. 3, A Z 50, the (charged) particle
evaporation has carried off essentially all the angular momentum, so
that the deexcitation involves only 3-4 transitions, irrespective of
initial spin. This total lack of sensitivity of the multiplicity to
spin for light nuclei is not without some benefit (as might first
appear), since for a reaction with a heavy and a light product, the
contribution of the light product can be simply assumed to be 3 or

4 y-rays, enabling one to deduce the spin of the heavy product.
Between thesa mass limits the particle evaporation removes part, but

not all of the angular momentum, and the situation is more complex.
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While 1T am very sympathetic to the kind of systematic approach
taken by Natowitz, one must be very careful. At least three more
dimensions are needed in Fig. 3. The first is the relation of the
product nucleus to beta stability. The evaporation ratio of neutrons
to charged particles is sensitive to the respective binding energies,
which is a strong function of neutron to proton ratio. Thus even at
A 3150, if one goes sufficiently far neutron deficient, charged
particles will be evaporated and they will carry angular momentum.
Conversely, if one goes as low as A ~ 110, but stays very neutron
rich, then neutron evaporation still predominates and carrys little
angular momentum. A second dimension to add to Fig. 3 is excitation
energy. This will not matter so much near the top or bottom of
Fig. 3, where, respectively, "very little" or "all" of the angular
momentum is removed by the evaporation cascade; but it must be
important in the middle region where just part of the angular momentum
has been removed. A longer cascade will surely remove more in that
case. The final dimension to add to Fig. 3 is for type of vy-ray
emitted, as discussed earlier in connection with Fig. 2. We will look
now in slightly more detail, at just how an uncertainty in the type of
y-ray emitted affects the spin deduced.

From studies of compound-nucleus y-ray, we know that the
‘deexcitation is generally fast (210'9 sec); the occu:rance of
longer-lived isomers involving more than one or two y-rays is not
common. This lifetime Timit restricts the transition types to dipole

and gquadrupole. If high or moderately high spins are involved, the
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level densities strongly favor "stretched" transitions, i.e., those
that maximize the reduction of angular momentum (I » I-1 for dipoles
and I » I-2 for quadrupoles). On the assumption of just th2se two
types, we can use the angular anisutropy of the emitted y-rays to
determine how much there is of each type. Figure 4 shows some results
from a recent compound-nucleus study.4 In the region of rotational
nuclei (906 <N < 110) one finds 80 percent stretched E2 transitions,
roughly consistent with Eq. 2. But below that region there is a wide
variation down to as low as 30 percent. There are certainly strong
nuclear structure effects in these variations—-the highest stretched
E2 intensities coming for the rotational nuclei, and the lowest in
Fig. 4 at the 82 neutron closed shell. Figure 4 also shows that these
values do not depend (much, at least) on the projectile involved.
While there are assumptions involved in obtaining these numbers, so
that they might be wrong in particular cases (or even in general at
Tow spin values) it seems rather safe to take them as representative
of the types of y-rays we are likely to encounter in DIC studies. In
order to get spins from multiplicities, assuming stretched

transitions, one has simply:
=M (L*a(an) (3)
where Q and D are the amounts of stretched quadrupole and dipole

transitions, respectively. The full range shown on Fig. 4 then

corresponds to : 1.3 1 /M % 1.8, so that, I /M ~ 1.6,
Yy Yy
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should generally be correct within about 20 percent. Higher accuracy
is probably hard to achieve except for rotational nuclei, and even
this kind of accuracy will be valid only for moderateiy high initial
spins. Thus for determining spins from multiplicities, the nature of
the particle evaporaticn generally causes greater uncertainties than
does the nature of the y-rays emitted.

The general features of y-ray multiplcities associated with DIC
were measured by Berlanger et a1,5 and are shown in Fig. 5. The
system studied was 443 MeV Cu on Au, at a particle angle of 35° to the
beam direction. One sees a very ‘ow multiplicity for the elastic
events, sharply rising in the quasielastic region, and high (~20)
throughout the strongly inelastic region. In general, this demon-
strates the transfer of angular momentum, along with energy, into the
internal degrees of freedom of the products of the DIC events. Since
this measurement a number of studies have been made, and the results
differ according to whether the system is "light" (sufficiently low
total I so that there is considerable fusion) or "heavy" (high enough
total Z so that no fusion can occur). Both of these limits will be
cons idered.

A simple model against which the observed distribution of angular
momenta in DIC can be compared is that of two spheres (or spheroids)
sticking together and rotating rigidly (no rolling or sliding) prior
to breakup—the socalled "sticking limit." In such a model, the
amount of angular momentum transferred to the internal degrees of
freedam, al, depends on the moments of inertia according to the

relationship:
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3. +1
L H
i f=]i(7L+7H +.’r) “
where 1i is the initial angular momentum of the system and ?L and

—}H are the moments of inertia of the light and heavy fragments as

2

j» and ? is the moment of inertia of two

given by }i = 215 AR
spheres sticking at their point of contact, f}= u(RL + RH)Z.

One sees that a1l varies from 2/7 of li when the fragments are equal,
to 11 wher. the mass of the light fragment goes to zero (the
compound-nuc ieus limit). The sticking limit was first shown by
Glassel et a1.6 to be reached for the system natAg + (175 MeV)

20Ne. Figure 6 shows that at angles backward of the grazing angle
{90°) the shape of the multiplicity curve with ZL is characteristic
of the sticking 1imit; whereas around (and forward of) the gra ing
angle this is not true. An even more convincing fit is shown in

8

Fig. 7 due to Natowitz et a1.7 for the system 9Y + (237 MeV)

40Ar. In both cases there is some question as to whether the

absolute multiplicity (implied al) is high enough to agree with

Eq. (4) (possible reductions due to: (1) incomplete l-transfer;

(2) 1-fractionation; and (3) deformation have been discussed), but the
general evidence for sticking seems rather strong in these systems.

It should be noted that this agreement comes when: (1) there is a
rather narrow l-range populated (fusion takes the lowest ~60h and the
reactions bring in only ~70-90h); and (2) the times are long enough
for the angular momentum to equilibrate (for these light systems the

sticking time is very likely correlated to the scattering angle, and
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the angles backward of grazing imply times long enough to rotate
through 0° and then on to the measured angle).

When one goes to the heavy (high-2) systems where there is little
or no fusion, then neither of the above conditions is fulfilled.
Essentially all 1-waves now go into DIC events, so that the possi-
bility of fractionation arises (i.e., a higher probability for certain
1-values to go into certain channels) and all interaction times tend
to be short. Furthermore, scattering angle (or deflection function)
is no longer found to be simply correlated to interaction times; in
fact, there often tends to be a focussing effect of many different
1-waves into the same scattering angle. In these cases, the multi-
plicities are rather independent of mass asymmetry for DIC events,

86 165

as shown in Fig. 8 for two systems:8 618 MeV ““Kr on Ho and

natAg. Other data are rather similar, and this behavior has been
explained as due to rigid rotation modified by: (1) potential-
energy surfaces which favor mass symmetry for high l-waves; and
(2) interaction-time effects which correiate lower T-waves with
greater distance (in mass asymmetry) from the entrance channei. The
quasi-elastic (incomplete energy relaxation) events in Fig. 8 show a
dip in multiplicity at the projectile mass. This presumably reflects
decreasing 1-transfer associated with the decreasing energy transfer,
both due to very short average interaction times for these products
which “"remember" the entrance-channel.

Since for these heavy systems, the scattering angle is no longer
connected simply to interaction time, another measurable indicator of

tms time is needed, and total kinetic energy loss is perhaps the most
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promising possibility. Figure 9 shows the multiplicity for three
systems8 plotted against total (remaining) kinetic energy. One sees
that the angular momentum transfer occurs over a particular range of
energy transfers, and then is constant for still greater energy loss.
The behavior of these multiplicities has been accounted for reasonably
well by both classical dynamical models and by transport models. For
the very large energy transfers (low 1-waves) fluctuations in the
transferred angular momentum have been suggested11 to play a role.

If more than one y-ray detector is used, higher moments of the
multiplicity distribution can be measured. Ideally cne would like to
have a 4= y-ray detector divided into many sectors and measure the
exact multiplicity for each event. Then, after a number of events, a
distribution like that at the top of Fig. 10a would result. Since the
appropriate 4 detectors do not yet exist, we have to resort to
measuring average moments of this distribution. So far we have
discussed the average value (or first moment), which is called the
multiplicity (middle of Fig. 10a). At the bottom of Fig. 10a the
distribution is represented as a gaussian and the first and second
moments (width or ¢) are indicated. Third moments (skewness) have
been measured in a few cases, but are still somewhat tentative. To
give some feeling for these moments, Fig. 10b shows the triangular
distribution characteristic of angular momentum input if all l-values
up to a maximum value contribute. If the multiplicity is proportional

to 1, then the measured moments will be: an average multiplicity which



16

is 2/3 of the maximum value, a width such that ¢/{M) = 0.35, and a
skewness of -0.57.

Several groups have measured widths from multiplicity distri-
butions for DIC events.g’lo’lz The results of Dayras et a].lz are
shown in the top section of Fig. 11. Values of UY/MY range around
0.45, even larger than that expected if the full distribution of
1-valu2s contribute, as discussed in connection with Fig. 10b. Other
results are similar, and seem to require the introduction of sizeable
f]uctuations11 in the transferred angular momentum. The transport
models of DIC seem able to account for the fluctuations, which can
also be introduced as bending, etc., ﬁodes into the ciassical dynam-
ical models.13 This subject will be further discussed in connection
with angular distributions in the next section.

2. Angular Distributions

There is also an alignment of the angular momentum in a DIC. In
the left part of Fig. 12 a typical arrangement of beam, target, and
particle detectors is indicated. The reaction plane is thus defined
to be the XZ plane. The angular momentum is aligned perpendicular to
this plane, along the Y axis. The y-rays following the DIC are then
emitted anisotropically according to their character. The patterns
for stretched quadrupole and dipole radiation are shown in the center
and right portions of Fig. 12. We have argued that these two types
are likely tc dominate, though non-stretched transitions, as well as
mixtures are possible. If stretched quadrupole transitions dominate,

as is expected in some cases, then there will be very little radiation
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perpendicular to the reaction plane. Conversly, a mixture of

60 percent stretched dipole and 40 percent stretched quadrupole is

nearly isotropic. Here, the particle evaporation steps are not

usually so important, but information about the nature of the y-rays

is absolutely essential. Measurements have been made on resolved and

or unresolved y-rays following DIC, and both will be discussed.
Gamma-rays have so far been resolved following DIC only in light

].14

systems. The first measurement by Van Bibber et a was for

16O + 27A1, and y-rays from 12C, 22Ne, 24Mg and 31P were

observed in the Q-value range down to Q = ~50 MeV. The results in
Fig. 13 show essentially the full alignment expected at small Q
values, with some evidence for reduced anisoti-opies at larger
(negative) Q values. For the low spins involved here, however, this
reduction might be due to deilignment during the preceeding {particle
or y-ray) decay process. Higher spins are involved in another study

15 16 48

by Puchta et al.”™ on the system, 0 + " Ti. Their results in

Fig. 14 show several interesting features. One sees first that the

of transition types. The y-rays of 50Cr are seen to develop a very
strong anisotropy for Q values around -30 MeV, falling on either side
of that. The low anisotropies for small Q values (~-20 MeV) the
authors ascribe to low initial spin values with subsequent dealignment
prior to emission of the observed y-rays. The fall off toward larger
negative J values is taken as evidence for fluctuations in the spin

axis with increasing inelasticity. It is interesting that the
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anisotropy is nearly gone by Q < ~50 MeV. The lower anisotrenizec for

15 are ascribed by the authors to dealignment effects in the
deexcitation cascade, as evidenced hy the much larger side-feeding

into the low-lying lower spin states of 46T

i. This possibility of
dealignment seems consistent with the high probability of spin removal
in the particle and early y-ray cascades in the very light systems

(see Fig. 3). The 5OCr product nucleus preserves both its spin and

' 481 (169 12¢52¢,*
52

alignment (in part) because it is made largely by the
reaction followed by evaporation of two neutrons from the Cr*.
These neutrons are not so efficient at carrying angular momentum as
a particles. Figure l4b shows the behavior of PZZ’ the alignment

parameter defined as:

3 I§ 1
Pu=2\z/ 7 - (%)

The alignment is nearly complete around (= -30 MeV, and drops to
about 50 percent at Q= -50 MeV, Finally, Fig. 1l4c just shows the
" build-up of angular momentum into the 52Cr system as estimated from
the side-feeding patterns of the low-lying high-spin states of
50Cr. These results are quite interesting as they suggest that the
expected alignment may be strongly affected by fluctuations or other
effects that set in at modestly small Q values.

The observed in-plane, out-of-plane anisotropy of the unresolved

y-rays following DIC have always been small--3<25 percent. This

applies to the very early Orsay work,5 and, for example, t¢ the
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20Ne + 63Cu work of Dayras et a].12 (see the bottom section of

Fig. 11). It has not been clear how to interpret these results,
Because heavy systems and high spins have been involved in at least
some cases, this is probably not due to dealignment effects in the
deexcitation cascade. However, it might be due either to primary
misalignment of the fragment angular momentum (due to fluctuations,
etc., in the DIC), or to mixtures of y-ray transition types (see

Fig. 12). This has been a difficult question to resolve, since heavy
mixtures of dipole and quadrupole transitions might be expected

(Fig. 4). Perhaps the most convincing answer to this problem has been
given by the measurement of Aguer et a1.16

Aguer et al. studied the symmetric products (A ~ 160) from the

136y, 4 197

reaction, 1064 MeV Au. These products are sufficiently
heavy and neutron rich to avoid charged particle evaporation (involv-
ing angular momentum and alignment loss) and are in the rare-earth
region of rotational nuclei. It was verified that the multiplicity
was very high (~40), roughly consistent with the high expected spin
values of each fragment, and that the y-ray spectra contained the
characteristic "bump" of yrast-like y-rays, which in this region

are mainly rotational stretched quadrupole transitions. The ani-
sotropy, both in-plane and out-of-plane, was measured and is shown

in Fig. 15. The in-plane distribution is isotropic within the
uncertainties, whereas in the E2-bump region (EY 2 1.5 MeV) the
t/90°in) is 0.75 £ 0.1. This small anisotropy for
nearly pure (580percent) stretched quadrupole transitions implies

ratio (90°
ou
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substantial misalignment of the fragment angular momenta. The authors
evaluate o to be 34° £ 7° in the expression for the probability P(e)
for alignment of the angular momentum around the vertical (e = 0):

' 2,, 2
P(e) = e"(e 1207) (6)

This corresponds to a PZZ of 0.53 £ 0.17. This misalignment they
attribute to bending and twisting classical modes, but it is probably
equivalent to understand it as fluctuations in a transport model of
DIC. The Q-value dependence perhaps suggests larger anisotropies for
smaller Q values, but that is not clear from these data. This work
suggests that alignment “nformation can come from studying the
unresolved y-ray spectrum following DIC in carefully selected cases.
For comparison, information about the angular momentum (and its
alignment) following DIC has also come from the angular distribution
(1) of evaporated particles from the fragments, and (2) of the fission
fragments when one DIC fragment subsequently fissions. In general
these methods give somewhat higher alignments than derived above.

18

Vandenbosch17 derives 0.6 < PZZ < 0.8 and Specht™ finds

1.19 find

0.5 < PZZ < 1.0 from fission studies. Ho et a
PZZ < 0.8 from a-particle evaporation. These results are probably
not seriously inconsistent with the y-ray value derived above, so that
there is no clear discrepancy between the two types of data at the

present time.
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VI. Conclusion

I have tried to show that y-ray studies have given information
about the magnitude and the orientation of the angular momentum
transferred in DIC. Although ambiguities can arise, it is possible to
obtain reliable results provided the experimental conditions are
carefully chosen. Under these circumstances, y-ray methods can
complete favorably with other methods available to obtain such infor-
mation. Briefly we ha?e 1earﬁed from these studies about the time
scale for equilibration of angular momentum into the internal degrees
of freedom of the system, and that the equilibrium condition (in at
least some cases) is a rigidly rotating compusite system. However,
when many l-waves and short time scales are involved, the angular
momentum transfer becomes complicated. Further, we have learned that
the DIC process introduces sizeable misalignments of the angular
momentum when the Q-values are sufficiently large., It seems that all
these features can be reproduced reasonably well by either classical
dynamical models or transport models of DIC.

The potential of y-ray methods to contribute further to DIC
studies seems great. The present techniques are not yet fully
developed, either for the resolved or the unresolved spectra. Other
techniques, Iike total y-ray energy measurements, are waiting to be
tried. Perhaps most exciting, new 4 instruments are being developed
which can measure the complete multiplicity, angular distribution, and
total energy on an event-by-event basis. The possibility then exists

of defining the spin and spin axis for each fragment in each event.
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Figure Captions

Fig.

1,

Fig. &,

Fig.

Fig.

Fig.

3.

4,

Schematic diagram of excitation energy vs spin in a nucleus
around mass 160. The region of population following a DIC is
indicated together with pathways for neutron evaporation and
y-ray deexcitation. The angular momentum at which the
fission barrier vanishes is indicated, as are the entry and
yrast 1ines..

Unresolved v-ray spectrum following the fusion reaction,

40Ar + 126 162Yb* + 4n. Both the raw (open

Te >
squares) and unfolded (corrected for response function,
filled circles) spectra are shown. The variation with
angular momentum input is shown at the bottom and the angular
anisotropy at the top (Ref. 2).

Systematics of the measured mean gamma multiplicity <MY) as

a function of the average angular momentum of the compound
nucleus, for various mass numbers (Ref. 3).

Some systematics of the percentage of stretchaed E2 transi-
tions observed following fusion reactions, as a function of
neutron number of the principal product. The projectiles
used in the fusion reaction are indicated (Ref. 4).

Yield (top) and gamma-ray multiplicity (bottom) as a function

of laboratory energy, for the system Cu + Au (Ref. 5).



Fig. 6.

Fig. 8.

Fig. 9.

Fig. 10.

Fig. 11.
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Gamma-ray multiplicity as a function of Z for the light
product, following the reaction Ne + Ag. Data from three
scattering angles are shown, as are the rolling and sticking
Jimits for two values of the input angular momentum (Ref. 6).
The mean angular momentum (J), of the heavy deep inelastic
product is plotted as a function of its atomic number. The
dashed curves correspond to the sticking prediction .or
different initial partial waves (here the two ions are
assumed to be deformed at scission). Data are from Ref. 3.
Gamma-ray multiplicities vs Z of the 1light fragment for the

systems 86Kr + 107,109

Ag and 8%r + 1%, The solid

points are for completely {(energy) relaxed products, and the
open points for partially relaxed products (Ref. 8).
Gamma-ray multiplicity vs total kinetic energy for the

86 107’109Ag, 165Ho, and 197Au.

systems ~Kr plus
Products whose light fragment had Z values between 30 and 39
were included (Ref. 8).

(a) Schematic diagram of probability vs multiplicity for:
exact distribution (top); first moment (middle); and first
two moments (bottom). (b) A triangular angular-momentum
input is illustrated, together with the first three moments
of such a distribution.

Values for the width, skewness, and anisotropy vs Z of the

light product for the reaction ZONe + 63Cu (Ref. 12).



Fig. 12.

Fig. 13.

Fig. 14.

Fig. 15.
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Schematic illustration of experimental arrangement (left)
with beam, target, and detectors (position-sensitive
parallel-plate counters), shown together with the resulting
y-ray angular distributions for stretched quadrupole (center)
and dipole (right) transitions.

Resolved y-ray in-plane and out-of-plane relative yields are
shown as a function of Q-value for transitions following the
reaction 160 + 27Al (Ref. 14).

The in-plane, out-of-plane anisotropies are shown at the top

16 48Ti. Resolved lines

vs Q-value for the reaction "0 +
are shown as circles and unresolved regions s the y-ray
spectrum in coincidence with Z = 6 and 8 fragments are shown
as squares. Center plot shows PZZ (Eq. (5)) for the

initial 52Cr fragment (resulting in 5OCr after evapor-

ating two neutrons), and the bottom plot shows the corre-
sponding angular momentum input (Ref. 15).

The out-of-plane (left) and in-plane {(right) angular
anisotropy for the symmetric products (A = 160) from the

136 197

reaction Xe + Au, as a function of y-ray energy.

Three different Q-value regions are shown (Ref. 16).
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