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Complex Fragment Emission
from
Low Energy Compound Nucleus Decay to Multifragmentation

L. G. Moretto, K. X. Jing, L. Phair, K. Tso and G. J. Wozniak
Nuclear Science Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720

Abstract: In the first of these lectures, the experimental emission probabilities
of complex fragments by low energy compound nuclei and their dependence
upon energy and Z value are compared to the transition state rates. In the
second part, the high energy multi-fragment emission probabilities are shown
to be reducible to the single fragment emission probability through the binomial
distribution. The extracted one-fragment emission probabilities have a thermal
dependence of the form p = e-B/T. This suggests that multifragmentation is a
sequence of thermal binary decays. -

A. Transition State Rates and Complex Fragment Decay. Widths

The rates for fission decay, as well as for chemical reactions, are calculated most often
by means of the transition state method[1]. In this approach, the reaction rate is equated to
the flux of phase space density across a "suitably” located hyperplane normal to the “reaction
coordinate". The "suitable" location is typically chosen at a saddle point in collective
coordinate space, which corresponds to a bottleneck in phase space. A smart choice of the
transition state location should minimize the number of phase space trajectories doubling
back across the hyperplane.

The surprising success of the transition state method has prompted attempts to justify
its validity in a more fundamental way, and to identify regimes in which deviations might be
expected[2-4]. In what follows we shall compare experimental decay rates for complex
fragment emission with transition state predictions, and search for energy E and atomic
number Z dependent deviations that can be expected to exist.

The transition state expression for the fission decay width is:

T, p(E-B))
2% p(E)
where p(E) is the level density of the compound nucleus, p°(E~ B, —€) is the level density
at the saddle point, By is the fission barrier, £ is the kinetic energy over the saddle along the
fission coordinate and 1/7T, = B[In p (x)]/ o, _ .

For the one dimensional case in which the only degree of freedom treated explicitly is
the reaction coordinate, the decay width takes the form:
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where T is the temperature of the transition state. Now both level densities correspond to
the same number of degrees of freedom. The quantity k@ is the oscillator phonon associated
with the ground state minimum.
The emission of complex frag-
a) A Ctaat b) 4,, = ments can be treated in an analogous
oo L NECUD | ) sttt ~. fashion by introducing the ridge line of
Meos | T T M -q10 & conditional saddle points[5]. Each mass
U TR O T OO T or charge emission can be associated
P eont with a conditional barrier. These barri-
2 . c) 1 ers can be measured with techniques
10 o0z T 50 similar to those used to determine fis-
s e, sion bgrriers[G]. Recently, nearly com-
oaz-3) 1 ot 140 plete ridge lines have been determined
- for several nuclei: 75Br[7], 20-94Mo(8]
and 110,112]n[6).
The emission rate of a fragment of
a given mass or charge can still be de-
scribed by an expression similar to that

of Eq. (2). The quantity B, becomes the
conditional barrier Bz; but what is now

the meaning of hw? Is there a single
value of Aw for all the channels or has
-------- [FUUPY POVUN VUONFUUTL FUUIN FUUUL FUUN TUUUE DUUUY TN I each channel its own charactenistic fre-
60 1400 1o 20 30 quency? We shall endeavor to answer
E (MeV) Z this question experimentally.

An additional aspect of the
Fig. 1. a) The excitation functions (cross sections vs excita- problem has been studied by Kramers in
tion energy) for complex fragments of some typical Z val- his seminal work[2]. Kramers
ues emitted from the compound nucleus 94Mo produced in considered the diffusion of the system
the reaction 32Kr + 12C at beam energies ranging from 6.2 from the reactants’ region to the
to 12.2 MeV/u. b) The az/a, va!ues and c) f:onfiitional bam products' region from the point of view of
ers B, botl:x .cxtraclcd by ﬁ_ttmg the ex<.:1ta.uon ‘functlons the Fokker-Planck equation. The new

with a transition state formalism. The solid lines in a) cor- . .
respond to the fit using an energy level parameter ap = A/8. pfiramf:ter ente.rl‘ng the Pmblem is the
viscosity coefficient, which couples the

reaction coordinate to the heat bath. The
stationary current solution found by Kramers leads to expressions for the reaction rates
similar to that of the transition state theory, differing only in the pre-exponential factor, which
now includes the viscosity. More recent work on the same equation has shown that if the
system is forced to start at time t=0 at the ground state minimum, a transient time Tr exists
during which the reaction rate goes from zero to its stationary value[3]. Both effects would
decrease the overall fission rate compared to the transition state prediction.

These effects have been advocated as an explanation for the large number of pre-
scission neutrons observed in the fission of many systems[9-13], in apparent contradiction
with the predictions of the transition state method[11, 12]. The prescission neutrons can be
emitted either before the system reaches the saddle point, or during the descent from saddle
to scission. Only the former component, however, has any bearing on possible deviations of
the fission rate from its transition state value, and the separation of the two components is
very difficult indeed.
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12 prorm e e e e e e e e e, Furthermore, it has been suggested
10k @) 3 b) j that the viscosity and the transient time
F oo 00 ] may depend on the collectivity of the re-
8F "Br T Mo < action coordinate[14]. More specifically,
6 | 2=5-24 J 2=5-25 4 the reaction coordinate for a very asym-
@4t i { metric decay should have little collectiv-
& i Slope=0.97420.002 } Slope=1.0224000z ] 11> While that for a symmetric decay
an “ ‘ Int. =0.300£0.015F  mnt. —0.019:0.019 5 Should be very collective. A study of pre-
™ oF et findandia,] | SCISSion particles as a function of the
10 -~ ©) I q) '] size of the emitted fragment claims to
N : 04 T 3 have observed such an effect[11, 14, 15].
£ 8F Mo + HoE E We are going to show that the
6 | 2= 4 z=3-11 1 presence or absence of the effects dis-
4 F 1 ] cussed above can be directly observable
: _ E3 3 in the excitation functions for the emis-

ok Slope=1.040+0.002 ¥ Slope=0.997+0.002 . £ f ith dff 7 1
: Int. =-0.04420015F  mt. -oo0sss001s Sion of fragments with different Z values.
o Mlotin et 3ttt Our procedure uses the transition state

0 2 4 6 8 100 2 4 6 8 10 12 prediction as a null hypothesis, and in-
volves only the replotting of experimental
(E_BZ‘ED vz (MeV) 1/2 data without using any specific model.
The cross section for the emission of a
Fig. 2. In Rg/2a,1/2 (see Eq. S and text) vs the square root fragment of a given Z value can be writ-
of the intrinsic excitation energy for four compound nuclei: ten as:
75Br a), 99Mo b), 94Mo c), and 1101121 d). All the
excitation functions for the indicated Z range are included r Tz _ I,
for each compound nucleus. The solid lines are the linear 0=00="=00——~" >
fits to the data. The error bars are smaller than the size of Iy Cp+ Fp+‘“

symbols. where o, is the compound nucleus
formation cross section and I'y, I',, T, T', are the total-, neutron-, proton-, and Z-decay

widths, respectively. Notice that I'; is essentially independent of Z if we confine our
observations to the excitation energy region where the complex fragment emission probability
is small.

We now rewrite Eq. (3) as follows:

(3)

Oy~ 27Ap(E-E})

R 2 e e AP

o-0 TZ
where T is the temperature at the conditional saddle point and E¥,E;, are the ground state
and saddle point rotational energies. In this way, the left hand side of the equation contains
the complex fragment cross section which can be measured, and other calculable quantities
that do not depend on Z, except Tz which is only weakly dependent on Z. The right hand side
contains only the level density at the conditional saddle calculated at the intrinsic excitation
energy over the conditional saddle, which is calculable if the barrier height is known.

By using the standard Fermi gas level density expression, one can rewrite Eq. (4) in

the following way which takes out the A-dependence of the level density:

0,  27p(E-E¥) InR, la, ~
1[61*---—Z ]/2\/__\/_ (E -B,-E), (5)

p(E-B,—E;), (4)
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where a,,a, are the saddle and ground state level
density parameters. A plot of the left hand side of
this equation versus the square root of the intrinsic
excitation energy over the saddle should give a
straight line, and the slope of this straight line
should give the square root of a,/a, .

Recently, the excitation functions for a large
number of fragment Z values have been measured
for the following systems: 7SBr[7], 90-94Mo([8],
110,112]n[6]. The corresponding conditional barriers
have been extracted[6-8] by fitting the excitation
functions with the transition state formalism. A
level density parameter a,=A/8 was assumed in

C 1 the fitting. As an example, Figure 1a shows some of
- =1 the excitation functions for fragments with Z-values
Z2=10 1 from 5 to 25 for compound nuclei **Mo. The solid
1 lines in Figure la correspond to the best fit to the
1 experimental data. The extracted ratios a,/a, are
Slope=1.004+0.004 1 close to unity for all Z values(see Fig. 1b). The
. Imt. =0.139+0.032 ] extracted conditional barriers increase from 30 - 45
E Ll led.. ] MeV o as the charge of the emitted fragment
increases (see Fig. 1¢). .
0 2 4 6 81012 Equation 5 suggests that it should be possible
(E—-BZ—E:)I/Z (MeVl/z) to reduce ALL the excitation functions for the
emission of different complex fragments from a
Fig. 3. In Ry a) and In Rg/2a,1/2 b) vs the given system to a single straight line. In Fig. 2 all
intrinsic excitation energy for Z = 10 the excitation functions associated with each of four
fragments from the compound nuclei: 758r, compound nuclei (75Br, 90Mo, 94Mo, and 110,112]p)
90Mo, 94Mo, and 110.112]n, The A-dependence are plotted according to Eq. 5. There are 20, 21, 21,
of Ry vs aq is shown in a), while this A- and 9 excitation functions for 73Br, *°*Mo, Mo, and
dependence is removed in b). 110,112]n, respectively. We see that all the
excitation functions for each Z-value fall with remarkable precision on the same line that is in
fact straight, has a slope near unity and passes closely through zero.

The sensitivity of the excitation functions to the mass A of the compound nucleus is
vividly shown in the Figure 3a & 3b, where In Ry is plotted vs the square root of the intrinsic
excitation energy for Z = 10 and for four different compound nuclei. The excitation functions
are straight lines, but with different slopes for the different mass compound nuclei. After the
A dependence is removed as suggested in Eq. 5, the four lines collapse into a single straight
line. Similar results are obtained for all the other Z values. We find this delicate sensitivity to
the mass of the compound nucleus truly remarkable.

As a final virtuoso touch, we can try to collapse ALL the excitation functions for ALL Z
values and for all compound nuclei into a single straight line. The resulting plot for four
different compound nuclei is shown in Figure 4. It includes a total of 71 excitation functions
spanning a Z range from 3 to 25. The collapse of all the experimental excitation functions for
all of the different Z-values and all the systems onto a single straight line is strong evidence
for the validity of the transition state formalism and for the absence of Z- and E-dependent
deviations. In particular, one is led to the following conclusions:

In(R,)/2al/?
O N v OO @
|




R a) Once one removes the
] phase space associated with

I + Br ] the non reactive degrees of

10 - — freedom at the conditional
L o OYyo ] saddle point, the reduced
rates are IDENTICAL for

sk o Mo _' fragments of all Z-values.
110.112 ] Within the experimental

S § o} sensitivity, the quantity Heo

i in Eq. 2 appears to be Z in-
] dependent.
b) For all fragments, there is
=A/8 ] no deviation from the ex-
n ) pected linear dependence
1 over the excitation ener
Slope=1.011+0.001 2 range from 50-130 MeV ch)-/

ol .
i Int. =0.091+0.008 1 plored. This seems to rule
i ' . ] out, for all Z-values, tran-
o/ W S I SR B sient time effects which
0 > 4 6 8 10 12 should become noticeable
1 /2 1 /2 with increasing excitation

(E-B,—E3)Y? (MeVY/?) energy. ,

c) The slope, which corre-
Fig. 4. The same as Fig. 2 with data for all four nuclei in a single sponds to the \/‘127;’ is

plot. The straight line is the linear fit to all the data points .
essentially 1 for all Z values

of all systems studied.

d) The intercept of the straight line, which is associated with the channel frequency @, is
essentially zero and shows no obvious dependence on the fragment Z-values (i.e., the
collectivity).

We conclude that in this extended data set there is no evidence for transient effects
either directly or through their expected dependence upon the mass of the emitted fragment.
Furthermore it appears that the channel frequency is the same for all the different Z decay
channels.

B. Time-scale and Branching Ratios in Sequential Multifragmentation

At low excitation energies, complex fragments are emitted with low probability by a
compound nucleus mechanism[16, 17]. At increasingly larger energies, the probability of
complex fragment emission increases dramatically, until several fragments are observed
within a single event[18-22]. The nature of this multifragmentation process is at the center of
much current attention. In particular, the issue of sequentiality versus simultaneity is hotly
debated theoretically[19-25], and is the object of intense experimental study[26-33].

This polarization is evident even within the framework of statistical theories. On the
one hand, sequential multifragmentation theories allow the fragments present at any stage to
undergo additional binary decays with probabilities determined from more or less standard
compound nucleus decay widths[S, 34]. On the other hand, chemical equilibrium-like theories



-6-

generate fragments in chemical equilibrium, and release them simultaneously when the
average density of the system falls below a critical freeze out value[18, 21, 23, 35, 36).

Recent experimental work[37, 38] has shown that the excitation functions for the
production of two, three, four, etc. fragments have a characteristically statistical energy
dependence. However the issue of sequentiality versus simultaneity could not be resolved.
Several efforts to settle this dispute have utilized the pairwise fragment-fragment
correlations introduced by their mutual Coulomb interaction. Results have been presented
showing a substantial dip in the probability of finding pairs of fragments at small relative
velocities[27-30, 33] and small relative angles[26, 31]. Simulations, performed with chemical
equilibrium and sequential decay codes, were compared with experiment, and the rather short
upper limits obtained for the decay time-scales were deemed consistent with a simultaneous
break up. '

A recent experiment[31] has studied the “proximity” effect of the surviving partner,
produced in a deep inelastic-like collision, on the angular distribution of the fragments
resulting from the break-up of the other partner. In this experiment the measured total kinetic
energy loss of the primary binary collision can be related to the excitation energy of the
nucleus undergoing multifragmentation. This remarkable experiment shows that at small
excitation energies the “proximity” effects are essentially absent,” but become very
pronounced at large excitation energies. This onset of proximity effects was taken to signify a
transition from “conventional” sequential multifragmentation to “true” simultaneous
multifragmentation.

The conclusions drawn from these experiments are predicated upon the tacit assumption
that sequential decay always occurs on a very long time scale, so that the large space-time
separation of sequentially emitted fragments makes their interaction negligible. This
(incorrect) assumption has been consistently incorporated into simulations based upon
sequential emission codes.

In what follows we shall show three things.

First, the usual thermal binary probabilities associated with sequential emission
undergo a dramatic increase with excitation energy and the corresponding emission time-
scale contracts dramatically, in agreement with observation[28, 29, 31, 33]. This is a very
relevant, though straightforward and in many ways somewhat trivial point.

Second, the sequential time-scale and its contraction with excitation energy are directly
related to the excitation functions for binary, ternary, quaternary, eic., decays through the
elementary binary decay probability. '

Third, we can extract this elementary binary decay probability and the corresponding
time scale from the experimental excitation funcuons.

The first point is readily shown. For statistical decay one can rewrite the partial decay

width T in terms of a partial decay time 7. The partial decay width associated with a given
channel can be written as:

—_ -B/T
I'= hwae , _ (6)
where @, is a frequency characteristic of the channel under consideration, B is the barrier

associated with the channel, and T is the temperature. For instance, in fission @, is the

collective frequency of assault on the barrier (~ beta vibration frequency) and B is the fission
barrier.

The elementary probability p for a binary decay to occur at any given “try” defined by
the channel period 7, =1/ @, is: '



— BT (7)

pzhw‘,

The corresponding time is given by:

— BIT
T=1, . (8)

In the case of a compound nucleus, the total decay width is the sum of the widths of all
channels, and the lifetime is calculated accordingly. This lifetime defines the survival of the
initial unmodified compound nucleus. For sequential multifragmentation, only the decay width
and lifetime for binary fragment formation need be considered, while the abundant light
particle decay can be treated as a background that may progressively modify the temperature
and possibly the barrier.

Eq. 8 shows that the decay lifetime is dramatically affected even by moderate changes
in temperature. Furthermore, as the temperature becomes comparable with the barrier, the
binary decay probability approaches unity and the lifetime approaches the characteristic
(dynamical) time constant of the channel, 7,.

We argue that this dramatic decrease of the decay lifetime with increasing excitation
energy is the effect observed in Refs.[28, 29, 31, 33], and that this effect is inherent to the
energy dependence of sequential decay, rather than a transition from sequential to true
- multifragmentation. If this is indeed the case, there is no need for a separate theory of

multifragmentation, since this process is reducible to a sequence of binary decays that can be
described in a standard way. :
As a second point, we note that the

500 T T 1T T T T T Ty T T T T T . aqe
r ! | ! ] elementary binary probability p (or the
1 time 7) can be directly related to the
f/ ;; 1(3‘ V) 1 experimental branching ratios for binary,
100 o 80 ternary, quaternary, etc., decay. For

simplicity, let us assume that the system

l'll"r

o, ]
> % - has the opportunity to try m times to emit
L - 1 an “inert” fragment with constant
Z i { probability p. The probability P, of emitting
< 10 _| exactly n fragments is given by the
" g 1 binomial distribution:
5 3
i i m! m=n
1 Pr=——p"(1- . &))
i 1 " n!(m——n)!p (1-p)

JlllllllllllllllllIltlllllljl

000 002 004 006 008 010 o012 Iheaverage multiplicity is then
E,/*(Mev™1/%)

Fig. 5. The reciprocal of the binary decay probability 1/p (n) =mp (10)
or the ratio 1/75 (calculated from the mean and variance

of the intermediate mass fragment distributions) as a g4n4 the variance

function of E;1/2 for the reaction 36Ar + 197Au at E/A

at 80 (open circles) and 110 MeV (solid circles). The

solid lines are linear fits to log(1/p). O‘f = (n)(l— p) (11)
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Thus, from the experimental values of (n) and o> one can extract values for p and m, at any

excitation energy. Alternatively, one can extract p from the ratio of any pair of excitation
functions P, (T):

1 7 _ P m-n. i (12)

p T, Po, n+l
We now proceed to verify the above predictions by comparison with experiment.
References [39, 40] report values of (n) and o for the reaction 36Ar + 197Au at 80 & 110
MeV/u (available center-of-mass energy of 2.4 and 3.3 GeV, respectively) as a function of the
transversal energy E, of the event, E, = 28‘- sin? 6, where &; is the kinetic energy of each

fragment and 6; is the angle between the fragment and the beam direction. In choosing the
transversal energy as our observable, we assume that it is proportional to the excitation

energy E of the source [41], where E,=K(E,A,,A;)E.

From Egs. 10 and 11, we ex-

100 g 17T O T ract the elementary probability p and
0.50 F— E/A=110MeV 1 m from the mean and variance of the
C A 1 experimental multiplicity distribu-
0200 SelteaciResnnusnngy | tions[39, 40] for the 36Ar + 197Au re-
o o = actions at E/A=80 and 110 MeV.
& o0 E In Fig. 5, we plot 1/p vs. E}*
0.05 — 1 for the fragment distributions using a
:° 1 log scale. If the probability p is sta-
0.02 |— _| tistical, as given in Eq. (7), this plot
ought to be linear[37] since T e< VJE.
1.00¢ X The linearity of this plot over two or-
0.50 E/A=80MeV I ders of magnitude is stunning, and
ao ] leaves little doubt regarding the
0.20 o 1 _| “thermal” nature of p.
o . 2 The dramatic contraction of the
5, o o 3 —| time scale down to values close to
0.05 ; :. _J the characteristic channel time shows
& 6 1 that the onset of fragment-fragment
0.02 X7 ] or specta.tor-fragmcnt mt.eractions at
L E 8 high excitation energy is a natural
0.01 : E2% S W consequence of Eqgs. (7) and (8). The
0 250 500 750 1000 1250  (difference in slope for the two bom-
Et(MeV) barding energies strongly suggests

that the simple proportionality law
between E, and E is well satisfied.

Fig. 6. The calculated probability to emit n intermediate mass | Thf_: calculated e?ccnatlon func-
fragments (35Z<20) as a function of Ey for the reaction 36Ar + tions using the experimental values
197 Au at E/A = 80 (lower panel) and 110 MeV (upper panel). of m and p from the above procedure
For numbers of fragments n =0 - 8, P(n) is calculated assuming are shown if Fig. 6 with the experi-
gbipomial distribution (see Eq. 9) with the values of p shown mental data{42]. There is an ex-
in Fig. 6. traordinary quantitative agreement
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between the calculations and the experimental data.

Preliminary analysis of two additional experiments [43, 44] with different target-
projectile combinations and bombarding energies confirms the general applicability of this
description. The rigorous applicability of the binomial distribution is very powerful evidence
for the reducibility of the n-fold probabilities P, to the elementary binary probability p and for
the sequential structure of the multifragmentation event. The linearity of the extracted
elementary binary probability plot (see Fig. 5) over two orders of magnitude is truly stunning,
and indicates the thermal nature of the process at all excitation energies. The associated
time-scale demonstrates the expected smooth contraction in time with increasing excitation
energy without any indication of a new mechanism appearing at the highest energies.

We have tried to find alternative explanations for the binomial distributions with thermal
probabilities. An obvious model is a chain of m links with probability p that any of the links
is broken. The probability that n links are broken is given by Eq. (9). This result is, of course,
strictly dependent on the dimensionality of the model, and its relevance to multifragmentation
is unclear. Nevertheless, it stresses again the fundamental reducibility of the
multifragmentation probability to a binary breakup probability.

In summary:

1) The multifragment emission probability is rigorously binomial and is reducible to an
elementary binary probability applied sequentially.

2) This binary elementary probability is “thermal”, as demonstrated by its characteristic
energy dependence.

3) The time scale of sequential emission contracts rapidly with increasing excitation
energy as demanded by point 2). This contraction naturally explains the observed rapid
onset of the fragment-fragment Coulomb interaction with increasing excitation energy
and obviates the need for “simultaneous” multifragmentation as a distinct process.

4) The parameter m could be truly a physical quantity rather than an artificial cutoff. It may
indicate a dynamical time interval during which fragments are thermally emitted with
high probability (transient expansion phase?)
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