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THE DECAY OF HOT NUCLEI

Luciano G. Moretto and Gordon J. Wozr_\iak_

Nuclear Science Division, Lawrence Berkeley Laboratory, University of
California, Berkeley, California, 94720, USA

Abstract: The formation of hot compound nuclei in intermediate-energy heavy ion
reactions is discussed. The statistical decay of such compound nuclei is responsible
for the abundant emission of complex fragments and high energy gamma rays.

1. INTRODUCTION

The complexity of nuclear reactions at intermediate energies defies the scope
of this short set of lectures. However, the title, ih its deceptive simplicity actually
defines our chosen subject quite precisely. The two key words are: "hot" and
"decay”. The word "hot" implies a thermalized source, namely some equilibrated
intermediate structure that is created in the reactions under consideration. The
word decay reminds us of radioactive or statistical decay. The two words together
suggest naturally the the decay of a thermal source.

At low energies, the compound nucleus (CN) decay matches the words of the
title very closely. This match is not accidental. To the contrary, we shall use the
low energy CN decay as the paradigm against which to compare certain processes
observed at higher energies. In order to clarify the kind of processes in which we
are interested, we need to review briefly the reaction mechanisms prevailing both
at low and at intermediate energies.

The classification of reaction mechanisms at low energies is rather simple. At
one extreme, we have direct reactions, involving a narrow subset of nuclear
modes, typically single particle degrees of freedom. In between, we have
quasi-elastic and deep-inelastic reactions involving a much larger number of
modes, both single particle and collective, and associated with a much more
profound degree of relaxation. At the other extreme we have CN processes, in
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which there is full relaxation of all the modes, and which are characteﬁzed by a
comp}lé‘te deébUpling between entrance and exit channels. |

At intermediate energies this simple picture seems to disappear, and the
newly found complexity cfeates irresistible images of novel and exotic processes.
For example, the variety and abundance of complex fragments produced in these
reactions has suggested mechanisms like the shattering of glass-like nuclei,! or
the condensation of droplets out of a saturated nuclear vapor,?) or the somewhat
equivalent picture of a nuclear soup curdi'ng simultaneously into many
fragments.34 The word "multifragmentation” has become very popular despite the
perplexing lack of evidence for truly multi-fragment exit channels.

“But complexity is not synonymous with novelty and caution should be used by
verifying that the complexity of the reactions under study is not due to the
proliferation and overlapping of conventional processes made possible by the
large available energy. More than ever, it is necessary to assess the "background“-
of conventional processes before a new théory is declared proven, or a new
mechanism prematurély discovered. In particular, one would be well advised to
check how large is the CN confribution to the production of complex fragments,
gamma rays and even pions. Specifically, it is important to assess the role of CN in
the production of complex fragments even when more than two of them are present
in the exit channel. | '

2. COMPOUND NUCLEI AT INTERMEDIATE ENERGIES

The degree of energy relaxation that can be achieved in nuclear reactions is
extraordinary indeed! Even the rather commonplace CN produced by bombarding
‘a medium mass nucleus with 80 - 100 MeV alpha particles is, in a way, already
surprising, but the amount of energy deposited into internal degrees of freedom by
heavy-ion reactions is, at times staggering. In the symmetric reaction 190Mo +
100Mo at 23.4 A MeV, as much as 800 MeV or ~4 MeV/nucleon is deposited as
excitation energy.5:6) The use of neutron multiplicity detectors has allowed one to
determine with a fair degree of accuracy the extent of energy thermalization.7) The
conclusion from this and similar charged particle measurements is that, at
intermediate energies, the energy relaxation is pervasive and profdund. This, by
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itself does not mean that a CN has been formed, since energy relaxation is only a
necessary but not sufficient condition for its formation.

In the same way, evaporation-like particle spectra, or a fission-like binary
decay, are not by themselves sufficient critieria. The presence of a CN can be
tested by verifying the statistical competition of all the decay channels, or at least
the statistical competition of a rather improbable channel (like the emission of a
moderate mass complex fragment, or the emission of an energetic gamma ray or
pion) against a dominant channel, like neutron or proton emission. Because of
these considerations, the determination of absolute cross sections or, even better,
of excitation functions is essential. '

How can compound nuclei be formed at intermediate energies?

At low energies we are used to preparing CN by means of fusion reactions;
after all, it is not an accident that CN are called compound. However, what Bohr
had in mind when he introduced this new concept was not the particular way in
which the CN was formed, as through fusion. To the contrary he stressed that, due
to the complete equilibration of the system, all the dynamical information
associated with the entrance channel was forgotten, and that the decay could only
depend upon the statistical features of the available exit channels. In order to
prove that it does not matter how the CN is formed, the early and not so early
literature is rich with examples of different "fusion" channels leading to the same
CN - which does indeed always decay in the same way. So, the essence of the
compound nucleus is not in the fusion of target and projectile but in the
decoupling of the Entrance and Exit Channels.

Having accepted this, we realize that CN may be more common than
previously thought. For instance:

1) The residue product after a CN evaporates a particle is still a CN.

2) The two fragments produced in fission relax and eventually evaporate
neutrons as CN. |

3) Quasi-elastic and deep-inelastic heaVy ion reactions producé fragments which
also relax into CN and decay as such.

4) In the process of incomplete fusion both the incomplete fusion product and the
spectator do eventually relax into CN.

5) In the fireball production mechanism, the two spectator fragments are
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expected to relax into CN, and even the fireball may not be far from a CN,

either.

in order to focus the scope of our lectures we shall limit the subject to the
following three topics: a) complex fragment emission; b) multifragmentation and

comminution; ¢) gamma ray emission.
3. COMPLEX FRAGMENT PRODUCTION

With the advent of intermediate energies, complex fragments became a very
pervasive presence. Where could they possibly come from? Not from CN, it was
thought, since conventional wisdom held that CN decay solely by n, p, and
alpha-particle émission or by fission. As a consequence, complex fragments could
only come from some other novel mechanism, like liquid-vapor equilibrium,
multifragmentation, etc.8) However, at low energy it has been shown that CN can
emit complex fragments.2:10) In fact, it is possible to consider light fragment
emission and fission as the two “extremes of a single mode of decay, connected by
the mass asymmetry degree of freedom.!!) This process allows for complex
fragment emission, and the rarity of its occurence is due to the
important but accidental fact of the high barrier associated with such
an emission.

4. COMPOUND EMISSION OF COMPLEX FRAGMENTS

As we have discussed above, the two canonical CN decay channels
| recognized from the earliest times are particle evaporation, and fission. At very low
energies the distinction between these two modes of decay is quite apparent from
an experimental point of view.

Particle evaporation traditionally includes neutron, proton and aipha particle
emission. Alpha emission did not appear strange despite the complex nature of
the particle because the lack of easily excited internal degrees of freedom made
4He look truly like an "elementary" particle.
| In its simplest form, the decay width is typically written down in terms of the
inverse cross section and of the phase space of the system with the particle at
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infinity as:
8ngm

Ne)de = ——— ¢eol(e) p(E -B —e)de (1)
2np(E)h

where p(e) and p(E -B -g) are the level densities of the CN and residual nucleus,

respectively; m, €, g are mass, kinetic energy and spin degeneracy of the emitted

particle; and o(e) is the inverse cross section2-15). |

The fission decay width is traditionally evaluated by following the
Bohr-Wheeler formalism which makes use of the transition-state method. In this
approach, the reaction (fission) coordinate is determined at a suitable point in
coordinate space, (typically at the saddle point) and the decay rate is identified with
the phase space flux across a hyperplane in phase space passing through the
saddle point and perpendicular to the fission direction. If there are no switchback
trajectories, the decay width can be written'®) as:

- 1 '
v for(E - B,-e)ce, @

where p(E) and p*(E - By -€) are the level densities of the CN and of the saddle -

point; € is the kinetic energy along the fission mode; and Bj is the fission barrier.

So, the dichotomy between fission and evaporation is emphasized even in the
expressions for the corresponding decay rates.

It was observed some time ago that this dichotomy is deceptive!1:17). The
separation between evaporation and fission, it was argued, was an optical illusion
due to the very low cross section of products with masses intermediate between
4He and fission fragments. If the emission of any fragment is not energetically
forbidden, the mass distribution should be continuous from nucleons to symmetric
products. Thus, there is no need to consider the two extremes of this distribution as
two independent processes. Rather, one would conclude, fission ahd
evaporation are the two, particularly (but accidentally) obvious
extremes of a single statistical decay process, the connection being
provided in a very natural way by the mass asymmetry coordinate.

4.1 Potentiai Energy, Absolute and Conditional Saddle Points, and Ridge Line.



The potential-energy surface V(Ef) as a function of a set of deformation

coordinates q has been studied in detail, first within the framework of the
liquid-drop model'8-20), and, more recently of the finite-range model21.22), The
liquid-drop model calculates the macroscopic nuclear energy for a given shape by
evaluating the corresponding shape-dependent surface and Coulomb energies
plus the volume and symmetry terms, which are shape independent. The
finite-range model starts from a sharp-surface nucleus and spreads out the density
by folding its shape with a Gaussian pius exponential function. In this way the
difftuseness of the surface is dealt with, together with those proximity effects arising
when portions of the nuclear surface happen to be close to each other as in
strongly indented shapes. |
The stationary points of the potential-energy surface, obtained by solving the
- set of equations |
, Q\@ _
le

comprise the ground state minimum, and one to three saddle points, of which the

0 | (3)

saddle point with degree of instability one, if it exists, is known as the "fission”
saddle point because of its relevance to the traditional fission procéss..\ _

In general, only the points of the potential-energy surface corresponding to the
solutions of the above equation are of intrinsic physical significance, because they
are invariant under a canonical transformation of the coordinates. However,
saddle-point shapes for fissility parameter values of x < 0.7 are strongly constricted
at the neck, so that the nascent fission fragments are already well defined in mass,

and a physical significance to the mass asymmetry parameter A;/(A4 + A,) can be

assigned. Then it is possible to consider a cut in the potential energy along the
mass-asymmetry coordinate passing through the fission saddle point, with the
propenrty that, at any point, the potential energy is stationary with respect to all the
other degrees of freedom. Each point is then a "conditional saddle point" with the
constraint of a fixed mass asymmetry. This line has been called the "ridge
line"11:17) in analogy with the term "saddle point". The general shape of the ridge
line depends on whether the fissility parameter lies above or below the Businaro-



Gallone point?3). This point corresponds
to the fissility parameter value at which
the symmetric saddle point gains/loses
stability against the mass-asymmétry
coordinate. For the liquid-drop model

this point occurs at xgg = 0.396 for zero

angular momentum. The properties of
the ridge line above and below the
Businaro-Gallone point are illustrated in
Fig. 1.

Below the Businaro-Gallone point,
the ridge line shows a single maximum at
symmetry. This is a saddle point of
degree of .instability fwo (the system is
unstable both along the fission mode and
As the

fissility parameter x increases above xgg,

the mass asymmetry mode).

this saddle point splits into three saddle
points. The symmetric saddle point is
stable with respect to the mass- asym-
metry mode (degree of instability one)

and is the ordinary fission saddle point.

VZ (Mc v)
Yield

asy

Fig. 1 Schematic ridge line potentials (solid
curve) and calculated yields (dashed curve) for:
a) a heavy CN above the Businaro-Gallone point;
and b) a light CN below the Businaro-Gallone
point as a function of the mass-asymmetry
coordinate (Zgy).

The other two saddles, of degree of

instability two, are also. called Businaro-Gallone mountains, and flank

symmetrically the fission saddle point. The incorporation of angular momentum

maintains essentially the same topology. Its main effect is to decrease the overall

heights of the barriers and to displace the Businaro-Gallone point towards lower

values of the fissility parameter.

4.2 Complex Fragment Radioactivity as a Very Asymmaetric Spontaneous Fission

Decay.

The explicit introduction of the mass-asymmetry coordinate in the problem of



complex fragment emission, resulting in the ridge line as a generalization of the
fission saddle point, leads, as a first application, to the theory of complex fragment
radioactivity. Let us consider the qualitative picture in Fig. 2 where the potential
energy |s shown as a function of the mass-asymmetry coordinate as well as of the
fission coordlnate (decay coordinate). The ridge line divides the compound
nucleus domain from the fission-fragment domain. A continuum of trajectories is
available now for the decay, from the easy path through the saddle point, to the
very arduous path reaching up to the Businaro-Gallone mountains, and down to

the progressively easier paths of more and more asymmetric decays, eventually

leading to a particle and nucleon decay.

ridge line of rue saddle
conditional saddles tru

fission mode

Mass asymm.

Fig. 2 Schematic potential energy surface as a.function of the reaction
coordinate and of the mass-asymmetry coordinate.

For spontaneous decay we can associate each path with the action mtegral
5@ = | Ip0idx = f[zu vz ax @

where |p(x)| is the modulus of the momentum along the fission coordinate x; u(Z)
and V(Z,x) are the inertia and the potential energy for each asymmetry Z; and a
and b are the classical turning points of the trajectory. Each path is chosen in a
way that satisfies the least action principle. The decay rate P(Z) can be written,



semiclassically, as

-25(2)
] (5)

P2) = w(2) exp[ 7
where w(Z) is the frequency of assault of the barrier for the asymmetry Z.

This simple expression accomodates the radioactive emission of any
fragment, provided that the process is energetically possible. Of course the strong
dependence of the decay rate on the barrier height tends to favor the emission of
very light particles on the one hand, and, for very heavy elements, spontaneous

fission decay. For light particle emission, shell effects play a dominant role. The

strong magicity of He accounts for the very pervasive a radioactive decay. The
recently observed?4-27) radioactive emission of '4C and 24Ne can be accounted
for in a very similar way by the very strong shell corrections associated with the
residual nuclei in the 298Pb region. Extensive discussions of this problem can be
found28-30),

4.3 Complex Fragment Decay Width.

The role of the ridge line on the emission of complex fragments can be
appreciated by observing that for x < 0.7 at all asymmetries, and for x > 0.7 over a
progressively reduced range of asymmetries, the nuclear shapes at the ridge line
are so profoundly necked-in that ridge and scission lines approximately coincide.
This means that, as the system reaches a given point on the ridge line, it is, to a
large extent, committed to decay with the corresponding saddle asymmetry. On
the basis of the transition-state theory one can write, for the partial decay width:'1)

I = **IE-B(Z) - 6
@z =5 fp 1B~ B(2) ke (6)
~ —L_ p* [E-B(D)dZ
21 p(E)

where p(E) is the compound nucleus level density, and p++[E —B(Z) - €] is the level
density at the conditional saddle of energy B(Z), which the system is transiting with

kinetic energy e.
Equation 6 can be further simplified as follows:
9



Q“[ —B( )] - B(ZyT
z p(E)

where T, represents the nuclear temperature calculated at an excitation energy
- - T2
E, = E-B(Z) = aT}. (8)

This means that the mass or charge yield mirrors the ridge line, being
characterized by high emission probabilities in the regions of low potential energy
and vice-versa. This is illustrated in Fig. 1 for'twc; systems, one below the
Businaro-Gallone point and the second above it. In the former case the yield has a
characteristic U shape, where the light wing is associated with very light particle
emission and the complementaryv heavy wing with the corresponding evaporation
residues. In the latter Case, besides the light and heavy wings observed in the
former case, one observes also a péeak at symmetry, which becomes more and
more prominent with increasing fissility parameter x, and which can be identified as
the fission peak.

In the limit in which the conditional saddle and scission points can be
considered degenerate, one can develop also a theory of the complex-fragment
kinetic energy and angular distributions.

4.4 A Transition State Formalism for Thermal Spectra

In the case of neutron emission, the kinetic energy spectra can be easily
calculated, since the velocity of the system at the conditional saddle corresponds
closely to the velocity of the neutron at infinity. This is not quite the case for the
emission of a charged complex fragment, for which the kinetic energy at infinity
comes from a variety of sources. Besides the velocity along the decay coordinate, |
one must also consider the potential and kinetic energies associated }with other
modes, which end up nonetheless as translational kinetic energy of the fragment at
infinity. It is not difficult to develop a formalism that takes into account some of
these effects in a statistically consistent way.

We can write down the complex-fragment decay rate in terms of the normal
modes about a "saddle point" in a suitable deformation space.'!:17) This saddle
point could be searched, forinstance, among the shapes corresponding to the
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complex particle in near contact with the
surface of the residual nucleus, which in
turn can assume a variety of deform-

ations.

ii) non-amplifying mode:

Pedagogically, it is helpful to con-
sider a sphere-spheroid model where the
srﬁaller spherical fragment is in contact
with a larger spheroidal fragment of
variable eccentricity. The relevant collec-
tive degrees of freedom can be cata-
logued as shown in Fig. 3 in the
framework of the sphere-spheroid model.

The first class of degrees of freedom
includes only the decay mode, which is
unbound and analogous to- the fission
mode.
~ The second class includes' the
non-arﬁplifying modes whose excitation
energy is directly translated into kinetic
energy at infinity without amplification.
Two such modes could be, for instance,
the two orthogonal oscillations of the
particle about the tip of the "spheroidal”
residual nucleus. With these two modes,
the particle can explore the whole
distribution of Coulomb energies as-
sociated with a given deformation of the
residual nucleus.

The third class corresponds to the
amplifying modes. In these modes the
total potential energy remains rather flat
about the minimum, while comple-

mentary substantial changes occur in the

11

i) decay mode:

—_

9

Fig. 3  Schematic representation of the three

kinds of normal modes at the conditional saddle
point, which control the kinetic energy at infinity.

Q.

iii) amplifying mode:

/

.
@

Compound nucleus ®2'2po
Frogment 20N,
Tz 2.26 MeV
\w -
- / 1%
! -184
56— p
- i . —82
54l ! 1
- 1 -180
~ R ~\ 2% 1
3 — === F=—={78
3 50} : )
_ -176 2
2 uL : - 2
L : 74~
46— 1 4 F]
g 72 >8
44 4
-7
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-{66
A L b
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€
Fig. 4 Potential energy and Coulomb

interaction energy as a function of the
deformation of the large fragment
(sphere-spheroid model). The thermal
fluctuations about the ridge point result in larger
amplified fluctuations in the Coulomb repulsion
energy.11)



Coulomb and surface energies. As shown in Fig. 4, an oscillation about this mode
involving an amount of energy on the order of the temperature T, corresponds to a

variation in the monopole - monopole term of the Coulomb energy
2

cT
AE, = w = 2‘/pT (9)

where the coefficients ¢ and k are defined by the quadratic expansion of the total
potential energy associated with the deformation mode z:

V(z) = B, + k22 - (10)
ahd by the linearization of the Coulomb energy along the same mode:

Ecout = E%out - €2. (11)
The quantities B,, E%,, €, k and p are defined at the minimum of the total potential

energy with respect to the deformation mode, and are, as a consequence,
saddle-point quantities. Because of its role, illustrated in Fig. 4, p is called the

"amplification parameter”. An input thermal noise of the order of the temperature T
is magnified in accordance to Eq. 9 and Fig. 4 giving an output kinetic energy
fluctuation much greater than the temperature. This effect is probably responsible
also for the great widths of the kinetic energy distributions in ordinary fission.

We are now going to consider three specific cases. The first and simplest
deals in detail with only one decay mode and one amplifying mode. The decay
‘width becomes:

2
ez dedz = e & dedz . (12)
Remembering that the final kinetic energy can be written as:
E=El, 6 -Cz+¢ (13)

we can rewrite the decay width as follows:

)2
I(e,2) o exp -[EM] , (14)
T
wherex = E-E%_ .

The final kinetic energy distribution is obtained by integrating over &:

o2
P(E) jexp -[————H()fre) /p]de (15)
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or

£ .2 2E? +p
PE)=12mpT) 2 e e ' erf] —U_ l 1/2] . (18)

This formula elegantly allows for the following features:
1) The particle is emitted from the deformed saddle point configuration.
2) Shape fluctuations with the associated Coulomb fluctuations are
accounted for in a statistically consistent way.
The addition of twg harmonic non-amplifying modes (potential energy only) like
those illustrated in Fig. 3 or of gne non-amplifying mode (potential + kinetic energy)

leads to a more general expression:

2
Tez) o e[exp [_e_t_gx?f_)_/_p” , (17)

which, after integration over ¢ gives:

2% - p o 2E0 + p o p-2x]
— a2l 172

(in)IIZ_ % '% 2 2(pT)”2 2(pT)
—e ¢

2 2 2
T 0 -2

LN e)(p_l(ZE +p) _exp_[(p x)]

n 4pT 4pT

P(E) = .(18)

This formula not only portrays the same features as that derived previously, but
also allows for emission of the particle from any point of the surface (if the Coulomb
potential is assumed to vary quadratically as the particle moves away from the pole
toward the equator of the residual nucleus). It is not unexpected, but interesting, to
notice that Eq. 18 does not depend on any parameter assocnated with the potential
or kinetic energy of the non- amplifying modes, but depends only on their number.
- In this way the problem of the integration over the Coulomb field at the nuclear
surface is elegantly bypassed.

One can extend the derivation of these equations to a greater number of non
amplifying modes'?). The general shapes predicted by these equations depend

on the parameter p which is essentially a surface-Coulomb parameter.

In the limit of large p, these equations become of the form p(x) = exp[-x2/pT]. which

13



reminds us of the Gaussian Kinetic energy distributions observed in ordinary
fission. Another pleasing feature of these equations is the limit to which they tend

for p=0:

P(E) < e E/T and P(E) < EeE/T, (19)
Therefore the evolution of the kinetic energy spectra from Maxwellian-like to
Gaussian-like as one goes from "evaporation” to "fission" is naturally predicted in
this model. The latter form is the standard "evaporation” expression for the neutron

spectra.
4.5 Arnular distributions

Continuing the generalization of the fission process to-complex fragment
emission, the angular distributions for the emitted particles can also be derived.
The ridge-line configurations, for the great méjority of cases, can be identified with
the scission configurations. Furthermore, the disintegration axis and the symmetry
axis of the systems at the ridge line should appfoximately coincide. As a

consequence, the projection K of the total angular momentum I on the
symmetry/disintegration axis should remain constant from the ridge point to infinity.
Such a condition implies a relationship between the total angular momentum and
the orbital angular momentvum of the two fragments, thus determining the final

angular distribution. In fission theory, the assumption of constant K from saddle to
infinity is somewhat dubious, especially for very heavy elements, due to the
complicated dynamical evolution leading from saddle to scission. In the present
case, the closeness of the ridge and the scission points should make the theory
work even better than in fission.

The differential cross section can be written as follows:11)

Imax +l
! (K)

do _ Jdlo JdK —w @), (20)
dQ I I‘l K

0 -1 T

where
o 22 K2 '

= —f—— -ﬁ_l -1 _ g1 -—_
r}(K) = o exp“[@ o (37 Sc)] exp[ 2K§] . (21)



-t

Here oy is the reaction cross section for the I-th partial wave, and W‘K (8) can be

written in the classical limit as:
21+ 1

I oC
WK(G) o
sin @ —
12

In Eq. 21, 3_ is the compound nucleus moment of inertia; K2, is the standard

(22)

deviation of the statistical distribution of K-values and is given by:

Kg = %ff T/ﬁ2 . (23)

The quantity 3, is related to the principal moments of inertia, 3,and 3 , of the

~ system at the ridge line by the relation:

1 _ 1 _1 (24)

It is worth considering that, at fixed temperature T, the width of the K-distribution

becomes broader as the ridge configuration becomes more compact.

If one assumes that I‘f = [', the integration over K of Eq. 20 gives:

I 12 sin’0 2 sin’0
max  2Idiexp| - 4K2 4K2

W(0) o J - (25)
g exp ( BIz)

In this expression [ is the modified Bessel function of order 0 and

2l |

3., being the moment of inertia of the residual nucleus after neutron emission.

One can expand the denominator to second order:

eP? ~ 1 4pI2. | | (27)
In many cases, for large temperatures, such an expansion ought to be adequate
even at rather large angular momenta. Then the angular distribution becomes:

15
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2 21 (8,00 L(s
axexp(-smax)[l(s L= 2 .(28)

W(0) exp(-sm)[IO(snax)" Il(smax)]+ 5 0 max) 3 3

where s = I’sin20/4K?,, smax = I“max Sin20/4K?, and I , 1, I, are the modified

Bessel functions of order 0, 1,2. This expression has two interesting limits: as g =

.

I,,../4K?, tends to infinity (either because K2 tends to zero or because I__

becomes very large), one obtains:

, 1
lim  W(®) o . 29
0. WO sin 6 (29)

On the other hand, as g — O (either because I = 0 or Kzo — o) one obtains:

Iém W(0) = constant. (30)

0
These limits represent the two extreme cases for the coupling between the total
and orbital angular momenta. The coupling is maximum in the first case and zero
in the second case. It is amusing to note that Eq. 28 gives reasonable predictions
for the angular distribution of neutrons as well. The ridge-line configuration for
neutron emission is represented by a neutron just outside the nucleus. The
principal moments of inertia can be approximately expressed as follows:

3, ~ 3, 3, = S+ pR?, (31)

where 3 is the moment of inertia of the residual nucleus, u is the reduced mass of

the neutron-nucleus system and R is the distance between the neutron and the
nucleus when they are in contact.
The normalized angular distribution to first order takes the form:

' <E.> ,R?
W(90) 2 T 3

where <ERr> is the mean rotational energy of the nucleus. The same normalized

distribution has been obtained by Ericson3') from a more conventional evaporation

theory.
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5. EXPERIMENTAL EVIDENCE FOR STATISTICAL BINARY DECAY

5.1 Compound Nucleus Emission at Low Energies.

In the midst of a confusing
experimental situation at intermediate
energies, made even less clear by a
variety of theoretical claims and
counterclaims, a descent to lower
energies helped to clarify at least one
point, namely the CN emission of
complex fragments. The reaction chosen
for this purpose, 3He + Ag, presented
several advantages.®:10) On the one
hand, the very lightness of the projectile
eliminated a source of complex frag-
ments otherwise present with heavier
projectiles, namely projectile fragmen-
tation. On the other hand, the reaction
Q-value helped to introduce a good
amount of excitation energy with a
moderate bombarding energy.

The excitation energy of the CN
ranged from 50 MeV to 130 MeV, the

lower limit being barely 10 MeV above

the highest barriers. Complex fragments
were detected with cross sections
dropping precipitously with decreasing
energy. Their kinetic energy specta
resembled closely the shapes predicted
by the theory illustrated above. In parti-

Bt e R

e + nnxAg — 110-112

(x1073)

109+ N

107+

oz(mb)

10‘2(

1073

1074~

10—5:!Alx1.lr1ri;
0 20 40 60 80 100 120 140

Ecm, MeV)

Fig. 5 Dependence of the total integrated
cross sections (symbols) for emission of
complex fragments on the center-of-mass
energy, E¢ m., in the reaction 3He + "alAg. The

curves are compound nucleus fits to the data.!0)

cular, the shapes evolved from Maxwellian-like for the lowest Z values to Gaussian-

like for the highesi Z values.
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The essentially binary nature of the ©

LI

decay, its angular isotropy, and the extent

Liquid-drop mecel

T

TrT

of energy relaxation speak suggestively

of CN decay. However, the crucial proof ~ *°

IIVIIII!I

is given by the measurement of excitation

'Ill

functions extending down almost to the 30
threshold. These excitation functions,

shown in Fig. 5 are very similar to the

20
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fission excitation functions. They demon-

Fission barricr -height (MeV)

strate once and for all, with their rapid
' 10

\EA I 3 :.I.\ TTYT

TITY

rise with increasin'g :energy, that these
fragments originate from CN decay and

2

compete, in their emission, with the major 0 b 5 -
decay channel, namely neutron emis- Fragment charge Z
sion. . ‘

The CN fits shown in the same
figure, on the one hand demonstrate conditional fission barriers as a function of the

I - lighter fragment charge for the fission of 111In.
quantitatively the agreement with the CN 1,5 gxperimental values are obtained from the

hypothesis, and on the other allow one to fits in Fig. 5 'The calculated curves for the liquid
~drop and finite-range models are shown. The
extract the conditional barriers. The dotted portions of the curves are extrapolations.
extracted barriers are presented in Fig. 6 ,
together with two calculations.22) The standard liquid-drop model fails drama-
tically in reproducing the barriers, while the finite-range model, accounting for the
surtace-surface interaction (so impbrtant for these highly indented conditional
saddle shapes) reproduce’s the experimental values almost exactly. This is a most
important result, since it determines with great precision crucial points in the
potential energy surface and lends confidence to a model that can be used to
calculate the same potential energy landscape.’ The oscillations seen in the data
are bigger than the experimental érrors and are believed to be due to shell effects
associated with the conditional saddle shapes. '
Additional studies at low energies demonstrated the role of the potential
energy along the ridge line.32) As was shown previously, the charge distribution is
U shaped or has an additional maximum at symmetry depending on whether the

18
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system is below or above the Businaro-
Gallone point. The three reactions 74Ge +
9Be, 93Nb + 9Be and '3%La + %Be studied at
8.5 MeV/u produce CN well below, near,
and well above the Businaro-Gallone
point, respectively. The observed frag-
ments are emitted from a source with CN
velocity and are characterized by center-
of-mass Coulomb-like energies. Their
charge distributions are shown in Fig. 7
together with the corresponding com-
pound nucleus calculations. As expected,
the U-shaped distributions prevailing at or
below the Businaro-Gallone point as
exemplified by the 74Ge + °Be and %Nb +
9Be reactions, develop in the case of the
heavier '3%La + °Be system a central peak,
characteristic of systems above the
Businaro-Gallone point. The solid curves
in the same figure represent calculations
based on the CN hypothesis.

X +98e

=75 i
9L 7.5
0! .
i
S
1072 ﬂl
.Qi -
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o 107 -
°
1073 .
- Nb( + 109)
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ool 1o 1 ]
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Fig. 7  Center-of mass cross sections32) for
products from the 8.5 MeV/u 74Ge, 93Nb, 139La

+ 9Be systems detected at 8, = 7.59. The
solid line is a compound nucleus calculation of
the fragment yield at 6 , =30°. The arrows

indicate the entrance-channel asymmetry. Data
below Z,4y = 0.15 were not obtained for the

1393 + 9Be system, because of the limited
dynamic range of the telescope.

6. COMPOUND NUCLEAR EMISSION OF COMPLEX FRAGMENTS AT HIGHER

- ENERGIES

The existence of a CN mechanism
detail.2:10) Could the fragments observed
mechanism?

at low energies has been proven in
at higher energies arise from the same

In experiments up to 100 A MeV,33-39) we have been able to identify three

kinds of sources of complex fragments, which turn out to be rather conventional.

The three sources are:
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‘1) Quasi-elastic/deep-inelastic scattering.

2) Spectators in incomplete-fusion processes.

3) Hot compound nuclei.
The first two sourées produce fragments which are target and/or projectile related.
The third is just the high energy version of the low energy CN decay. How can
these three sources be distinguished? We have found that reverse kinematics and
very asymmetric target-projectile combinatiohs are particularly useful for a series of
reasons. The principal reasons are: 1) the quasi-elastic/deep-inelastic processes
are confined to both low and high Z-values, whereas the incomplete-fusion
spectators are confined to low Z-values leaving uncontaminated the intermediate
Z-range for CN products; 2) The associated limited range of impact parameters
leads to a correspondingly narrow range of momentum transfers and consequently
to a small range of source velocities; 3) Reverse kinematics brings all the
fragments into a relatively narrow forward cone and boosts their energy, thus
greatly simplifying their detection and identification. .

The evidence of the CN origin of 18MeV/iu Nb + Be
these fragments can be seen in Fig. 8,

where the cross section in the Z - velocity N B * 8°
plané is shown3%) for the reaction 18 A '
MeV 93Nb + 9Be at two different angles. ]
The two Ieg.s ~of the lambda pattern 10:

représent the upper and lower solutions 7

. . . . ] v 4 B, = 48"
in reverse kinematics associated with the c0

binary decay of the source, and cor-

304

respond to the Coulomb circles visible in

204

the v|, - v, plane for each Z value in Fig. 9 ' 0

for the 18 A MeV 138La + 12C reaction.36) L

05 10 s

The telltale signature of a binary decay is Velocity | Beam Velocity

not only the presence of a sharp _ ' .
Fig. 8  Contours of the invariant cross section

Coulomb circle, but the fact that its radius in the Z - velocity plane for complex fragments
emitted from the 18 MeV/u 93Nb + 9Be reaction

at 6),, = 4.6° and 89. The "big foot" visible at

required by momentum conservation. low velocities for Z < 10 is attributed to
quasi-elastic and deep-inelastic products.

decreases with increasing Z value as
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The large cross sections observed at low
Z values and attached to the low velocity
branch (see Fig. 8) are associated with
quasi-elastic and deep-inelastic pro-
ducts. The choice of very asymmetric
target-projectile combinations shows
here its wisdom. The more symmetric the
target-projectile combination is, the more
extensive the obscuration of the CN
component by quasi-elastic & deep-
inelastic fragments is expected to be.39)
The centers of the circles give the
source velocities which are remarkably
independent of the fragment 2Z
value33-39) and correspond to either
complete or incomplete fusion of the light
target with the heavy projectile. The
nearly linear dependence of the radii of
the circles on the fragment Z-value
demonstrates their Coulomb origin.33-39)
The cross sections and their
dependence upon energy and fragment
Z-value are of particular importance to
demonstrate their CN origin. When a CN

is about to decay, it is offered many

channels which will be chosen propor-

E/A = 18 MeV %4 + 12¢

;
§ 02 ;
l
SN [z-35
Tl QK ) I &D
o8} NG {
06} Ny & L
04} " L .
02t ' : |
°[Z=720 'z -0 i

o
S
\
|
SRR RS VEIUD FOSES S

-%8-0.6-0.440.2 0 0204 0608-06-0402 0 02040608
V_l_/v beam

Fig. 9 Contours of the experimental cross
section36) 32a/aV,,aV | in the V,, - V  plane for

representative fragment Z-values detected in
the reaction 18.0 A MeV 13%La + 12C. The beam
direction is vertical. The dashed lines show the
maximum and minimum angular thresholds and
the low velocity threshold of the detectors. The
magnitudes of the contour levels indicated are
relative.

tionally to their associated phase space. In particular, neutron, proton, and

alpha-particle decay, because of their small associated barriers, are the dominant

decay channels with which complex fragments must compete. Thus, the cross

section associated with the emission of any given fragment reflects this

competition. In Figs. 10 & 11 an example of the absolute charge distributions are

given, together with calculations performed with the CN decay code (GEMINI)35

which follows the decay of the CN through all the channels including complex
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Fig. 10 Comparison of experimental and calculated charge distributions for the 23Nb +
9Be reaction at E/A = 11.4, 14.7, and 18.0. The experimental data are indicated by the
hollow circles and the values calculated with the code GEMINI are shown by the error bars.
The dashed curve indicates the cross sections associated with classical evaporation residues
which decay only by the emission of light particles (Z < 2). Note the vaiue of the excitation
energy (E ) corresponding to complete fusion and the value of Jyjgx assumed to fit the data.
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Fig. 11 Same as Fig. 10 except for E/A = 25.4

and 30.3.
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Fig. 12 Scatter plots of the coincidence
events, Z4 - Zp, detected in two telescopes on

opposite sides of the beam, for the 139La + 12C
reaction at 50 A MeV. The hatched area is the
predicted locus of events after correcting for
sequential evaporation from the primary
fragments. The distribution of the sum of the
charges (Z4 + Zo) is shown in the inset.
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fragment emission. The code accurately reproduces the shape, magnitude, charge
and energy dependence of the absolute cross sections, thus confirming CN decay
as the dominant mechanism in this energy range.

Coincidence data confirm the binary nature of the decay. The Z, - Z, scatter
plots (see Fig. 12) show the diagonal band characteristic of a binary decay. The
hatched area is the predicted locus of events after correcting for sequential

evaporation from the primary fragments. The spectrum associated with the sum Z,
+ Z, shows a rather sharp peak very near the value of Zy;, indicating that there is

only a small charge loss and that most of the total charge available in the entrance
channel is found in the two exit-channel partners. |

In more recent experiments, we have been able to follow the evolution of
complex fragment emission up to 100 A MeV in the reactions 13%La + 12C, 27Al.

The Z, - Z, correlation diagrams at 18, 50, 80, 100 A MeV are shown in Figs. 13

and 14 while the corresponding Z4 + Zo spectra are shown in Fig. 15 & 16. In the

60 1 100 MEV/U LA + C - Z1 VS 22 -1 80 MEV/U

20 ..

I

60 50 MEV/U 1 18 MEV/U

20 7

Fig. 13  Z4 - Z» correlation diagrams for the reaction 139La + 12C at 18, 50, 80 & 100 A MeV.
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case of the 139La + 12C system, the correlation diagrams show the characteristic
band of;a"?ﬁproximately constant Zy + Zo up to 100 A MeV. This band is very narrow

at 18 A MeV and becomes progressively broader with increasing bombarding
energy, but remains still quite distinct at 100 A MeV. The correspondivng sum
spectra show a peak that is progressively shifted downward from charge values
near that of complete fusion and is correspondingly broadened. Presumably the
downshift and the associated broadening arise from both incomplete fusion and
sequential evaporation.

In the case of the 13%La + 27Al system, the correlation diagrams show a distinct
binary band up to 50 A MeV. At 80 and 100 A MeV, one observes a progressive

filling of the low Z4, Z5 area, indicating that the binary correlation is progressively
spoiled. The corresponding sum spectra show a reasonably sharp peak up to 50 A

MeV, which broadens and extends towards the low charge region at the highest
energies.

60 -| 100 MEV/U LA + AL - 21 VS 22 1 80 MEV/U

60 ] 50 MEV/U ) -] 18 MEV/U

Fig. 14  Same as Fig. 13 for the reaction 139(a + 27A\.

24

F) Al



- The general impression is that a progressively larger amount of excitation
energy is brought into the systems with increasing bombarding energy, and that the
energy deposited at the same bombarding energy is larger for the heavier target.
At the lower energies, binary decay dominates and is progressively substituted by

s multifragment decay at the higher energies.

The evidence presented above is but a small sample of the evidence available
for CN emission of complex fragments at bombarding energies up to 100 A
MeV.33-39) We have seen that binary decay dominates the picture at the lower
energies, while multifragmentation seems to set in at higher energies. Does that
mean, automatically, that the role of the CN is over? Most likely not!

100 MeV/u
" E" = (657) M

100 MeV/u

i E° = (280) MeV ] .
g * e e e o ]
' Ot 80 \ / '
L MeV/u
V. 1 i
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2 b i h
3 L [72] ~ e
‘g ] \ E + + + + + .
5 ! =1 i ' )
Q i 50 MeV/u T 8 50 MeV/u
© T E® = 280 £ 80 MeV 1 E® = (657) MeV .
P - -
SN - > - > ,‘ ‘ | *.
i 18 MeV/u I 18Mevu -
" E* = 172 £ 30 MeV ) P £ = 366 + 60 MeV
1
O 10 20 30 40 60 60 70 O 10 20 30 40 50 60 70
2+ 2, Z,+ 2,

Fig. 15  Zy + Zp spectra corresponding to the Fig. 16 24 + Zp spectra corresponding to the

correlation diagrams in Fig. 13. The Z values correlation diagrams in Fig. 14.
indicated by the arrows and the excitation

energies are obtained from the Viola

systematics.40
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7. MULTIFRAGMENTATION AND NUCLEAR COMMINUTION

Most of the €vidence presented so far illustrates the emission of complex
fragments througﬁ"?binary CN decay. If there is enough excitation energy available,
the primary binary-decay products are also very excited and have a significant
probability of decaying in turn into two fragments. In this very conventional way,
one can foresee one possible explanation for several fragments in the exit channel
(multifragmentation), namely several sequential binary decays. At high energies,
these multifragment events may be responsible for a substantial background to
other predicted multifragmentation mechanisms. | |

This process of sequential binary decay, controlled at each stage by' the CN
branching ratios, we call "nuclear comminution".8 The limitations of this process
are of two kinds: extrinsic and intrinsic. \

The most obvious extrinsic limitation is the ability of the system to form a CN.
In other words, the relaxation times associated with the CN formation may be too
long when compared to.the dynamical times leading the system to a different fate.
Limitations of this sort are of course shared by all other multifragmentation modes
involving an intermediate relaxed system.

The intrinsic limitations are associated with the aspect of sequentiality. Should
two sequential binary decays occur too close in space-time, they would interact to
an extent incompatible with the definition of sequentiality. In this case one may be
lead to favor models in which fragments are formed simultaneously. Nonetheless,
it may be possible to extend the sequential binary model to situations in which the
interaction between two successive decays is only strong enough to perturb the
arigular distributions. The decay probabilities are overwhelmingly affected by the
level densities of the corresponding final states. These level densities arise almost
completely from the intrinsic degrees of freedom. The collective degrees of
freedom on which the angular distributions depend hardly contribute to the level
~ densities. Therefore, one can observe a multifragment pattern, whose branching
ratios are still clearly binary, while the angular distributions may be substantially
perturbed.

The lesson to be learned from these considerations is that the best way to
establish the underlying mechanism of a multifragmentation process is to study the
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excitation functions of binary, ternary,
quaternary events, which of course reflect
the energy dependence of the branching
ratios, and not to be troubled too much,
should the angular distributions indicate
multifragment interaction.

The calculations of the resulting
mass distributions are trivial although
tedious and time consuming. We have
tried to simulate the process by assuming
a potential energy curve vs mass
asymmetry (ridge line) with a maximum
value of 40 MeV for symmetry and 8 MeV
for the extreme asymmetries. The
primary yield curve is taken to'be of the
form:

Y(A) = Kexp[-V(AYT(A)]. = (33)
Each of the resulting fragments is

“assumed to have a similar ridge line, a

properly scaled temperature, and is
allowed to decay accordingly, until all the
excitation energy is exhausted. For a

- series of initial excitation energies, the

resulting mass distributions are shown in
Fig. 17. The log-log plots show an
exquisite power-law dependence for the
low mass fragments. At excitation
energies of about 400 MeV, the
exponents (see Fig. 18) are around 2.3 -
2.4 which, incidentally, are very close to
the value expected for the liquid-vapor
phase transition at the critical temp-

erature. This result shows that a power-
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-1
10 - -
s )
0?2 E=200 Mev
E 10.3 E=100 Mev
g 0™ r
-8
0 L -
L J
-6
0 [ -
107 IR N SN
0 1 2 3
10 10 10 10

MASS

Fig. 17  Theoretical mass distributions from
comminution calculations of the dexcitation of a
CN with mass 150 at several excitation energies.
Notice the power-law behavior at small masses.

SLOPE VS ENERGY

7. j T | BE— T T

O.. i 1 1 1 1 |
0O 100 200 300 400 500 600 700

ENERGY (MeV)

Fig. 18 Exponent of the power-law depen-
dence as a function of excitation energy.

27



law depenqgnce is not a unique diagnostic feature of liquid-vapor equilibrium, but
rather is a’ﬁ"jfép‘parently "generic" property arising even from sequential binay decay
or comminution. A more realistic calculation with the statistical code GEMINI leads
to similar results.® |

The code GEMINI generates complete €-ents on the basis of standard
compound nucleus branching ratios. Examples of events with three and four
complex fragments plus a multitude of lighter particles are illustrated in Figs. 19a &
19b. Of course, the analysis of individual complete events does not reveal the
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Fig. 19a An example of a sequential multifragment (4-body) event from the compound
nucleus 145Eu (Lmax = 60 . Ex = 600 MeV) as calculated by the statistical model code
 GEMINL. Evaporated neutrons and light charged particles (Z <2) are shown by the ﬁl!ed and
open circles, respectively. Residue nuclei and complex fragments are labelled by their mass

and charge numbers.
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"statistical" nature of the branching ratios. Little can be said concerning the fact that
the first "binary" decay is in one case occuring at the beginning of the cascade and
in another quite late in the cascade after the emission of a multitude of light
particles. Nor is the selection of these "particular” events among a plethora of
ordinary binary decays conducive to an appreciation of the underlying statistical
processes. These can be appreciated more directly in the excitation functions for
events with one, two, three, etc. fragments in the exit channel, like those pldtted in
Fig. 20. Here one can get, at a glance, a "qualitative" feeling of the statistical

competition beside the direct quantitative predictions. In view of the uncertainies
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Fig. 19b An example of a sequential multifragment (3-body) event from the compound
nucleus 145€u (D'max = 60 f, Ey = 900 MeV) as calculated by the statistical model code

GEMINIL.
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in the barﬁers used in the calculations, plus the fact that the temperature
dependénc‘é' of the barriers themselves has not been included, the qualitative
dependence of'the branching ratios upon energy may be the most important lesson
‘to be derived from this exercise.
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Fig. 20  Proability of producing exactly one, two, three, etc. fragments a) with A>4, b)
A>10 as a function of excitation energy for the compound nucleus 145gy ( Q'max = 60 f).

8. STATISTICAL y-RAY EMISSION

High energy y rays associated with intermediate-energy heavy ion reactions
were studied initially in order to observe the theoretically predicted "coherent
bremsstrahlung"41:42) associated with the collective deceleration of the two
partners in the collision. Nature's lack of cooperation forced the interpretation of
the data back to the less exalted "incoherent nucleon-nucleon
bremsstrahlung"41:42) which had at least the glamour of being associated with the
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entrance channel. This interpretation is probably correct in many cases. However,
in reviewing the data available in the literature, we were struck by the possibility

that some of the high energy y rays could come from some excited CN present in
the exit channel. Unfortunately in all of these experiments the exit channels were
too poorly characterized to permit any serious analysis of this sort. _

Eventually we found an experiment, 190Mo + 190Mo at 20 A MeV,*3) where the
exit channel was very well characterized. In this reaction the two nuclei undergo a
deep inelastic collision. The dissipated energy, which may amount to as much as
800 MeV (400 MeV for each fragment!), is disposed of mainly by sequential
light-particle emission. This emission is a true evaporation from the two deep

inelastic fragments and has been studied in detail as a function of exit channel
Data from "3-body"

1p'e+0

100640 |

Pi(1 - P)

1g-1e+0 L

192040

10-3e+0 . N
00s 0.06 0.07 0.08 0.09 0.10 0.1

Fig. 21 Dependence of the relative three body emission probability P upon excitation
energy for the reaction 190Mo + 100Mo at various bombarding energies®). The linearity of
this particular plot suggests statistical emission.
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kine_t'}_i;é;-.-energy.s) At times these excited
frag'ﬁights emit complex fragments giving
rise to a 3-body and a 4-body exit chan-
nel.8) This emission is also statistical and
is in competition with the main decay

channels like n, p, and a particle emis-
sion as can be inferred from the proba-
bility of 3-body decay as a function of
dissipated energy. From this depen-
dence, we can see whether we are
dealing with a statistical process. A plot
of the log of the probability vs fragment
excitation to the -1/2 power should give a
linear dependence. This is very clearly
visible in Fig. 21, where the data were
taken from three different bombarding
energies for the same reaction. All this is
to prove thatthere are honest-to-
goodness CN in the exit channel which

decay as such, not only insofar as the

common n, p, and o particle channels are
concerned, but also with respect to the
more exotic complex fragment emission

as well.

Coming back to y rays, the experi-
ment measured them up to 60 MeV of
energy and for 10 bins of total kinetic

energy loss. The ungated y rays look
very much like those measured in other
reactions and interpreted in terms of
nucleon-nucleon bremsstrahlung. How-
ever, when these spectra are gated with
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Fig. 22 Gamma-ray spectra for three different
bins in total kinetic enegy loss (TKEL). The solid
curves represent statistical model calculations.
The dotted curve is obtained in the same way as
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cross section.
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different bins of total kinetic energy loss
(TKEL), a very surprising picture
emerges, suggesting an exit channel
rather than an entrance channel origin.

In Fig. 22 three spectra are shown
covering the TKEL range of the experi-
ment. Notice how the high excitation
energy bin is associated with the stiffest

v-ray tail while the low excitation energy
bin is associated with the softest. In Fig.
23a this is shown better by plotting the
slope parameters vs the TKEL. The
square root-like dependence is very
suggestive and one is tempted (and
should be!) to interpret the slope
parameter as a temperature. Similarly,
the integrated multiplicites with two
different lower bounds of 15 and 30 MeV

y-ray energies shown in Fig. 23b, when
plotted vs the fragment excitation energy,
reveal a dependence typical of CN
decay.

This evidence does not come totally
unexpected. We know that there are two
CN in the exit channel. We know that
they decay as such by light particle emis-

A 1 1 1 1 | 1 1 !

0 200 400 600 800
TKEL [MeV]

Fig. 23 a) "Temperatures™ of Boltzman fits to
measured (open circles) and calculated (stars)
gamma-ray spectra. The solid line denotes the
primary temperature of the fragments which has
been caiculated from the energy loss.

b) Experimental and theoretical muttiplicities of
hard photons with energies > 15 (squares) and 2
30 MeV (circles), respectively. The different
lines are the result of a statistical model calcu-
lation and show the first chance contribution
(dotted line), the sum over all generations (solid
line) and the effect of the experimental binning
of the excitation energy (dashed line).

sion and by complex fragment emission. Why should they not decay by y-ray

emission? Perhaps there are additional sources for the y rays, like incoherent

bremsstrahlung, etc., but we know for sure that those compound nuclei muyst emit v

rays. So let us calculate this emission. We can calculate the y decay width in an

"almost” model independent way from detailed balance and the inverse cross
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section:

e ) 8n
Ple)= —*— = —5—— o )p(E-¢ )¢ (34)
Y H Chp(E) Y Y 0
-e/T
= — 5 o€ Yele i . (35)
ch Y v

The inverse cross section is fairly well known experimentally. In the low energy
region between 6 - 20 MeV, it is dominated by the giant dipole resonance, while
above that the quasi deuteron mechanism prevails. The temperature T can be

calculated from the excitation energy as Ey = aT2. In the actual decay, y emission

competes with n, p and o particle emissions which can be calculated in a similar

fashion. In this way we can generate the "first chance" y-ray emission probability vs
excitation energy:
F(sy) _ I“(ey)

I‘T I+ I‘p +vl“a + ...

P ()= 36
| v &) (36)
At this point one proceeds trivially to calculate the 2"d, 37d etc. chance emission
probability. The overall sum can be compared with experiment. In Fig. 22 we see

that this calculation reproduces the spectra from 15 MeV y-ray energy up to 60 MeV
almost perfectly for all the energy bins, both qualitatively and quantitatively. The
slope parameters can also be compared with the data. This is shown in Fig. 23a
and again the fit is essentially perfect. The solid line in the figure represents the
calculated initial temperature. The actual slope parameter is somewhat smaller

due to the substantial presence of higher chance emission at the highest energies.

Similarly the integrated y-ray multiplicities are equally well reproduced by the

calculation, as can be seen in Fig. 23b. The inescapable conclusion is that all of

the y rays observed ekperimentally éctually come from the.statistical emission of
the fragments. No room is left here for any other mechanism!

Somebody might object by saying, and perhaps by showing, that "other"
theories fit the data almost as well and that there is no reason to choose one
"theory” over another. The point is that our calculation is really no theory to speak
about. We know that there are two CN in the exit channel, emitting light particles
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and complex fragments, because their decay products have been measured and
their statistical properties verified. Therefore, we know that these CN must also

emit y rays. All we have done is to calculate, as it were, the "background" y rays
coming from CN decay. Any other "theory" can be tested only after this
"background" has been subtracted. In this case nothing is left and the matter is
settled.

It would be interesting to check how much of the 70, nt production in
intermediate heavy ion reactions can be explained in terms of emission from the
CN present in the exit channel. Unfortunately, this will have to wait for more
complete experiments, although it is an easy guess that, in certain low energy

reactions, the CN contribution may not be negligible and must be evaluated.
9. CONCLUSIONS

From this brief discussion, one can conclude that compound nuclei, which
dominate reactions at low energies, still play a big role at intermediate energies.
The increase in excitation energy enhances processes that were very improbable
at low energies, like the emission of complex fragments and high energy gamma
rays. Also, the larger excitation energy available permits extensive sequential
emission of complex fragments, thus simulating true multifragment exit channels.
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