Lawrence Berkeley National Laboratory
Recent Work

Title

MULTIFRAGMENTATION AND THE PARTITION OF ANGULAR MOMENTUM, A GENERAL
STATISTICAL THEORY

Permalink

https://escholarship.org/uc/item/5¢119138

Author
Moretto, L.G.

Publication Date
1982-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5c119138
https://escholarship.org
http://www.cdlib.org/

D

LBL-15210
Preprint © 3__

Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA

=
: BERK, 'Lr/-:\v’RENCE
Eigy LABOQATORY )
JAN 31 1983
DOCUMENTSSECWON
Submitted to Nuclear Physics A
MULTIFRAGMENTATION AND THE PARTITION
OF ANGULAR MOMENTUM, A GENERAL
STATISTICAL THEORY
Luciano G. Moretto
October 1982
~ T o )

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

Ole S\ KT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




LBL-15210

MULTIFRAGMENTATION AND THE PARTITION OF
ANGULAR MOMENTUM, A GENERAL STATISTICAL THEORY

Luciano G. Moretto

Istituto Nazionale di Fisica Nucleare
Laboratorio Nazionale del Sud
Catania, Italy
and
Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

This work was partially supported by the Director, Office of Energy
Research, Division of Nuclear Physics of the Office of High Energy and

Nuclear Physics of the U. S. . Department of energy under Contract No.
DE-AC03-76SF00098 _ '
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- Abstract: = In the wake of the statistical theory for angular
momentum in binary (deep inelastic) processes, a statistical
theory for the distribution of angular momentum between the
fragments has been developed for the case of multifragmenta-
tion (three or more fragments). From the generalized parti-
tion function, the average energy and angular momentum of
each fragment are derived as well as the corresponding vari-
ances. The first moments in the two quantities'suggest a
"rigid rotation" limit analogous to the binary case. The
components of the polarization tensor are calculated for each
fragment. The role of thermally generated angular momentum
vs. that arising from rigid rotation is discussed. Comments
are offered on the applicability of the theory to various
reactions.
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INTRODUCT ION

In deep inelastic processes, where only two major fragments are
observed in the exit channel, the fate of the entrance channel angu1ar‘

momentum has been studied in great detail both experimentally and
1

[t has been found that, in the great majority of cases, especially

theoretically.

at the Tlargest Q-values, the fragment spin is well described in terms
of one vector aligned with the entrance channel angular momentum,
arising from the 1imit of rigid rotation, plus a second vector with

2 The

randomly distributed components along the three coordinates.
second vector has the effect of introducing fluctuations both in.the
length aﬁd orﬁentation of the resulting total fragment angular momen-
tum. Experimental information on this subject has been obtained in
var{ous ways. Gamma-ray mu1tip1icft1es have provided the sum of the
moduli of the fragment angular momenta, sequent1a1-a1pha and fission
decay havevprovided information on the aligned componenf of an indi-
vidual fragment spin, and'finally, the angUlar/distributionsrof se-
quentially emitted gamma—réys or fission fragments have allowed one to
measure the misaligned component of each fragment's angular momentum.
On the theoretical front, one is confronted with the dynamical re-

3,4

sults obtained from TDHF on the one hand, or with those obtained

from the excitation of high and low frequency collective modes on the
5,6

other. The effect of single particle transfer has also been
studied either by 1tse1f7 or by incorporating it into a diffusion

equation which allows for statistical fluctuations.d The latter



treatment falls into the category of time-dependent statistical theo-
ries which have been so successful in dealing with many aspects of

9,10 In contrast with the time-dependent

deep inelastic reactions.
statistical treatment which has the ambition either of knowing or of
wanting to find the transfer mechanism, the equilibrium statistical

model, brought forth by Moretto and Schmitt11

is completely inde-
pendent of the reaction mechanism and thus can be calculated with a
good degree of confidence. In this model, the normal modes of the di-
nuclear system that can bear angular momentum are identified (bending,
twisting, wriggling, and tilting mbdes)'and the partition function is
calculated from the corresponding Hamiltonian,

The success of the statistical model in describing the miséligned
component of the fragment angular momentum can be attributed to two .
possible causes. The first and more restrictive possibility ihp]ies
that the angular—mdmentum;bearing modes are completely relaxed and
thermalized. The second ahd milder poséibi]ity relies on the remark-
able fact that the variances closely approach their full magnitude in
a time cohparabie to or shorter than one relaxation time.12 Conse-
quently, if the first moment is zero by symmetry considerations (bend-
ing, twisting, tilting) or it 1s}taken from experiment (wriggling),
the equilibrium statistical approach may well suffige for a complete
explanation of the experiment. The latter possibility is strongly
favored by the success of the statistical model in the quasi-elastic
region. Whatever the judgement may be on the predictive abilities

of the statistical model, it is fair to say that, even in the most



for Kr-induced reactions.

unflattering judgement its role still must be considered significant
in defining the background against which dynamical or otherwise non-
equilibrium effects ought to be observed.

,Prompted by the above considerations, we have felt that the time
is mature to describe the fate of the angular momentum in collisions
resulting in a larger number of major fragments within the equilibrium
statistical framework. The production of three or more major frag-
ments is expected to be a dominant mechanism in the region of 10 to 50
MeV/nucleon and higher. The evidence for mu]tifragmentation in reac-
tions induced by Ar or lighter fragments is still somewhat ambiguous
due to the difficulty of deciding whether, for instance, an alpha pér-
ticle is a primary or a secondary particle. On the other hand, thjs
problem should be strongly alleviated by the use of very heavy targets
and projectiles. Already, evidence of tripartition is accumulating
13-15 rpere is Tittle doubt that the
strong kinehatic fix given by the detection of the three or more ma-
jor fragments will provide the experimenter with a powerful tool to
unscramble these complicated processes in-the same way as deep inelas-
tic processes have dramatically benefited from their binary nature.

In a reaction regime where several large fragments are found, it
should be possible, if not easy, to determine either their average or
their individual intrinsic angular momentum by means of more or less
standard sequential decay measurements. A more ambitious scientist
may even find that the measurement of the spin alignment of the
fragments is not altogether impossible. It is to these people willing

to stake their lives and reputations in the research of the unknown




that this paper is dedicated, with the hope that it will provide them

with light and guidance.
THE THEORY

Let us consider a collision giving rise to'n fkagments. In the
‘"expansion" phase, we assume statistical equilibrium, untiT beyond a
critical shape, or mass distribution, the fragments decouple from each
other and the equilibrium remains frozen-in.

For simplicity, let us suppose that_the critical shape is approxi-
mately spherical. Then, it is completely general to choose the z-axis
-to coincide with the direction of the angular momentum. Also, for
simplicity, let us'assume that each fragment is spherical. The Hamil-

tonian of the system can be written as follows:

2,2,02 g2

+ % + ]

— (1
X y Z y4 1 2 2
H= ZH; =Z{ 73 ' (W*%)} (1)

2mr
where the sum Z is to be carried over the fragments (the corresponding

index is omitted for simpTicity); ix, Iy,-and IZ are the intrinsic

components of the anguiar momentum for a given fragment of moment of
inertia < ;3 %, is the z component of the orbital angular momentum of a

fragment of mass m and distance r from the z axis; p_. and p, are the

r

~g

other two generalized momenta for the translational motion of a frag-
ment in cylindrical coordinates. The choice of cylindrical coordin-
ates for the re]ative motion has the advantage of nicely isolating the

z componenf of the orbital angular momentum.
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The generalized grand partition function can now be calculated:

- SH, |
| - T—1 - “Z( I* zz)
o]\ d1,d1 d1,d2,dp, dp, (2)

: i = L
where the constraint of the total angular momentum It = 3 (.Iz + Z)
(remember the choice of the z-axis!) has been introduced by means of

\ ,
t‘hE Lagrange multipliier u. This will guarantee that the total angular
momentum will be conserved at least on the average. More explicitly:
2 2 ' 2
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where the terms in Iz’ le have.beevn grouped together. Integration gives:

'uZJT uzmrzT

’Z=U</2JT>2 <J2'nﬁ)2 SoxdT e & fouriTe 2 (4)

or

In2 =Z<]n2A‘T +1n2mT +%Tn2nJT + 53\5}7
(5)
IS S L. )
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The value of the’Lagrangé multiplier u is determined by the equation:

3lnZ -1

AL M uZ(ﬂT + mrzT) | (6)

or
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= T ' | - | .
* T:E:Lﬂ* mr2) ‘ _(7)

By differentiating once more with respect to u, one obtains:

2 | |
2 ;nZ = o?T = T}E:GJF mr2> . (8)

au

This represents the "spurious" fluctuations invIT introduced by the
grand-canonical approach and can be used to estimate the reliability
of the theory in any given situation. Differentiation of the logarithm

of the partitibn function with respect to 8 =-% gives the total energy;

2
EalEDY LEDY ARE ENES ©
or -

12

+ T
2 E(Ji‘ er} ’

rotational translational rigid rotation

E=§ni +%nT (10)

where the first term refers to the intrinsic rotational energy, the
second to the translational energy, and the third to the rigid rota-
tion of the system at the crititai shape. Again, the first two terms
arise from the classical energy'equipértition theorem, while the third
should be interpreted as the energy of a rigidly rotating body whose
moment of inertia is defined by the mass distribufion associated with
the critical shape. The latter is a distinctly interesting but not
altogether unexpected result. It may be worth noticing for the last
time how convenient the expression of the translational motion in cyl-
indrical coordinates has turned out fo be. The intrinsic spin of each

fragment can also be obtained by differentiation:

<~
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This equation says that the f}agment angular momentum arises from two

contributions: the first is purely statistical and would exist also

for zero total angular momentum; the second is the share of the total

angular momentum going to the frégment under study, dictated by the

rigid rotation condition. The two contributions are added in quadra-

ture. From the structure of Equation (12), one would also infer that

05 = ~0T, the averager for Iy and I, being zero and for I,

T - <7
PIeEr

I; .

The Tatter inference can be verified directly. By isolation of the

Thus,

2
Iz-

C ‘ _—
ne ZJT Z

factor containing Iz in the partition function, one has:

(13)



as expected. Consequently, oi = 05 = og = ‘OT. The results obtained

so far allow us to describe the fragment spin alignment through the

relevant components of the polarization tensor:

ny @ g, -0 = 0 (15)
1 1 v ‘
P = = , . (16)
zz 1+3£_ (Zf-&w‘ mr2}> 2
_ = 3J7 JI;
z

For small fluctuations, one has:

. O\ 2 |
P, =1~ 3JT<Z(J+ m?) ) : BtY)

I

For large fluctuations, one has:

;] J1 g
P._ =
zz - 39T Z(J+ mr?)

DISCUSSION

The great simplicity and transparency of the above treétment is
marred by the difficulty that one encounters when trying to produce
.some predictions.

The first difficulty fs associated with tHe evaluation of the
total moment of inertia :E:(iﬂ+ mrz) . This is defined for the
critical shape and mass distrfbution when the decoupling occurs. In
the case of the deep inelastic process, it was not too difficult to
guess such shape as that of two touching fragments either spherical or
somewhat deformed. In the case of three or more fragmenfs, the prob-
lem is much less defined: in fact, the critical shape, even for the

same number of fragments, may vary dramatically in going from moder-

¥
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ately low-énergy collisions to nearly relativistic collisions. Per-
haps, with some optimism, one could turn the problem arouhd and, after
having looked for good signs of thermalization (see Equation (10) for
inspiration), one might try to 1nfer.fhe critical shape from the ob-
served angular'momenta and polarization.

Another difficulty, which is now associated with the entrance
channel, is the definition of the angular momentum window to be con-
sidered in analyzing data within the framework of this theory. Some
idea may be obtained from the elaborate ana]yses done for other vari-
ables in reTativistic collisions, but at Tower energies, it is still
no man's land.

A comforting last observatﬁon arises from Equatioh (12). Sizable
éngu{ar momenta can still be expected even for “central collision" for
which IT = 0. In fact, one might venture the guess that in many in-
stances this will be the éase, especially at the Tower energy end.

Tﬁe angular momentum may then be directly related to the temperature
which can perhaps be inferred from other observables such as internal
and translational energy of the fragments. If this were to be the
lucky Ease, the picture shou]d be reasonably easy to unscramble;

But, at the end;'what should really justify a statistical treat-
ment in regimes where prompt processes ought to dominate? Two answers

can be'given. " The skeptical answer is that this is the only regime

for which it is easy to deVe]op a theory. The optimistic answer can

be givenvby paraphrasing Horace (with his forgiveness!): "Phase space

expe]]as furca, TAMEN USQUE RECURRET."16 Try and chase away phase

.space with a pitch-fork, IT WILL STILL KEEP COMING BACK:
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CONCLUSIONS

A statistical theory predicting the fate of angular momentum in
multifragmentation has been developed. This theory allows one to
eva]uate_the mean energies and angular momenta of each fragment as
well as their variances. A generalized 1imit of rigid rotation at a
critical shape describes the equilibrium distribution. The fragment
spin polarization has been derived from the first and second moments
of the fragment angular momenta. General considerations have been
given.for the applicability of the theory to various energy and impact

parameter ranges.
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