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Preferred modes of decay in nuclear fragmentation
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Recent experimental studies show a characteristic energy dependence of the different fragmentation modes
in heavy-ion reactions at intermediate energies. In this work we study this dependence and find that, in
multifragmentation, just like in low-energy fission, some modes of decay are more probable than the rest. We
argue that these high-probability mass partitions are ultimately responsible for the observed energy depen-
dence[S0556-281®7)01602-4

PACS numbsdis): 25.70.Pq, 24.16-i

. INTRODUCTION Py (E)ock(N)e P1/Tig=b2/Tz. ..

Recent studies show that the number of fragments pro- ~k(N)e Bn/T=k(N)e BN aE, (1)
duced in heavy-ion reactions at intermediate energies has a
very peculiar dependence on the energy used to produce th%

breakup. The characteristic energy dependence was first ol '€"€ By=by+by+---, T is the temperaturdassuming
served experimentally ift®’Au+27Al, 5V, and "¥Cu at 60 ~Ty~T,---), andk(N) is a combinatorial factor. Again a

i —-1/2 ; ;
MeV/nucleon by Moretto and co-workerl], and in linear dependence of {Ry/P,} on E is obtained for a

160+ 1%7Au at 50 MeV/nucleon by Pouliot and co-workers sequential decay. , .
2] In spite of the nice agreement with the data, it is easy to

The observed relationship is based on the number of timegnderstand that the simpliftying assumptions made in deriv-

a given reactior(at a given excitation energs) produces ing these results are not correct. Binary fission barriers, for

N intermediate-mass fragments compared to the number 6?stance, vary strongly with the decay chanfial., with the

times it produces only two fragments. That is, denoting bymass partitiopy and multifragment-fission barriers depend

. . : even on the relative position of the fragmelfite., spatial
Py the probability for producingN fragments, the logarithm , . . ; i
of the ratio of P to P, has a strong linear dependence onconﬂguranon of the fragmenx43,4]. Likewise, recent re

. : sults[3,4] contradict the assumption that the preexponential
1/\E, with a negative slope. {actork(N) of Eq. (1) does not depend on the mass partition.

Under the assumption of a simultaneous production o In a later work[5] the authors addressed this point by
fragments, Moretto and co-workers argued that the decays (?'Ilt

the barriers generated by the fragments. They initially tooli11

these barriers as independent of the mass parfitiprsing covered, the parametrization used for the mass dependence

B?’ o By to der_10te the “"average barriers” associated of the barrier was not justified and cannot be generalized for
with binary and higher decay modes, they took the deca¥nultifragment fissions

p.rtobafbltl;:y for iaCh cha;nnel as !c;r?.portlonal o the Ir-fvtel ?r?n' The question still remains: How can one reconcile
sity of Ine systémp, al an excitation energy equal 10 e .o siaight-line dependence of{ly/P,} on E~Y2 with

available energy minus the barrier, "E‘N(E)M’)(E_BN)'. . the varying barriers? It is this intriguing question that moti-
Then, uﬁ'ng 2 Eerr&n—gas level density, and in the IIrnItvates the present study. A correct analysis of the fragmenta-
E>By, they obtaine tion process should include the appropriate barriers for
AE=B) . n2VaEa— By the different decays. Of the models treating simultaneous
Py(E)xe? (BN ~ e @Fe~ BN T, multifragmentation, only théransition state theoryTST) of
nuclear fragmentatiof3,4] takes into account the interfrag-
ment barriers as well as the relative position of the fragments
during the breakup stage. Here we use the TST to calculate
the multifragment fission widths and study their energy de-

etry. Although the straight-line dependence was again re-

wherea is the level density parameter. Then the ratio of the
N-fragment events to the binary events yields

In{Pn/Pa}o— Va/E(Bn—By), pendence. We start with a brief description of the technique.
in excellent agreement with the observed linear dependence
-1/2
of In{Py/Pp} onE-25 Il. TRANSITION STATE THEORY FOR
[A second decay possibility treated|ifi] was a sequence FRAGMENTATION
of binary decays. In this case the authors again assumed the
existence of mass-independent generic barigrs. . . by, The transition state method which deals with binary fis-

for the successive splits. Using similar arguments as beforesion was crafted by Bohr and Wheeler over 50 years[&§o
the probability to obtaiN fragments in a sequence of decays For the case of simultaneous multifragment fission, the ap-
is then proach was generalized by pez and Randrup3,4]. (See

0556-2813/97/52)/7884)/$10.00 55 788 © 1997 The American Physical Society



55 PREFERRED MODES OF DECAY IN NUCLEAR FRAGMENTATION 789

20 30l

10
20

10F

In(T,/T,)
In(T,/T,)

0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1
-172 1-1/2)
B2 (MeV-12) E-12 (MeV-12)

" FIG. 1. Energy dependence of{Ii/I'5; for the decay of FIG. 2. Energy dependence of{Ii/I';} for the breakup of
O_Sn into several multiplicities. The qrgles show the calculated249p, Ag in the previous figure, the circles represent the calculated
points and the numbers label the multiplichy points and the numbers the multiplicily.

reference_s listed if7] for recent results and a summary of IIl. ENERGY DEPENDENCE ACCORDING TO TST
the technique.

Considering an excited compound system with total To explore the energy dependence predicted by the tran-
nucleon numbeA and total excitation energg (omitting  Sition state theory, we study, as an illustration, the decay of
charge number and angular momentum for simplicigny ~ *2°Sn and?*%u at excitation energies from 1 to 10 MeV/
particular manifestation of the system is described as a nurucleon.
ber ofN interacting prefragments with masdes,} (or mass Expression(2) was used to calculate the fission width of
numbers{A,}) and positiongr}. decays into specific mass partitions. The configurational av-

The evolution of this system as it goes from compound teerage()’ was done over 40 different space arrangements of
a disassembled system is determined by a generalized potethe prefragments. The total width for breakups iNdrag-
tial produced by the prefragments. This potential varies as ments, Iy, was then obtained by summing the individual
function of the relative position of the prefragments devel-widths for decays intall mass partition oN fragments. Out
oping a barrierlike shape much like that of regular fission. Toof these calculations we obtaindd,, . .. I's, and formed
trace this evolution, a generalized fission coordimptan be  the ratios IRy /I',} to study their energy dependence.
used to measure the spatial size of the system. Parametrizing The results obtained for the decay tSn are shown in
the potential in terms of], it is possible to localize a gener- Fig. 1 and for?*%Pu in Fig. 2. Surprisingly, the curves are
alized transition state in this case of multifragment fission.almost straight lines for all multiplicities. These curves are
[Near the barrier top4], the fission coordinate is given by equivalent to those in Fig. 2 in Reff3], and show that at
9?=(1/mg) = ,my(r2+3R?/5), whereR,=r A% is the ra- higher energies, large multiplicities are more probable than

dius of the prefragmem andmy=2,m,.] smaller ones, and vice versa.
The partial width for the system to pass over the barrier The variation of the barriers appears to have little impact
and disassemble is given by on the observed energy dependence. This unexpected result
makes the question even more intriguing: What obscures the
\/E effect of the varying barriers on the energy dependence of

In{I"y/T'5}? Next we study this dependence qualitatively with
the transition state theory.

moqﬁT 3N-2/2 ’
X 2h2 pN(SN)T ’ (2)
IV. UNDERSTANDING THE ENERGY DEPENDENCE

where p(E) and py(ey) are the level density of the com- We now use the TST formalism to extract the functional

pound system and at the transition state, respectively, witRnergy dependence of{If\/I';}. Using expression2) for
ey denoting the available excitation energy at the transitionultiplicities 2 andN (labeled with primeg the ratio is
state (i.e., the total excitation energy minus the multifrag- readily reduced to

ment barrie). Likewise, 7 is the corresponding temperature,

gy is the disassembly coordinate value, and the brackets . D BN_32) ) 2 BN 2T )

() indicate an average over all possible fragment positions - > T(3)(mo/2#2) ((an7") 7' pn)

{r,} describing multifragment configurations. Express{@h F_N: ,

will now be used to calculate the rate at which an excited 2 222 \1

compound nucleus fissions into any channelNoprefrag- ; T(3N=3)/2{dz7"p2)

ments of ten nucleons or more. (©)]

Ta,.ay(E)= p(A,E)T((3N—23)/2)
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where 3; denotes the sum over all mass partitions of multipligityTo simplify this expression we take, as in Rfd),
Fermi-gas-type energy level densities

pz_—e vel=1
A

_K\/4’7THE1 z/ﬁK\/47TE2 =
VA,

K\/47TT'E:/|_e2\/E. N k\NATT E

PN= ezv’aN’EN’,

VAL VA

where theE;'s and E;s’s are the energies carried out by the prefragments in the dinuclear and multifragmented systems,
respectively, andk is a constant independent of the masses and end#jieBhen, using these level densities in E8), and

putting the constant aside, we get

Ty SW@EN 72N YEL L EJAL- - AL)e2VAIEL . @2 VauEN)/

I, 3 (057 3(ELEo /AL A,) e PaF1e?3aFz) '

To further reduce this we udg,=(E—By)A, /A as the fragment energies and the Fermi-gas temperaturetéoget

E_BN (2N—-1)/2 A_‘;_ A{\I 1/2
—zﬁz( A ) [WE—BN)--f(E—BN) ~ (A} A VAE~By) N 172

and around masses 55, 55, and 10. By symmetry this peak ap-

pears at points (10,55), (55,10), and (55,55).

—3 _[E=B3)\¥qA, A, Figure 4 depicts the same information in a three-

TVEE= A K(E_ BZ)K(E_ B2) dimensional plot. For clarity only one-third of the width dis-

tribution is shown. From this graph, we can see that the
~(AA)VHE-B,)"2 weight carried by a few mass partitions can in fact obscure

the contribution from the rest. It is worth mentioning that
With this, the functional form of the ratio is then simplified Fig. 4 shows thdogarithm of the widths; in a linear plot, the

1/2

to peak of the distribution would stand up as a pole.
— — With this information on hand a clearer picture emerges.
Iy (@SN 4E-By) BN D2e2VaEs. . g2VanEny’ Even though the barriers and fission coordinates vary widely,

' the fission widths of some mass partitions clearly dominate

the sum. This fact, which has been known for binary decays,
(4) allows us then to replace the sum by the dominant term.
eUsing the values of the most probable mass partitions to

F_z 22<Q§(E— Bz)slzezvﬁez\/@y

which looks like an obstacle, unless we can get rid of th
sum over mass partitions in some way.

To proceed further, we can, as Moretto and co-workers 100
did, replaceBy and B, by average values, and assume that
the preexponential factors do not depend on the mass parti-
tion to eliminate them. Although this approach takes us im-
mediately to the wanted linear relationships, it involves the
use of assumptions we know are not true. We take a different
route and investigate the sum itself.

In particular we are concerned with the sum over all mass
partitions. Since the terms included in this sum carry differ-
ent weights, the possibility that a few of these terms can
dominate the total sum is a real one. We verify this suspicion
by checking the fission width distribution in a test case.

Figure 3 shows the logarithm of the fission widths ob-
tained for all possible mass partitions ¥°Sn decaying at 3
MeV/nucleon into three fragments. For convenience, the
widths have been normalized to have positive logarithms by
dividing all values by the smallest width. The axes of the F|G. 3. Distribution of logy(I's) for the decay of'2%Sn. The
contour plot are the mass numbers of two of the fragmentssontour plot shows the values of the logarithm of the fission widths
and the labels denote the values of the logarithm at the equét all possible decays of?%Sn into three fragments at 3 MeV/
level curves. Clearly seen are the high-probability regions atucleon. The numbers label the values of the equilevel curves.
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V. CONCLUSIONS

In this work, we examined the peculiar energy depen-
dence of nuclear fragmentation first found by Moretto and
co-workers. We studied this dependence using the theoreti-
cally sound framework of the transition state theory and de-
termined that the observed linear relationship between
In{P,/P,} and 1AE should be expected for simultaneous

FIG. 4. Section of the distribution of lgg(I"3) for the decay of
12030 into all possible channels of multiplicity three at 3 MeV/
nucleon. The projection on they plane is the contour plot corre-
sponding to the surface shown.

eliminate the sums of Ed4) we thus get fragmentations. We concluded that this is a direct conse-
quence, not of the existence of characteristic fragmentation
Ty SN 4E—By) N2 g2 ;. .. @2VaEy barriers, but of preferred modes of decay in multifragment
P — rEaae o (® fsson | |
2 a5( 2) € € This finding is analogous to the existance of high-

) probability breakup modes in binary fissidfor instance,
where now all the variables are those of the most pmbablgymmetric splity and it is also in agreement with experi-

mass partition(averaged over spatial configurationdlow  menta| findings and molecular dynamics simulatig8sd]
using a;=A;/8.5 for the level density parameter we notice {hat show that some values of multiplicities are favored at
that certain excitation energies. In a future study we will examine
the preferred mass partitions for several multiplicities and
excitation energies.
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