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The dynamical cluster-decay model (DCM) is developed further for the decay of hot and rotating compound
nuclei (CN) formed in light heavy-ion reactions. The model is worked out in terms of only one parameter, namely
the neck-length parameter, which is related to the total kinetic energy TKE(T') or effective Q value Q.x(7) at
temperature 7" of the hot CN and is defined in terms of the CN binding energy and ground-state binding energies
of the emitted fragments. The emission of both the light particles (LP), with A <4, Z < 2, as well as the complex
intermediate mass fragments (IMF), with 4 < A < 20, Z > 2, is considered as the dynamical collective mass
motion of preformed clusters through the barrier. Within the same dynamical model treatment, the LPs are shown
to have different characteristics compared to those of the IMFs. The systematic variations of the LP emission
cross section o p and IMF emission cross section opyr calculated from the present DCM match exactly the
statistical fission model predictions. A nonstatistical dynamical description is developed for the first time for
emission of light particles from hot and rotating CN. The model is applied to the decay of **Ni* formed in the
328 4 2*Mg reaction at two incident energies E. , = 51.6 and 60.5 MeV. Both the IMFs and average TKE spectra
are found to compare resonably well with the experimental data, favoring asymmetric mass distributions. The
LPs’ emission cross section is shown to depend strongly on the type of emitted particles and their multiplicities.
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I. INTRODUCTION

Light compound nuclei (CN) formed in low-energy
(E/A < 15 MeV/nucleon) heavy-ion reactions are highly
excited and carry large angular momenta. The compound
systems so formed decay by emitting multiple light particles
(n, p, @) and y rays, which in the statistical Hauser-Feshbach
(HF) analysis is understood as an emission process from
the equilibrated CN, resulting in CN fusion cross sections.
Apparently, the decay process must depend on temperature-
and angular-momentum-dependent potential barriers [1]. For
light compound systems with Acn > 40, the light-particles
(LP) emission is always accompanied by intermediate mass
fragments, the IMFs of Z > 2 and 4 < A < 20, also called
“complex fragments” or “clusters,” whose contribution,
though small of the order of 5-10%), is to be included in the
CN fusion cross sections. Then, the temperature- and spin-
dependent potentials must also be mass-asymmetry dependent.
In other words, the structure effects of the compound system
also become important.

To understand the IMF production, not only has HF analysis
been extended to include fragments heavier than « particles
in the BUSCO code [2] and in the extended Hauser-Feshbach
scission-point model [3], but other statistical fission model
descriptions [1] have been used that are based on either the
scission-point or saddle-point configuration, in the GEMINI
code [4] or the saddle-point “transition-state” model (TSM)
[1,5-8], respectively. The LP emission in these fission models
is still treated within the statistical HF method. It is interesting
to mention that light-nucleus emission can also be qualitatively
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well described within the framework of a generalized rotating
liquid-drop model, proposed recently by Royer and collabo-
rators [9—11]. Since the measured angular distributions and
energy spectra of emitted complex fragments are consistent
with fission-like decays of the respective compound system,
the fusion-fission process is now well established in light
dinuclear systems [1]. The statistical fission models, for
which the fission decay of a CN is determined by the phase
space (level density) available at the saddle-point [4,7] (or
scission-point [3]) configuration, may however be lacking in
terms of not including more explicitly the structure effects
of the compound system. Large structure effects have been
shown to be important in the 3®Ni compound system through a
strong resonance behavior [12,13] of the excitation functions
of large-angle 28Si+ 28Si elastic and inelastic scattering
yields [8,14]. Although neither similar resonant effects nor
orbiting processes [ 15] have been evidenced in the S + Mg
reaction [16—18] studied here, a fully dynamical theory for
more complete description of the emission of both the LPs
and IMFs within the framework of the statistical model of the
decay of such a hot and rotating nuclear °Ni system remains
highly desirable.

A recent attempt toward dynamically treating the decay
of a hot and rotating nucleus has been made by Gupta and
collaborators [19-24], who propose a dynamical collective
clusterization process as a possible alternative of the fission
process. Both the LPs and IMFs are considered as the
dynamical mass motion of preformed fragments or clusters
through the barrier. Note that, in terms of the barrier picture, a
cluster-decay process is in fact a fission process with structure
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effects of the CN also included via the preformation of the
fragments, but without any phase space arguments (i.e., with
no level-density calculations). Alternatively, the dynamical
fission process has been considered by some authors [25,26]
simply as a continuous deformation of the CN [27-31].
The dynamical cluster-decay model (DCM) of Gupta and
co-workers [19-22] is thus far used to calculate the decay
constant and total kinetic energies (TKEs) of IMFs alone,
and only in a renormalization procedure. In other words,
only the angular momentum ¢ = 0 (s-wave) solution and TKE
for fixed ¢ value are considered. In this paper, we develop
the DCM further for the calculation of actual (summed up,
“total” £) cross sections and the average total kinetic energies
TKEs for both the emitted light particles and complex IMFs.
Interestingly enough, the light particles, though treated within
the same dynamical collective clusterization process, are found
to possess different characteristic properties. Brief reports
of the present work have recently been presented elsewhere
[23,24].

The data for IMFs chosen here are those of the ¥2S +
Mg — °Ni* reaction, where the mass spectra for A = 12
to 28 fragments and the average total kinetic energy (TKE) for
only the most favored (enhanced yields) a-nucleus fragments
are measured at two incident energies, Epp, = 121.1 MeV
and 141.8 MeV, or equivalently at E.; = 51.6 MeV and
60.5 MeV, respectively [6,16] (only even-even fragments
are observed for E., = 51.6 MeV). In this experiment, by
detecting both fragments in coincidence, it was possible to
deduce the primary mass distribution for the decay process
(i.e., the mass distribution before the occurrence of the
secondary light-particles emission from the fragments). These
primary, pre-evaporation mass distributions show that the
mass-asymmetric channels are favored over the symmetric
ones, with «-nucleus, A = 4n, fragments having enhanced
yields. The IMF emission cross section, estimated in one of
these experiments [16], is 59 £ 12 mb. The CN fusion cross-
section data due to multiple LP emission at these energies
are also deduced later from the same experiment [6], and,
as quoted in [7], they are 1080 £ 130 and 1050 £ 100 mb,
respectively, at E., = 51.6 MeV and 60.5 MeV, which fit
the other available earlier measurements at similar and other
energies for this system [16,32,33]. The total fusion cross
section is then the sum of this cross section due to the LP
emission and the fission-like IMF emission cross section.

The paper is organized as follows. Section II gives briefly
a description of the DCM for hot and rotating light-mass
nuclei. The model is presented for the emission of both the
LPs and IMFs. The calculations are presented in Section III.
The discussion of our results and a summary constitute
Section I'V.

II. THE DYNAMICAL CLUSTER-DECAY MODEL FOR
HOT AND ROTATING COMPOUND SYSTEMS

The DCM for hot and rotating nuclei is a reformula-
tion of the preformed cluster model (PCM) of Gupta and
collaborators for ground-state decays in cluster radioactivity
(CR) and related phenomena [34—39]. Thus, like PCM, DCM
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FIG. 1. Temperature- and angular-momentum-dependent scatter-
ing potentials, illustrated for °Ni* — '2C 4+ *Ti at T = 3.39 MeV
(equivalently, E.,, = 51.6 MeV). The potential for each ¢ is cal-
culated by using V(R, T, ¢) = E.(T) + Vp(T) + Vi(T), normalized
to exit channel 7'-dependent binding energies B, (T') + By (T), each
defined as B(T) = Vipm(T) 4+ SU(T). The decay path, defined by
V(R,, €) = Qe(T, £) foreach £, is showntobeginat R, = C, + AR
for £ =0 case, where AR is the average over 5 of the different
neck-length parameters AR(=R, — C,) calculated for V(R,) =
Qeii(T, £ = 0) for all possible fragmentations. The critical angular
momentum £. value is determined from Eq. (23). For other details,
see text.

is also based on the dynamical (or quantum mechanical)
fragmentation theory of cold fusion in heavy-ion reactions
and fission dynamics [25,26,40-42], including the prediction
of CR [38,43,44]. This theory is worked out in terms of (i) the
collective coordinate of mass (and charge) asymmetry (H and
L stand, respectively, for heavy and light fragments)

n= Ay —AL)/(Ax + AL)
(andnz = (Zy — Z1)/(Zu + Z1))

and (ii) relative separation R, which in DCM characterizes,
respectively, (i) the nucleon division (or exchange) between
outgoing fragments and (ii) the transfer of kinetic energy of
incident channel (E. ) to internal excitation (total excitation
energy TXE or total kinetic energy TKE) of the outgoing
channel, since the fixed R = R, (defined later), at which the
process is calculated, depends on temperature 7 as well as on
n, that is, R(T, n). This energy transfer process follows the
relation (see Fig. 1)
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E¢n = Eecm. + Qin =1Qou(T)| + TKE(T) + TXE(T).

(1)
Note that, for the S+ 2*Mg —3° Ni* reaction, Qj, is
positive (=16.68 MeV) and hence adds to the entrance channel
kinetic energy E. . of the two incoming nuclei in their ground
states, and Qo (7') is negative and different for different exit
channels at a fixed temperature 7. The CN excitation energy
E¢y and its temperature 7' (in MeV) are related as

Ein=(A/9T? —T. (2)

Using the decoupled approximation to R and 1 motions,
the DCM defines the decay cross section, in terms of partial

waves, as [21,22]
/2/LE m
k = 2C -,

3)
where Py, the preformation probability, refers to n motion
and P, the penetrability, to R motion. Apparently, for £ = 0
(s wave), og = ,f—zPOP, which is equivalent to the decay
constant A = vy Py P (or decay half-life 71, =1n2/1) with
Vo as the barrier assault frequency. In other words, oy and
A differ through a constant only. Thus, as in PCM, here the
complex fragments (both LPs and IMFs) are treated as the
dynamical collective mass motion of preformed clusters or
fragments through the barrier. The structure information of
the CN enters the model via the preformation probabilities P
(also known as the spectroscopic factors) of the fragments.

The P, is given by the solution of the stationary Schrédinger
equation in 7, at a fixed R,

Limax Limax

o= Zog =5 Z(zz + 1)PyP;
=0

=0

e ————+ VR, T) { ¥"(n) = E"Y" (),
2B, By an D B
)

with v =0, 1,2, 3, ... referring to ground-state (v = 0) and
excited-states solutions. Then, the probability is

2
Po(Ad) =R (AN I* /By, 5)
where i =1 or 2, the heavy (H) and light (L) fragment,
respectively, and for a Boltzmann-like function

oo
1> =" [y" exp(—E"/T). (6)

v=0
The constant R=R, =C, =C;+ C, in (4) is fixed
empirically as the first turning point of the penetration path
(as in Fig. 1) for the ground-state (g.s., 7 = 0) decay, since
this value of R (instead of CN radius Ry) assimilates the effects
of the deformations of two fragments and neck formation
between them [45]. Thus, for the deformation effects included,

we have for g.s. decay

R,(T =0)=C, or,in general,
2
R(T =0)=C, + Y 8RB, (7)
i=1

an equivalent of lowering of the barrier for deformed fragments
[45]. This is important because the expected shapes of
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some of the observed fragments in the exit channel of the
reactions studied here could be deformed [14,46]. Thus, the
deformation effects of the fragments (and the neck formation
between them), included here within the extended model of
Gupta and collaborators [45,47,48], are treated via a neck-
length parameter Y  SR(f;) at the scission configuration that
simulates the two-center nuclear shape parameterization, used
for both the light [47,48] and heavy [45] nuclear systems.
This method of introducing a neck-length parameter » SR
is similar to that used in both the scission-point [3] and
saddle-point [6,7] statistical fission models. The alternate—the
calculation of fragmentation potential V(1) and scattering
potential V(R) for deformed nuclei—though shown to be
difficult [45], is being worked out [49,50]. Also, we use here
the Siismann central radii C; = R; — b?/R; (in fm), where
R; = 1.28Ail/3 —0.76 —i—O.8Ai_l/3 fm and surface thickness
parameter b = 0.99 fm. Note that the C, are different for
different n values and hence R, (T = 0) also depends on 7.

For the decay of a hot CN, we use the postulate [20-22] for
the first turning point

Ri(T) = Ra(n, T =0)+ AR, T), ®)

depending on the total kinetic energy TKE(T). The correspond-
ing potential V(R,) acts like an effective Q value, Q.g, for
the decay of the hot CN at temperature 7', to two exit-channel
fragments observed in g.s. (T = 0), defined by

Qcii(T) = B(T) — [BL(T = 0) + Bu(T = 0)]
= TKE(T) = V(Ru(T)). ®

Here the B’s are the respective binding energies. Thus, AR in
Eq. (8) gives the change in TKE(T) with respect to TKE(T =
0), which is taken to depend on 7. As a first approximation to
Eq. (9), in our earlier calculations [20-22], we used a constant
average ‘AR, which also takes care of the additional > 8R(B)
effects of the deformations of fragments and neck formation
between them,

R(T) = C/(n, T) + AR(T). (10)

Note that here C; is also taken to depend on temperature [to
be defined later through Eqgs. (19) and (20)]. In the following
calculations, we shall first use a constant AR(T) and then
show the effect of using the actual n-dependent AR(n, T),
calculated from Qg or V(R,, T') defined by Eq. (9).

The so-defined decay of a hot CN to two cold (7 = 0)
fragments, via Eq. (9), could apparently be achieved only by
emitting some light particle(s), such as n, p, or «, or y rays of
energy

E, = B(T) — B(0) = Qett(T) — Qou(T = 0)
= TKE(T) — TKE(T = 0), (11)

which is zero for the g.s. decay, as it is for exotic CR.
Note that the second equality in Eq. (11) is not defined for
a negative Qo (7 = 0) system since negative TKE(T = 0)
has no meaning. Apparently, Eq. (11) with respect to Eq. (9)
suggests that the emission of light particles starts early in
the decay process. The exit-channel fragments in (9) are then
obtained in the ground state with TKE(T = 0), as can be seen
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by calculating Efy — Ex:
Eix — Ex =|Qou(T)| + TKE(T = 0) + TXE(T).  (12)

The excitation energy TXE(T) is used in the secondary
emission of light particles from fragments that are otherwise
in their ground states with TKE(T = 0) in the radial motion.
We will not treat this aspect here; instead, we compare present
calculations with the primary pre-secondary-evaporation frag-
ment emission data [6,16]. Thus, by defining Q.¢(7) as in (9),
in this model we treat the LP emission at par with the IMF
emission. In other words, a nonstatistical dynamical treatment
is attempted here for the first time for the emission of not only
IMFs but also of multiple LPs, understood thus far only as the
statistically evaporated particles in a CN emission. Recall that
the statistical model (CN emission) interpretation of IMFs is
not as good as it is for LP production [2-4,6,7,14].

The collective fragmentation potential V (R, n, T') in Eq. (4)
is calculated according to the Strutinsky method by using the
T-dependent liquid-drop model energy Vipm of Ref. [51],
with its constants at T = 0 refitted [21,22] to give the recent
experimental binding energies [52], and the “empirical” shell
corrections U of Ref. [53]. (In the appendix of [21] and Eq.
(8) of [22], a, = 0.5, instead of unity.) Then, including the
T dependence also in Coulomb potential, nuclear proximity
potential, and ¢-dependent potential in the complete sticking
limit of moment of inertia, we get

2

V(R,n.T) = [Vipu(Ai, Zi, T)]
i=1

2 T2
+ Z [6U;]exp (—ﬁ)
i=1

+ E(T) + Vp(T) + V(T). 13)

The shell corrections §U(T) in (13) are taken to go to zero
exponentially with 7', with Ty = 1.5 MeV [54]. The other
T-dependent terms (E., Vp, and V;) are defined in the
following. First,

ET)=ZyZre*/R(T), (14)

where the charges Z; are fixed by minimizing the potential
V(R, n, T) in the charge asymmetry coordinate 1, (for fixed
R and 7 coordinates). Note that here the T" dependence of E,
is the same as in Ref. [51]. Next,

Vp(T) = 4 R(T)y b(T)®(s(T)), (15)

with R(T) and ®(s(T)), respectively, as the inverse of the root
mean square radius of the Gaussian curvature and the universal
function, independent of the geometry of the system, given
by [55]

Ci(T)C(T)

RO =—c7)

, (16)
—1(s — 2.54)> — 0.0852(s — 2.54)°, s<1.2511

—3.437exp(—5%5). s>1.2511,

O(s(T)) = {
7)
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and y, the nuclear surface energy constant, given by

N -7\’ 5
y =09517| 1 - 17826 (——) |MeVfm ™2 (18)

The overlap or separation distance, in units of b, between the
two colliding surfaces

R —C(T
“T)=T>()

with the temperature dependence of radii R;, used in C;, taken
from Ref. [51] as

1
Ri(T) =1.07(1 +0.01T)A; (19)
and surface width [56]
b(T) = 0.99(1 + 0.0097). (20)

Here the proximity potential Vp of Ref. [55] is extended to
include the T dependence. Similarly,

2L+ 1)
ViT) = —77—> (21)
21(T)
where, in the complete sticking limit, the moment of inertia
I(T) = Ig(T) = uR, + 2ApymC; + 2A,mC;3. (22)

Here u =[AgAL/(Ag + Ap)lm = %Am(l — nz) is the re-
duced mass, with m as the nucleon mass. Note that this limit
is defined for the separation distance AR, or ‘AR, to be within
the range of nuclear proximity (<2 fm).

Finally, the £,,,x value in Eq. (3) is the critical £ value, in
terms of the bombarding energy E. ., the reduced mass u,
and the first turning point R, of the entrance channel 7;,, given
by

le = Ron/2U Econ. — V(Ra, Nins £ = 0)1/1, (23)

or, alternatively, it could be fixed for the vanishing of the fusion
barrier of the incoming channel, called ¢4y, or else the £ value
where the light-particle cross section oy p — 0. This, however,
could also be taken as a variable parameter [6,16].

The mass parameters B,,(n), representing the kinetic
energy partin Eq. (4), are the smooth classical hydrodynamical
masses [57], since we are dealing here with temperatures at
which the shell effects are almost completely washed out.

The P in Eq. (3) is the WKB integral,

2 (R
P =exp [—g / {2M[V<R>—Qeff]}1/2d1e] 24)
Ra

solved analytically [35], with R, as the second turning point
(see Fig. 1) satisfying

V(R.) = V(Ry) = Qeit = TKE(T). (25)

Note that, since we do not know how to add the ¢ effects in
binding energies, the ¢ dependence of R, is defined by

V(R:) = Qet(T, £ = 0), (26)

(i.e., R, is the same for all ¢ values, given by this equation),
and that Q.(T, ¢) = V(R,, £). Then, using (25), we have
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that R, (¢) is given by the £-dependent scattering potentials, at
fixed T,

V(R, T, 0) = ZyZ1e*/R(T) + Vp(T) + V(T), (27

which is normalized to the exit-channel binding energy.
This means that all energies are measured with respect to
B (T)+ By(T). Such a potential is illustrated in Fig. 1 for
the '2C decay of °Ni* at T = 3.39 MeV (E. . = 51.6 MeV),
using different ¢ values. The first turning point R, is marked
for R = R, = C; + AR values and the second turning point
R, for only the £ = 0 case of R, = C, + AR. Note that, as
the ¢value increases, the Q.i(=TKE) value increases, since
the decay path for all the £ values begins at R = R,,. For the
reaction under study, at E.,. = 51.6 MeV, the critical angular
momentum ¢, = 327 from Eq. (23) and, for the vanishing
of the barrier for the incoming channel, £ps = 49h. It is
interesting to note that this £, value is only slightly lower
than the value of £.;; = 347 that has been extracted [3,6] from
the complete fusion cross-section data [16,32,33] using the
sharp cutoff approximation. The corresponding values for the
higher energy E. . = 60.5 MeV (T = 3.60 MeV) case will
be given later.

III. CALCULATIONS

The reaction *2S + Mg — °Ni* has been studied at two
incident energies (E.,. = 51.6 MeV and 60.5 MeV), which
correspond to 1.8 and 2.2 times the Coulomb barrier [6,16].
As already mentioned, at such energies, the fission-like IMF
cross section opyr is about 6% of the LP emission cross section
oLp. Speciﬁcally, U]M]:/O'Lp = (59 + 12)mb/(1050 + 50)mb at
E.m. = 60.8 MeV [16]. In the following, however, we choose
to use the data of Ref. [6], and the 60.8-MeV energy of Ref. [16]
is close to one of the energies of the chosen data. In the
experiment of Ref. [6], for the fission-like decay of °Ni*,
a complete mass spectrum of IMFs is measured, beginning
with a mass A; = 12 fragment. Later on, the measurements
of the IMF mass spectrum were extended at Ej,, = 130 MeV
(equivalently, E.,, = 55.7 MeV) to include the ®Be fragment
yields [58]. In this experiment [58], an enhanced emission
yield for ®Be by a factor of 1.5 to 1.8, over the two
o particles, is observed, which in the extended Hauser-
Feshbach method (EHFM) [3] is shown to be related to an
increased deformation of the heavier fragment **Cr. More
recently, ternary events from a conjectured hyperdeformed
5Ni CN have been observed at Ej,, = 165 MeV (equivalently,
E.n. =70.7 MeV) [59]. The two sets of data (Refs. [58]
and [59]) are consistent with the strong deformation effects
found in *°Ni, as is also populated by the 28Si + 28Si fusion-
evaporation reaction [60,61].

Figure 2 gives for 3Ni* the mass fragmentation potentials
V(A) at different £ values, for fixed T = 3.39 MeV and
R =R, = C, + 1.28 fm. The R value is chosen for the best
fit to the IMF cross-section data (see later discussion). Two
interesting results are apparent in this graph: (i) Because of
T-dependent Vi py, the non-«, Z = N, even-A fragments also
appear at minima that are in addition to the preferred «-nucleus
structure present in the macroscopic liquid-drop energy due to

PHYSICAL REVIEW C 71, 014601 (2005)

60

L) 325424Mg _,56Ni*_,AL+AH
] l T=3.39 MeV £ =32}
3 R=R_=C+1.28 fm

V (MeV)

-20

LA N L BN N LA L DL NN LA LA LA BELEN B
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56
Fragment Mass Number A

FIG. 2. Fragmentation potentials V (A) for the compound system
5Ni* formed in the reaction 2S + 24Mg at E.., = 51.6 MeV, calcu-
lated for different ¢ values at a fixed 7 = 3.39 MeV (corresponding
to E..,. =51.6 MeV) and R, = C, 4+ 1.28 fm. The fragmentation
potential V(A) = Vipm(T) +0U(T) + E(T) + Vp(T) + Vi(T) for
fixed R = R,. The £. value is from Eq. (23).

the “Wigner term.” This happens because the pairing term
in Vipm goes to zero for T > 2 MeV (refer to the appendix
in [21]). We notice in Fig. 2 that, even for the £ = 0 case,
the potential energy minima at odd-Z (=N) fragments are
much deeper (more so for '°B and '*N fragments) compared
to that for even-Z (=N) fragments, which could be partly
due to the differences in fitted binding energies with respect
to the experimental data (see Fig. 2 in [21]). Also, the shell
corrections 6U are already nearly zero at these temperatures.
Thus, when temperature is included in the potential, not only
do shell structure effects vanish but no explicitly preferred
a-nucleus structure remains. It is worth noting here that the
same behavior is also known for fission calculations [1], based
upon either the saddle-point picture [4—6] or the scission-point
picture [3]. (ii) The structure in the fragmentation potential (the
positions of minima and maxima) is independent of the ¢ value,
though very important effects of symmetric or asymmetric
mass division are present here in Fig. 2. Apparently, the
favored (lower in energy) asymmetric mass distributions at
zero and smaller ¢ values go over to the symmetric ones
for partial waves with angular momenta ¢ near the £, value.
In particular, at lower ¢ values the light particles (plus the
corresponding heavy fragments) are strongly favored, over the
heavier fragments (IMFs), but this situation gets reversed at
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FIG. 3. Fragment preformation factor Py(¢, A.), penetrability
P(¢, Ar), and decay cross section o,(A;), with £ summed over
Lmax = €. = 32h calculated from Eq. (23), for the decay of °Ni*
to various complex fragments (both LPs and IMFs), using the
fragmentation potentials in Fig. 2 based on the DCM.

or near the £, value. In this reversing process (from favored
asymmetric at £ = 0 to favored symmetric mass distribution
at higher ¢ values), the relative depths of potential energy
minima at odd-Z fragments seem to grow more, making these
fragments energetically more favorable. As we shall see in the
following, these results have important consequences not only
for the relative contributions of odd-Z and even-Z fragments
but also for the LP and IMF emission at different £’s to the
total decay cross section. Furthermore, from the experiments
of Beckerman et al. [62] we already know that the emission of
IMFs starts only beyond a certain energy (and hence beyond a
certain angular momentum) and that, for lower energies, only
LP emission occurs, which gives the complete fusion cross
section. This result is already given by the DCM worked out
in the s-wave (¢ = 0) approximation [20-22].

Figure 3 shows the calculated preformation factors
Po(¢, AL), the penetration probability P(¢, Ay ), and the cross
section oy(Ay), with £ summed over £.x = £., for use of
the fragmentation potentials of Fig. 2. Only the energetically
most favored mass fragments are considered for both the
LPs and IMFs. Two important results can be drawn for
Py(AL) (shown as a solid thin line in Fig. 3): (i) Py(AL) is
a strongly oscillating function with maxima only at Z = N,
even-A fragments; (ii) the preformation yields are large for
light particles and for asymmetric fragments. In other words,
in agreement with experiments [6,16], an asymmetric mass
distribution of IMFs is favored by the preformation factors.
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FIG. 4. Variation of P, with £, for both the LPs (dashed lines) and
even-A, N = Z IMFs (solid lines), calculated with the DCM for the
compound system *°Ni*, using the fragmentation potentials in Fig. 2.
For protons, the calculated P, values are three times those shown in
the figure.

In contrast, the penetrability P(A;) (dashed line) is almost
a monotonically decreasing function, with P being relatively
small for symmetric fragments. Thus, P(A.) also supports
the asymmetric mass distribution. The total cross section
o(Ar) = Zf: 0 0¢(Ar) for each fragment (solid thick line) is
a combined effect of these two terms (to be discussed later in
comparison with experiments). Here we notice that its behavior
is given more by Py(A.) than by P(A.). In the following,
we first study the variation of these quantities with angular
momentum £.

Figure 4 shows the variation of Py with £ for the energet-
ically favored LPs (A<4) and the even-A, N = Z IMFs (the
contribution of the energetically unfavored odd-A IMFs being
small at all £’s). The maximum £ value, £y, is taken to be
equal to the £, value. We notice that, whereas P, decreases for
LPs with an increase of ¢, it increases for IMFs as ¢ increases
and then starts to decrease at a large £ value. Py(¢) for ‘He
behaves like the LPs and the behavior of all LPs (A<4) is
different from that of the IMFs (A > 4). Also, for heavier IMFs
(A>16), Py is almost zero for £<18%. Furthermore, in Fig. 5,
the P’s for LPs are also large (P = 1 for proton emission since
there is no barrier at all £’s), but for £ < 187 the penetrabilities
are nearly zero for all IMFs. Thus, for the penetrability P
also, the behavior of LPs differs from those of the IMFs. This
result for the cross sections means that the lower £ values
contribute mostly to the LP cross section opp and that the
higher ¢ values (¢ > 18h) contribute to the fission-like IMFs
production cross section opyp. This is illustrated in Fig. 6,
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FIG. 5. Variation of P with ¢, for both the LPs (dashed lines) and
even-A, N = Z IMFs (solid lines), calculated with the DCM for the
compound system *°Ni*, using the scattering potentials of Fig. 1. For
protons, there is no barrier at any ¢ value and hence P = 1.

where oy p, opvE, and the total cross section

OTotal = OLP + OIMF

are plotted for each ¢. (The values of the three cross sections
for £ax = €. are also given in the legend.) We notice that oy p
is already zero for £>31h (a value close to £.), which means
that the two processes of LP and IMF emission get separated
at £ ~ 18h, and the decay process stops at the £ = £, value (at
least for the LPs in the present calculations). The IMF cross
section starts to contribute only for £ > 18k and is maximum
at £ = {.. Furthermore, if the ¢ coordinate is extended up
to, say, £g,s (not shown in the figure), the contribution to LP
emission remains zero but the IMF cross section continues to
increase as ¢ increases. This means that if the decay process
continues beyond ¢ ~ £, only opr contributes to Oo. In
other words, in the DCM, £,,.x = £, seems to be an automatic
choice, fixed by the initial conditions of the experiment, as in
Eq. (23). Alternatively one could choose £,,,x at an £ value
where o p — 0, as is discussed in the following.

The individual contributions of IMFs are illustrated in
Fig. 7, for ®Be emission and 2*Si emission. We notice that the
contributions of the lighter IMFs toward oy are much larger
than those for heavier IMFs. This result is consistent with
the observation of an asymmetric mass distribution, which
is favored. It is interesting to note that the same results (as
presented in Figs. 6 and 7) can be obtained in the statistical
fission model calculations for this reaction (see, for example,
Fig. 14 in [6]). The noticeable difference is that, in the
statistical fission model [6,16], ofssion (=omr) also reduces
to zero at £ = {., owing to the chosen phase space (the sharp
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FIG. 6. Variation of evaporation residue cross sections due to the
LPs’ orp (dotted line), the IMFs’ opyr (dashed line), and their sum
OTotal (s0lid line) with £, for £ values up to ¢, calculated with the DCM
for the compound system Ni* formed in a 32S + 2*Mg reaction at
E.m = 51.6 MeV. The parameter AR (=1.28 fm) is the same for
both the LPs and IMFs. The cross sections given in parentheses are
obtained by summing for €,,,x = £, = 32h. Here the LPs consist of
12H and **He.

cutoff approximation) in that model. Another point of interest
to note in the DCM is that the so-called promptly emitted LPs
are really not that prompt but they do overlap considerably with
the binary-decay process (of cluster emission) for the higher
£ values. This is also consistent with the statistical fission

E =516 MeV T=3.39 MeV
5 R=C+1.28 fm
1 0.02
S6Nj* — 285428
4_
0.01 5, (29i) \
3] P& 2BSi)\_j
P((, 28Si) _ xi0 . |
\\ X
0.00 '
2 0
14 P(¢, 8Be)
l, BBe%
0 b
LRI B L B LR BN BLRLELELE N RLELE BLELELEL B
0 5 10 1 20 25 30
Angular Momentum £ (%) l

FIG. 7. Variation of Py(¢, A;), P(¢, Ar), and o,(A;) with £, for
the emission of ®Be and 2%Si fragments from Ni* formed in a
328 4 *Mgreactionat E., = 51.6 MeV, calculated with DCM, as in
Fig. 6. For 8Si decay, the calculated P is ten times the plotted value
and the calculated P, is one tenth of the plotted value.
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FIG. 8. The same as Fig. 6, but for use of different AR values for
LPs and IMFs.

model of [6,16]. It is true that LP emission starts early but
continues along with the emission of IMFs till the decay
process itself stops for £ > £,.

Before giving the quantitative comparison of opp and opyr
calculations with experimental data, we study here the role of a
changing AR value and the nature of emitted light particle(s).
Figure 8 shows the results of the DCM using different
AR-values for the LPs and IMFs, taking AR = 0.41 fm
for LPs, but keeping the same AR = 1.28 fm (as in Fig. 6) for
IMFs. We notice that the magnitude of (total £-summed) oy p
reduces considerably (by a factor of about 2) whereas opvg
remains nearly the same (with an observed increase of about
20%). Furthermore, if we also change the proton emission to
neutron emission, as in Fig. 9, the £, value remains the same,
but the magnitude of oy p reduces further to about 60%, keeping
the opvr almost unchanged. These results in Figs. 8 and 9 are
to be compared with the respective measured values of o1 p =
1050 mb and opyr = 60 mb. The agreement for opyr can be
further improved if the £ values are summed only up to the point
where o1 p — 0; then the calculated opyr = 103 mb or 106 mb
in Fig. 8 or Fig. 9, respectively. Note that the drastic reduction
of oL p in Fig. 9 occurs because the lower ¢ values (¢<3%) also

I
100 - 56N FLC‘+AR fm
1 — 0.41 fm for AL=n,2H,3"‘He
~ [1.28 fm for A =5-28
80 - L

EC n=01.6 MeV
604 T=3.39 MeV

Cross section ¢ (mb)
N
o
1

0 5 10 15 20 25 30
Angular Momentum £ () ¢

FIG. 9. The same as Fig. 8, but with proton emission replaced by
neutron emission.
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FIG. 10. The same as Fig. 3, but for only the decay cross section
0 (Ay) and calculated for the case of Fig. 8. The DCM calculations
are also made for another arbitrary higher ¢, value (=367) and are
compared with two other model calculations, EHFM and TSM of
Refs. [3] and [6], respectively, and the experimental data [6,16] for
A >12 IMFs.

do not contribute to the LP emission cross section. It is known
for experiments that it is more difficult to evaporate a neutron
than a proton, as is also shown to be energetically the case
in Fig. 2. However, we do not make a search for the exact
emission of LPs, since we do not attempt a one-to-one com-
parison with the data. Nonetheless, these results demonstrate
for the first time the general success of the DCM in giving the
LP emission in a nonstatistical formalism.

The total cross section o = Y o, for decay of °Ni* at
E.m. =51.6 MeV to light fragments A; (for both the LPs
and even-A, N = Z IMFs) is plotted in Fig. 10 for the case
of Fig. 8 and for another £, value (=36%). These results are
compared with other available calculations based either on
the saddle-point transition-state model (TSM), taken from [6],
or on the scission-point model, the so-called EHFM scission-
point model, taken from [3], and the available experimental
data [6,16] for A, >12 IMFs.

In light systems, where the saddle and scission configu-
rations are known to be very close to each other, and only
a very little damping is expected as the reaction between
the two nuclei proceeds, there is hardly any reason to
expect a significant difference between the TSM and EHFM
calculations made, respectively, at the saddle point and scission
point, compared to the cases of heavier systems where
damping can occur [1]. Indeed, the calculations based on
the saddle-point and scission-point models in Fig. 10 (also in
Fig. 13) are found to give equivalent results. Both TSM [7] and
EHFM [3] calculations start with the CN formation hypothesis
and then follow the system by first chance binary fission or
light charged-particle emission and subsequent light-particle,
neutron, and/or photon emission. The calculations with TSM
[7] are based upon the transition-state theory for which the
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fission width is assumed to depend on the available phase space
of the saddle point. Here the mass-asymmetry dependence
of the fission barrier favors the decay into mass-asymmetric
exit channels. The EHFM [3] corresponds essentially to an
extension of the Hauser-Feshbach formalism, which treats
y-ray emission, light-particle (n, p, and «) evaporation, and
IMF decay as the possible decay channels in a single and
equivalent way. The EHFM assumes that the fission probability
is proportional to the available phase space at the scission
point. The input parameters of TSM and EHFM are basically
the same. In each case, the diffuse cutoff approximation
was assumed for the fusion partial wave distribution using a
diffuseness parameter of ¢ = 1% and an £, value as calculated
from the experimental total fusion cross section. A constant
level-density parameter value of a = A/8 in Eq. (2) has
been chosen for both the models in view of the, respective,
experimental and theoretical results of Refs. [63] and [64]
for the light heavy-ion systems. The transmission coefficients
obtained in the optical model (OM) calculations are used,
where the potential parameters have smooth dependences on
the mass number and are essentially standard in all statistical
model calculations [65]. A more complete comparison of the
transition-state and extended Hauser-Feshbach models and a
detailed discussion of the input parameters in statistical model
calculations, are given in the review by Sanders et al. [1].

In Fig. 10, the EHFM calculations for IMFs in [3] are done
for Ay >12 fragments and are thus joined straight from A; = 4
to A, = 12. Only even-A fragments are plotted since the IMF
spectra at E.;,, = 51.6 MeV are measured for only even-A
fragments [6,16]. The TSM calculations for LPs in [6] are
performed within the HF formalism, and hence they are shown
to be the same for the EHFM model [3]. As already stated,
for the LP emission at this energy, the measured (fusion or
evaporation residue) cross section is available (o p = 1050 &
100 mb) but the separate yields for each emitted LP is not
given for a possible direct comparison between experiment
and model calculations.

Notice in Fig. 10 that the known discontinuity at the point
between A; = 4 and 6 in both TSM and EHFM calculations,
owing to the use of the HF formalism for LPs (A<4), is no
longer present in the current DCM calculations. The DCM
treats both the LP and IMF emissions in a similar manner,
although the present calculations (corresponding to the case
of Fig. 8) overestimate opp by a factor of more than 2. This
discrepancy in the DCM is mainly due to the contribution of
a mass-one particle, here the proton. For example, replacing
the proton with a neutron (Fig. 9) yields a calculated op in
better agreement with the data. Apparently, for the calculation
of the evaporation residue cross section opp or orp + opvE,
knowledge of the specific contributing particles (i.e., their
multiplicities) is crucial for comparisons with experiments.
Note further that the HF analysis gives nearly equal cross
sections for each of the four emitted particles (A; = 1-4),
whereas a decreasing function of the light-particle mass is
obtained in the DCM. It will be of great interest to measure
the trends of LP cross sections in the near future.

For the IMFs, in Fig. 10, the general comparison between
the experimental data and the DCM for ¢, = 327 is of the
same quality as for the TSM or EHFM, at least for A; <22. For

PHYSICAL REVIEW C 71, 014601 (2005)

8.0
] 56Nj*—w AL+AH
7.5
| 4 A AJ/A/A7A7A47A47:
o] V| e
| At
AN .
6.5 o R . |
' AV ]
6.0 \ NAWAYS
1 oS P I%
—~ 5.5 »A/A
E ] P
© 5.0
4.5
4.0 T=3.39 MeV
| R
a t
3.5 A Ra=Ct+1 .28 fm
3.0_- —— Ra=Ct+AR(n) (from Qeﬂ(T), 0=0)
] —o— Ra=Ct+AR(n) (from Qeff(T)’ £50)
2.5

. ——
0 4 8 12 16 20 24 28
Light Fragments Mass Number AL

FIG. 11. Variation of the first turning point R, with light fragment
mass A;, for R, = C,, R, = C; + AR(=1.28 fm), and the actually
calculated R, from V(R,) = Q.(T), £ = 0, for the decay of *°Ni at
T = 3.39 MeV. Note that the actually calculated R, from V(R,) =
Qc(T), £ = 0, can be written as R, = C;, + AR(n), where AR(n)
is found to be, in general, positive. For some light fragments (A, =
1-5, 8), we use £ > 0 since calculated Q.(7) is larger than the
barrier for the £ = 0 case.

A > 22 the TSM and EHFM predictions appear to be better,
and the DCM seems to require a larger £, value. However, the
DCM calculations for £, = 36h give poorer fits for the lighter
fragments. Thus, a smaller AR value is suggested for a higher
£, value (see Fig. 12). In any case, in general, in experiments [1]
the CN component is free from deep inelastic “orbiting”
(fully damped collision) yields only for lighter fragments
with A < 24.

Note that in Fig. 10, for DCM calculations, AR =
0.41 fm for LPs and AR = 1.28 fm for IMFs. However,
a closer comparison of DCM calculations with experiments
(Fig. 12) favors the use of a fragment-dependent AR or the
actual AR(n), calculated from Q.g, presented in Fig. 11 for
light mass fragments. We notice in Fig. 11 that AR(n) has
an oscillatory nature, if compared to the smooth variation of
C, or C; + AR with 1. The maxima in AR(n) correspond
to o-nuclei IMFs and the minima to N = Z non-a-nuclei
IMFs, with the odd-A; fragments lying in between. For light
particles, the AR(n) values increase almost monotonically.
In any case, the division between the LPs and the IMFs is
clearly evident from the variation of AR with 7.

Figure 12 shows the DCM calculations using different
average AR values and the actual AR(n) obtained in Fig. 11
from calculated Q.g. These calculations are presented here
only for even-A IMFs. We have also added here the DCM
calculations for AR = 1.28, ¢, = 32h (from Fig. 10). It is
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FIG. 12. The same as Fig. 10, but for the DCM alone, calculated
for different average AR values and the actual AR(A,) determined
from V(R,) = Qex(T, € = 0) (Fig. 11). The DCM calculations are
compared with the experimental data taken from Refs. [6,16].

clear that AR = 1.28 fm gives the optimum fit to IMF data,
though the oscillatory nature of the data is almost smoothed
out, particularly for the heavier IMFs. This oscillatory structure
of the cross section gets restored with the use of actual
AR(n) obtained from calculated Q.¢, though the fit with the
data deteriorates. Apparently, an improvement in AR(n) is
required. This calls for an improvement in the calculations of
Q. and hence in the ground-state and 7-dependent binding
energies.

The histograms in Fig. 13 show the comparisons of the
absolute IMF cross sections for the best fit (AR = 1.28),
the experimental data [6,16], and the two alternate model
calculations of TSM (from [6]) and EHFM (from [3]), for
A >12 at both the available energies. Similarly, Fig. 14 shows
the DCM-calculated excitation functions (cross sections at
different E.,, ) for the emission of >C from the excited
Ni* CN. We notice in Fig. 14 that, independent of the
choice of AR value (i.e., a constant or 7-dependent value),
the '2C emission cross section, o('2C), increases as the
incident energy increases and reaches a maximum around
E.m. = 90 MeV and then starts to decrease at higher incident
energies. It is interesting to note that similar results are
obtained in the HF calculations, using BUSCO code, for the
emission of '2C from '“~!8Ba* CN [66]. From Figs. 13
and 14 it is clear that the DCM contains the required
features of the experimental data, as well as of other models
(EHFM [3] and TSM [6]). The striking disagreement for a
mass A; = 14 fragment calls for the not-yet-measured charge
distributions in the reaction *>S 4 ?*Mg. Figure 15 shows our
calculated charge dispersion potentials and the corresponding
fragment preformation probabilities in the DCM for A; = 14
at different ¢ values. Apparently, in DCM calculations, the
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FIG. 13. Histograms of the calculated IMF cross sections o (A})
from the DCM, compared with the experimental data [6,16] and two
other model calculations, EHFM [3] and TSM [6], for even-A; IMFs
at E., = 51.6 MeV and for both the odd- and even-A; IMFs at
E.m = 60.5 MeV. The predicted A, =14 fragment cross section
from the DCM is very large, ten times of what is plotted here.

yields (cross sections) are larger (rather largest) if only the
energetically favored fragments are considerd (such as '“N for
A = 14), as is the case in all the DCM calculations presented
here. However, by allowing for charge dispersion effects,
the average yield as well as the yields for other isobars are
much smaller compared to that for the most favored fragment.
Furthermore, a better treatment of the binding energies and
missing aspects, such as the deformations of the fragments
and neck formation between them, would also ameliorate

707325 424Mg--> 56Ni*-->12C.+ 44T
60- e,
g - ./.\ \.
50 .
(o) 1 ] \o
S 401 T
“g 4
o 30
@ T . —
© 204 —=— AR =1.280 fm
o 1 —e— AR=1.192+0.001714E fm
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10 T T T T
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E__ (MeV)

FIG. 14. DCM excitation functions (i.e., cross sections at differ-
ent incident c.m. energies) for emission of a '>C fragment from the
excited °Ni* compound nucleus, calculated for a constant and an
arbitrary T-dependent AR value.
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FIG. 15. (a) Charge dispersion potential, (b) the corresponding
(fractional) preformation probability Py in the DCM foramass A; =
14 fragment, at different £ values, in the decay of °Ni*.

the predictions of the present model. In view of this, in the
following, we further analyze the comparisons of the DCM
calculations for average TKEs with the experimental data of
Ref. [6].
Figure 16 shows the DCM-calculated average total kinetic
energy
.
— o 0e(AL)
TKE(ApL) EZ:; o(A,) TKE((, Ap),

compared with the experimental data for the 32S + **Mg
reaction [6] leading to hot *°Ni* at the two chosen energies.
Here, for each fragment, the TKE for each £ is averaged over
its corresponding production cross section oy with respect to
the total cross section o(A;) = ﬁ“‘:"‘() o¢(Ar). We have also
calculated the total kinetic energy TKE(A ) for a best fit to the
£ value. Apparently, the comparisons with data are reasonably
good for both the calculations and it is difficult to distinguish
between the calculated TKE and TKE. The maximum £ value is
nearly the same in both cases. However, it is not clear why this
maximum ¢ value is much less than the £, value. The simple
model dependence used for handling the deformations of the
fragments and neck formation between them need further
improvements.

IV. SUMMARY

We have further developed the DCM for the decay of a
hot and rotating CN, formed in light heavy-ion reactions,
into multiple LP evaporation and IMF emission. The LP
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FIG. 16. The measured [6] and DCM-calculated average total
kinetic energy (TKE) for the reaction 328 + *Mg —°Ni* — A, +
Ay, at two incident energies E., = 51.6 MeV and 60.5 MeV. The
total kinetic energy TKE for the best fit to the £ value is also plotted.
The average AR = 1.28 fm and 1.29 fm, respectively, for the two
energies.

emission (evaporation residue) cross section opp constitutes
the CN fusion cross section oy, for a negligible emission of
IMFs, since ot = opp + omvr (also referred to as o). The
statistical equilibrated CN evaporation process, successful for
the emission of LPs, could not explain the IMF emission.
Alternatively, the IMF emission alone could be understood
as the statistical fission process in the saddle-point [6] or
scission-point model [3]. However, in the DCM, both the LPs
and IMFs are treated identically as the dynamical collective
mass motion of preformed fragments or clusters through
a barrier (i.e., quantum mechanical tunneling of clusters
that are considered pre born with different probabilities
before they actually penetrate the barrier). Thus, the cluster
preformation probabilities contain the structure effects of the
CN, which are found to be important in the description of
the measured excitation functions of large-angle elastic and
inelastic scattering yields in the experiments under study.

The DCM is worked out in terms of only one parameter,
the neck-length parameter, which depends on the total kinetic
energy of the fragments TKE(T) at the given temperature 7' of
the CN, which itself is defined for the first time in terms of
the binding energies of the emitted fragments in their ground
states and the binding energy of the hot CN. The hot CN is
considered to achieve its ground state by giving away its extra
binding energy to the emitted LPs, which is shown to leave
the emitted IMFs in their respective ground states with total
kinetic energy TKE(T = 0). The remaining (excitation) energy
TXE(T) must go into the emission of secondary light particles
from the IMFs, which are otherwise already in their ground
states in the radial motion. Such an emission of secondary light
particles is not included here in the DCM; rather the model
predictions are compared with the primary IMF experimental
data [6], corrected for such an emission.
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The DCM is applied here to the decay of °Ni*, formed
in the S + 24Mg reaction at two incident energies, E¢, =
51.6 MeV and 60.5 MeV, where both the LP cross section and
IMF spectra, as well as the total average kinetic energy (TKE)
for only the favored o-nucleus fragments, are measured [6].
The interesting result of the DCM is that both the preformation
factors and penetrabilities, as a function of angular momentum,
behave differently for the LPs and the IMFs. In other words,
there is an explicit division at the mass-four fragment between
the LPs and IMFs, with “He belonging clearly to the LP regime.
The preformation factor is shown to contribute more to the
observed behavior of the IMF cross section oy, which can be
compared with the experimental data reasonably well, favoring
an asymmetric distribution. Furthermore, the variation of both
orp and opyp with angular momentum, as well as the individual
contributions of IMFs to opvgr, and the excitation functions
of the emitted IMFs, match exactly the predictions of the
statistical fission model and the HF analysis. Since, unlike
fission models, the DCM does not depend on the chosen phase
space, it has the advantage that the £.,,x value is fixed by
the initial conditions of the experiment via £., rather than by
the available phase space. This distinguishing feature is evident

PHYSICAL REVIEW C 71, 014601 (2005)

in opyr not going to zero when o p goes to zero at €y, = €.
The comparison of oyp, however, depends strongly on the
type of particles involved and their multiplicities, as expected.
The calculated TKE also reproduces the experimental data,
though at an ¢ that is less than the ¢, value, which perhaps
has to do with the way the deformations of the fragments are
included here simply through the same neck-length parameter
that accounts for the temperature effects. The model is being
improved for both the neglected deformation effects and neck
formation between them as well as the binding energies used
to calculate this neck-length parameter.
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