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The decay of**Ni*, formed in 32S+24Mg reaction at the incident energi& ,=51.6 and 60.5 MeV
(where c.m. is the center of masss calculated as a cluster decay process within the preformed cluster-decay
model of Guptaet al.[Phys. Rev. G5, 024601(2002] reformulated for hot compound systems. Interestingly
enough, the cluster decay process is shown to contain the complete structure of both the measured fragment
cross sections and total kinetic energi@&Es). The observed deformed shapes of the exit channel fragments
are simulated by introducing the neck-length parameter at the scission configuration, which nearly coincides
with the %®Ni saddle configuration. This is the only parameter of the model, which, though, is also defined in
terms of the binding energy of the hot compound system and the ground-state binding energies of the various
emitted fragments. For the temperature effects included in shell corrections only, the normalizeteus
s-wave cross sections calculated for nuclear shapes with outgoing fragments separated within nuclear proxim-
ity limit (here ~0.3 fm) can be compared with the experimental data, and the TKEs are found to be in
reasonably good agreement with experiments for the angular momentum effects added in the sticking limit for
the moment of inertia. The incident energy effects are also shown in predicting different separation distances
and angular momentum values for the best fit. Also, some light particle prodyotiver than the evaporation
residue, not treated heris predicted at these energies and, interestintifie, which belongs to evaporation
residue, is found missing as a dynamical cluster-decay fragment. Similar results are obtained for temperature
effects included in all the terms of the potential energy. The @adragments are now equally important, and
hence present a more realistic situation with respect to experiments.
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|. INTRODUCTION center of mags Note that®®Ni is a negativeQ-value system
(negative Q,, different for different exit channelsand
Experimentally,**Ni is an extensively studied compound hence would decay only if it were produced in heavy ion
system by using different entrance channels, nam&l®,  reactions with sufficient compound nucleus excitation energy
+%Ca, ?%si+?%si, and ¥’S+?Mg, and at various incident EX, (=E,,+Q;y), to compensate for the negati@g,, the
energies ranging from 1.5 to 2.2 times the Coulomb barrietieformation energy of fragment&y), their total kinetic en-

(see, e.g., Ref.1] and the other direct and more recent pa-ergy(TKE), and the total excitation energ§XE), in the exit
pers[2—8]). At such incident energies, the incident flux is channel, as

found to get trapped by the formation of a compound nucleus
(CN), which is in addition to a significant large-angle elastic = Qo MI+Eg(T)+TKE(T)+TXET); (1)
scattering cross section. For lighter masségy<44), such
a compound nucleus decays subsequently by the emission 8¢e Fig. 1, wher&, is neglected because fragments are con-
mainly light particles (,p,«) andy rays; i.e., with a very sidered to be spherical. Hef@,, is positive (=16.68 MeV
small component of heavy fragment®4) emission. An  for 3S+2*Mg entrance channglnd hence adds to the en-
experimental measure of this so-called particle evaporatiotrance channel kinetic enerdy, ,, of the two incoming nu-
residue yield is the CN fusion cross section. For somewhatlei in their ground states. In another experimé#f for
heavier systems, such 4&Cr and *Ni, a significant decay *’S+2*Mg reaction atE.,=51.0 and 54.5 MeV, the
strength toA>4 fragmentsthe mass-asymmetric channels excitation-energy spectra for only the symmetffSi+ 2°Si
is also observed, which could apparently not arise from a@nd near-symmetric?*Mg+3?S channels are measured,
direct reaction mechanism because of the large massvhose analysis indicate that a specific set of state$@i
asymmetry differences between the entrance and exit chagorrespond to highly deformed bands. In other words, the
nels. The measured angular distributions and energy spectexpected shapes of some of the observed fragments in the
are consistent with fissionlike decays of the respective comexit channel could be relatively deformed. It is interesting to
pound systems. note that this result is supported by a very recent study of the
For the 3%S+2*Mg— %Ni* reaction, in one of the experi- 28Si+2Sj reaction atE. ,,=55 MeV, where the population
ments, the mass spectra fAr=12—-28 fragments and the of highly excited states in thé*Mg, 2Si, and 3°S nuclei
total kinetic energy(TKE) for only the most favoreden- indicated a selective and enhanced population of deformed
hanced yieldsa-nucleus fragments are measured at the enbands[6]. In a still other recent experimefi], the incident
ergiesE,=121.1 and 141.8 MeV, or equivalently, B,  energy used in the sam&S+2*Mg— >®Ni* reaction isEy,
=51.6 and 60.5 MeV, respective|®,3] (where c.m. is the =130 MeV and an enhanced emission yield by a factor
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P — =] tems, this choice can lead to a significant population of many
56N|* ---> 12C+44Ti . ,
. E,,=21.6 MeV energetically allowed mass channels, though there is no
QriosMey  tedcsse Sion models. However e ssucture effecks of the compound
o 2 JE FE=Ct(”’T)+AR(“’T) VR)=E_+V, system seem to influence the observed yields strongly since
q> ] AR(3.39)=0.3fm  B(T)=V _ +8U(T) ||. strong resonance behavior is observed in the measured exci-
2 154 /\ — Eon tation functions of large-angle elastic and inelastic scattering
> V(R) l tTKE(T) - Qa8 yields in several light systenisee, e.g., Ref6]). One pos-
0 l sibility to account for such structure effects is via the process
Q- -+ of fragment (or cluster$ preformation in a compound
Y B nucleus and its subsequent decay as a cluster decay process,
ow Jla 1P : , : , : proposed recently by some of {i$5,16. The structure in-
R, 25 50 75 100 formation enters the process via the preformation probability
R (fm) (also known as the spectroscopic factaoé the fragments.

We follow this approach of preformed cluster de¢a, 16|

FIG. 1. The swave ((=0) scattering potential for*®Ni* in this paper.
—12C+4Ti, calculated for no temperature effects By and Vp, The cluster-decay process was recently studlies] for
i.e.,V(R):EC+VP . TheQ values are calculated fromdependent the Compound Systerﬁe‘Ni*, using the preformed cluster-
binding energyB(T) =V py + 6U(T). The actually calculated de- decay mode(PCM) of Gupta and collaboratofd7—21]. It
cay path forV(R,) =Qei(AR)=V[C(T) +AR] is shown, where  \as shown that for the decay 8iNi*, the two processes of
ARis an average of the separation distances for different fragmerpinary fission(the dynamical collective mass transfer calcu-
tations(different 7 values. lated, by some of u§22—25, in the quantum mechanical

fragmentation theory26—-28) and cluster decay are almost

of 1.5-1.8 is observed fdiBe over the twar particles. The  indistinguishable, particularly at higher angular momenta.
aim of our present work is to understand some of the resultslowever, this work was a simple model study where the role
of these experiments. of the TKE was analyzed and found to be significant for

The above stated light particleA&4) production, the —a-nucleus structure in the measured yields. This model is
evaporation residue, is very satisfactorily understood as theore recently reformulatefiL6] for the IMFs emitted from
equilibrated compound nucleus emission in the statisticadn excited'®a* compound nucleus produced in the low
Hauser-Feshbach analy$89—-17, using theLiLITA or cas-  energy *®Ni+ >®Ni reaction. The IMFs in*'%Ba* are shown
CADE codes. The Hauser Feshbach calculations are also et@ be produced as multiple “clusters” of mass&s 20 and
tended to include the complex fragments, such as the onemly at E,,,>200 MeV, in agreement with experiments.
observed in the experiments mentioned above. These aRoth of these work$15,16 show that the IMFs in the decay
considered in the, so-callegusco code[10] or the Ex-  of excited 1'®Ba* or the complete mass spectra in decay of
tended Hauser-Feshbach scission-point m@d&]. Within  excited *®Ni* have their origin in the macroscopic liquid
the framework of the Extended Hauser-Feshbach methodrop energy(the shell effects are almost zero at the excita-
[12], the above noted observed enhanced emissiofiBef  tion energies involved For 1%Ba* decay, the light particle
over the evaporation of twe particles in the3°S+2‘Mg (Z=<2) emission, other than the promptly emitted via the
reaction is shown related to an increased deformation of thetatistical evaporation procegsot treated in this modglis
heavier fragment®Cr [7]. The emission of complex frag- also shown to be given, but at higher energies where only the
ments[A>4, also called the intermediate mass fragmentgpure liquid drop modelLDM) energies enter the calcula-
(IMFs) or “clusters”] is alternatively treated as the binary tions. Thus, the macroscopic liquid drop enerdypy is
fission of a compound nucleus in the statistical fission modshown playing the most important role in the cluster decay
els [13,14], using theGEMmINI code[9] or the saddle-point calculations. Apparently, the compound nucleus being hot at
“transition-state” mode[3,5,11]. The transition-state model, the energies involved, th¥, py should also depend on the
treating the complex fragment emission as a compoundtemperaturel. This is done here in this paper for the decay
nucleus fission procesthe fusion-fission seems to explain of **Ni* formed in the®S+24Mg reaction at the two ener-
the observed mass spectra and excitation-energy spectyées,E;,=51.6 and 60.5 MeV\[2,3]. Also, the other terms
rather well for the3?S+24Mg reaction at the two energies of the potential, which constitute the scattering potential
used in respective experimeni8,4]. Also, the measured V(R), are considered dependent.
TKE for the symmetric fission is comparable to the saddle- The T-dependent liquid drop model used is that of David-
point potential energy af =364 [3]. Then, there are other son et al. [29], which is based on the semiempirical mass
processes, such as the deep-inelastic orbiting or scatterinfprmula of Seegef30]. The model parameters of Seeger’s
which have also been studied for this reaction but do noformula atT=0 are refitted in view of the present availabil-
seem to explain the observed dasa. ity of a larger dataset for binding energig&l]. For theT

In the statistical fission mode[4.3,14], the fission decay dependence in/(R), we follow Davidsonet al. [29] and
of a compound nucleus is determined by the phase spam®me other author32], as discussed below. The deforma-
(level density available at the “transition” configuration, tion effects of the fragmentgand the neck formation be-
which is saddle or scission in these models. For light systween them are included here within the extended model of
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Gupta and collaborato83—35, via a neck-length param- 2 9 1 9
eter at the scission configuration which simulates the two- — — +VRr(9,T)} " (n)=E"¢"(7n),
center nuclear shape parametrization, used for both the light 2\/5777, an \/Em, an

and heavy nuclear systems. A similar method has been used (4)

earlier by other authorf3,11,13, discussed below. dwith »=0123... andR=R,=C,(=C,+C,), the first

The dynamical cluster decay model for hot compoun . e L
systems, a reformulation of the PCM of Gupta and Cc)_turnlng point, fixed empirically for the ground-stat€=€0)

workers [17-21] for ground-state decays, is presented indeqay since this'value(ﬁ(instead of the compound nucleus
Sec. Il and its application to the h8iNi* nucleus data from radiusR,) assimilates to a good extent the effects of both the

Refs.[2,3] in Sec. lIl. The(statistical evaporation of light deformationsg; of two fragments and neck formation be-

particles that occur promptly before the beginning of thefween then{35]. In other words, the deformation effects of

binary decay process of cluster emission studied here, is n(B_IEEI3 \t/wg f_lr_z':l_ggw?ts arehlnc:)uded_ here r']n tfhe scatt_ermg poten-
included in this paper. Hence, any discussion of light particletla ¢ (RT= _) or eac 71 y raising tE(; Irst turnlr?g hpqmt
emission is that of one which is in addition to the ones emit-<a T0M Ra=R, 1o Ra=Cy or Ci+25R(f;), which is

ted promptly. Einally, mmarv of our results is present daquivalent of lowering of the barrier, as is foungl to b_e the
ir? SFe)E: T\f y- Finally, & simmary ur resulis s presente case for deformed fragmenit85]. This method of inclusion

of fragment deformation and the parametrization of the neck
zone via a neck-length paramet@R in the present calcula-

Il. THE DYNAMICAL CLUSTER-DECAY MODEL FOR tions is quite similar to what has been achieved in both the
HOT COMPOUND SYSTEMS transition-state model of SandgB511] (in saddle point con-

i figuration and the Extended Hauser-Feshbach method of
The cluster-decay model developed here is the PCM 0fatsuse and collaboratof2] (in scission point configura-
Gupta etal. [17-2] for the ground-state decays, re- ion) It is also shown in Ref[35] that the alternative of

forrgullated for hﬁt and elxcitfed compound systerps. In thig5|culating the fragmentation potentid( ) and scattering
model, we treat the complex fragmefise IMFs or clusters  entiajv/(R) for deformed nuclei is not practical since the

as dynamical co!lectivg mass motion of preformed fragmgnt xperimental deformation parameters for all the possible
through the barrier. It is based on the well-known dynam'calfragments A,.A,), required for calculating/( ), are gen-

(or quantum mechanigafragmentation theory26—-28 de- erally not available. The deformation effects of nuclei in our

veloped for fission and heavy ion reactions, and used lat€ly\ojations are further included via thé Smann central

o predcing e s s a8 o, G O ) R
y +0.8A 13 fm and surface thickness parameter 0.99 fm.

nates of mass asymmetsy=(A;—A,)/(A;+A,) and rela- : .
tive separatiorR, which in a PCM allows to define the decay Note tha? theC, are different for differenty values, and
henceC; is Ci(7).

half-ife Ty, or the decay constant, as The eigensolutions of Ed4) give the preformation prob-
ability

M= T, DovoP: @ Po= B, Ul n(A)][?(2/A), 5)

(i=1 or 2, wherey(n) is 4"~°(7) if the ground-state so-
where the preformation probabilit?, refers to» motion |ution is chosen. However, the decay ¥Ni in the ground
and the penetrability? to R motion. Apparently, the two state T=0R,=C,) is not allowed sinceQ,,(T=0) is
motions are taken as decoupled, an assumption justified inegative.
our earlier works[26,27,39. The v, is the barrier assault For the decay of a hot compound nucleus, we use an
frequency. In terms of the partial waves, the decay crosansatZ16] for the first turning point,
section

Ra=Ci(7,T)+AR(7,T), (6)

T b 2uEcm which depends on the total kinetic energy TRE The cor-
o== > (20+1)PeP; k= > (3)  responding potentiaV(R,) acts like an effective, positiv®
k® =0 ki value, Q.¢, for the decay of the hot compound system at
temperaturd to two fragments in the exit channel observed
with uw=[A;A,/(A;+A,)Jm=3:Am(1— 7?) as the reduced in the ground statesT(=0). Thus, in terms of the respective
mass and(., the critical (maximum) angular momentum, binding energies, Q. is defined as
defined laterm is the nucleon mass. This means thain
Eq. (2) gives thes-wave cross section, with a normalization Qert(T)=B(T)~[By(T=0)+Bx(T=0)]
constantvg, instead of ther/k? in Eq. (3). However, in the —TKE(T)=V(R,). @
present calculations, made fér=0 case, the normalization
constant is obtained empirically from the experimental dataSince, R,=C(7) for T=0, AR(%) corresponds to the
For »-motion, we solve the stationary Schinger equa- change in TKE afl with respect to its value af=0, and
tion in %, at a fixedR, hence can be estimated exactly for the temperature effects
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included in the scattering potentigl(R). Note that in Eq.
(6) C, is also taken to depend on temperature, as is defined in
the following. Also, AR depends ony. In the following,
however, based on our earlier work6], instead, we use a -20
constant average valuBR (independent ofp) which also
takes care of the additionalSR(3;) effects of the deforma-
tions of fragments and neck formation between them. Note
that AR is the only parameter of the model, though it is — -30-
shown that the structure of the calculated mass spectrum isg
nearly independent of the exact choice of this parameter=
value. The correspondin@. is denoted af(AR). >

In the above definition 0., apparently the two frag- 404
ments would come out of the barrier and go to ground state
(T—0) only by emitting some light particle) and/ory rays

of energy, defined atsee Fig. 8 T=0, R=C +C,
50 4 —n=— Using Expt. B's. (1995)
Ex=B(T)—B(0)=Qu(T)—Qou{T=0)+AB ---e-- Using Refitted Seeger's B's
(with MS14 shell corrections)
=Qe(T) = Qou T=0) =TKE(T) - TKE(T=0). 8 T T T T T T T T T T
0 5 10 15 20 25
Equation(8) means that one can also write Fragment mass number
Qer(T)=TKE(T)=Qqu(T=0)+E,=TKE(T=0)+E,, FIG. 2. The fragmentation potential fofNi at T=0R=C;,

©) using the experimental binding energisslid squares[31] and the
empirically fitted Seeger’s binding energieslid circleg with the
which is what one observes experimentally, i.e., the fraghew constants of Table I. Here, MS14 means the shell corrections
ments in the ground state witd, (T=0) [ = TKE(T=0)] from the empirical method of Myers and Swiatef#0] with Z and
and light particlés) and y rays of energyE, . The remaining N~ 14 as the magic numbers.
excitation energy of the decaying system is then ) .
Thus, at temperatur€, the preformation factoP, in Eq.
x _E = )+ TKE(T=0)+ TXE(T), (10 (5) is calcul_ated aRa.:Ct(n)JrAR, with the temperature
on~Bx=[Qau T (T=0) (M. Q0 fects also included in( ») through a Boltzmann-like func-

which again shows that the exit channel fragments are o o,

tained with their TKE in the ground state, i.e., with TKE o

(T=0). The excitation energy TXHE) in Eq. (10) is used in || 2= > || 2exp( — EYIT), (14)
the secondary emission of light particles from the fragments, v=0

which are not treated here. Instead, we compare our calcula- )

tions with the primary pre-secondary-evaporation fragmentith the compound nucleus temperatdréin MeV) related

emission data. as
We notice from Eq(7) that for the ground-stateT(=0) . )

decay, on= (AT =T, (15

—av— 0= _ and for the penetrabilit?, Eqs.(6) and(7) for each» andT
Qer(T=0)=Qou{ T=0)=TKE(T=0), 11 values mean that
as is the case for exotic cluster radioactiVipi,3d. In fact, _ L AR) = _ AP —
oo can wite Ea(n 85 V(R =V(CoHAR) =V(Ry) = Qe AR) = TKE(T), |
Qer(T) =Qou( T) +AB, (120 with R, as the second turning point, and penetrabifitgal-
culated as the WKB tunneling probability for the path shown
where in Fig. 1 (or Fig. 8, as

AB=[B4(T)+B,y(T)]-[B(T=0)+B,(T=0)], (13 P:exp[_ ngb{zM[V(R)_Q VAR, (7
f ), e !

the difference of binding energies at temperattirand the
ground-state binding energies of the two fragments. Also, fosolved analyticallyf18].

the ground-state T=0) decays, according to E@8), E, The fragmentation potentidlx(#,T) at any temperature
=0 (no particle ory-ray emissiol, as is known to be true T, in Eq.(4), is calculated within the Strutinsky renormaliza-
for exotic cluster radioactivity21,38. tion procedure, as
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2 2 T2 newly fitted binding energies. Apparently, the binding ener-
VR(n,T)zz [Viom(A;  Z; ,T)]+E [6Ui]exp< - —2) gies fit within 1-1.5 MeV. .

=1 =1 To TheV5; is an additional attraction due to the nuclear prox-

FEL(T) +Vp(T) 4V (T), (18) imity potential [41], which is also considered temperature

dependent here,

where theT-dependent liquid drop enerd¥ pu(T) is that of

Ref. [29], with the (Seeger’s constants aff =0 refitted to Vp(R,T)=47R(T) yb(T)d(s,T), (19)

give the experimental binding energiBd31], defined aB

=V, pm(T=0)+6U. The shell correctionsU are calcu- .

lated in the “empirical method” of Myers and Swiatecki whereR(T) and®(s,T) are, respectively, the inverse of the
[40]. Some of these details are given in Appendix I. Figure 2root mean square radius of the Gaussian curvature and the
illustrates the kind of comparisons obtained Yfr7) calcu-  universal function, which is independent of the geometry of
lated atR=C;+ C,=C; andT=0 for the experimental and the system, given by

1
—5(5—2.54)2—0.08525—2.54)3 for s<1.2511

®(s,T)= S (20)
- -—— for s=1.2511,
3.437 ex;<> 0.75)
|
_ CL(T)Cx(T) In this case, the separation distan&t® is assumed to be
(T)= (M (21) beyond the range of nuclear proximity forces, which is about
! 2 fm. However, whenAR is within the range of nuclear
and y is the specific nuclear surface tension given by proximity (<2 fm), we get in the complete sticking limit
52 5 2 5 2
'y=0.951%1— 1.7826<T MeVm~2. (22 (T)=1(T) = uRe+ gAimCi+ £ AmMCS. (27)

In Eq. (20), S(T) (=[R—C(T)1/b(T)) is the overlap dis- For the¢ value, in terms of the bombarding energy,, of

tance, in units of b, between the colliding surfaces. The temJEhe entrance channej,,, we have

perature dependence in ra&j is given a§29,32 (=0.=R\2u[Eam—V(Ra. 7 =0V /5, (28

_ 1/3_ 1/3
Ri(T)=ro(T)AT"=1.011+0.01IT) A", (23 or, alternatively, it could be fixed for the vanishing of fusion

barrier. In this work, however, we usé=0 for the IMF
cross sections and takg as a variable parameter for TKE
calculations(see Fig. 3.

The mass parameteBs,, (77), representing the kinetic en-
ergy part in Eq(4), are the smooth classical hydrodynamical
masse$43], since we are dealing here with a situation where
the shell effects are almost completely washed out.

The assault frequencyy, in Eq. (2), is given simply as

with the surface width
b(T)=0.991+0.009T2). (24)

The same temperature dependenc&(r) is also used for

Coulomb potentiakE.(T)=Z,Z,e?/R(T), where the charges

Z; are fixed by minimizing the potentidVg(%,T) in the

charge asymmetry coordinaig,=(Z,—2,)/(Z,+25). The

shell correctionssU in Eq. (18) are considered to vanish (2E,/ u)Y?

exponentially forTo=1.5 MeV [42]. Vo=——o, (29
Also, for the angular momentum effedfso far included Ro

here for the calculation of total kinetic energy only with the kinetic energy of the lighter fragmenE,

A20(0+1) =(A1/A)Q¢, for the Q¢ shared between the two frag-
Vi(T)=———— (25) ments as inverse of their masses. However, for the calcula-
21(T) tions of s-wave cross sections, instead1gf we use an
empirically determined normalization constant.
Finally, the temperature-dependent scattering potential
V(R,T), normalized to the exit channel binding energy, is

In the nonsticking limit, whereR,=C4(T)+C,(T)+AR
=C(T)+ AR, the moment of inertia in Eq25) is given by

H(T)=lyns(T)=uR3. (26) V(R,T)=2Z,Z,2/R(T)+Vp(T)+V,(T). (30)
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1 328424Mg—» 56Ni—= A +A . F UG ! D
-10 H 1 2 " ° 7 NONA R=C+AR wca S
) P o 404 W10 - 1-3303R-030 | /
] A \ = ] \i - T=3.60,AR=0.31 i
15 Ay e ! k 3 el . (TinMeV,Rinfm) /
4 ,' o) -1 . //
2 ]
-20 c 1012 5 '
S ] \ g
4 & 7 Y K
-25 - E 106 | ;
o 7] Y\ /
S g v
[0} 30 ppe o 10204 ‘\ J
\§/ 1 SI : '\\\//
> ] 1024 =— T T T T T T T
-35 - 0 8 16 24 32 40 48 56
i V=iZ[VLDM+6U(T)]+VP+Ec Fragment mass number
40 Refitted Seeger's B's + MS14
R =C +C +AR FIG. 4. The fragment preformation probabili, for 5eNi*,
Tn 1?_0 l)o ZA_R_O calculated by using the fragmentation potentials in Fig. 3 for the
-45 Bt two experimentall’ values only.
) --o-- T=3.39 AR=0.30
o+ T=3.60 AR=0.31
-50 4He (T in MeV:R in fm) works [21,28. The SU at these temperatures reduce almost
—— 1 T to zero. However, we notice that tiNe=Z,A=4n «a-nucleus
4 8 12 16 20 24 28 structure is obtained at all temperatures, which has its origin
Fragment mass number apparently in the macroscopic liquid drop energy and is due

to the “Wigner term” in it, as was also shown earlier in Refs.
FIG. 3. The fragmentation potential »,R,T) for **Ni* com-  [15,16. Note that here the/,py and otherR-dependent
pound system, calculated at the ground stdate QR,=C;) and at  terms €, andVp) are not yefl dependentsee the following
various temperatures wittR,=C4(T)+C,(T)+AR values as section. This means that for use of onjJ asT dependent,
shown. TheT dependence is included only in the shell corrections.the N=2Z «a-nuclei fragments should be produced preferen-
tially in the decay of°®Ni* at all temperatures.
This means that all energies are measured with respect to The preformation probability?, of the fragments, calcu-
B1(T)+By(T), and the fragments go to ground stafE ( lated for the potentials in Fig. 3, is given in Fig. 4. The case
—0) via the emission of light particfs) and/ory rays of — of T=0 is not shown here since colfNi (in the ground
energyE, . statg cannot decay because of its negat@yalue. Interest-
ingly enough, for both the temperaturébe two tempera-
tures are nearly the samehe yields are large for only a
small window of A<16 fragments, including the light par-
The calculations are made in two stefi:with tempera-  ticles (A<3). Also, the a-nucleus fragments'He, °Be,
ture effects included only in the shell corrections, i.e., using*?C, and *°O, and the light particle'H (in addition to the
SU(T), but T-independentV,py and V(R); and (i) with evaporation residues, not included heeze preferentially
temperature effects included also in both the liquid drop enpreformed. This means that, out of all the fragments ob-
ergy and scattering potential, i.e., usiNgpy(T), SU(T),  served in the decay of®Ni*, the ones withA<16 are
and V(R,T). This allows us to study explicitly the role of strongly preformed. The other ones with» 16, if observed,
temperature in different terms of the potential. In both sets omust have larger penetrabiliy, since the decay constant is
the calculations, we first také=0, i.e., usevV,=0 through- ~a combined effect of both the preformation facs and
out, but then study the effect of adding this term to the poJenetrabilityP (v is nearly constant
tential V(R) for calculating the TKE alone. Figure 5 gives the results of our calculation for the nor-
malized decay constants, equivalently, $h@ave production
cross sections foonly the most favoredlargest yields or
cross sectionsa-nucleus fragments, compared with the ex-
Figure 3 gives our calculated fragmentation potentialsperimental data at two energies, taken from Fig. 9 of Ref.
V(7,T) for *Ni* at T=0, as well as at other two tempera- [3]. In the lower panel, the calculation Bt ,,=51.6 MeV,
tures referring to the compound nucleus excitation energiegsing AR=0.3 fm, is fully normalized to the experimental
¢n of the experiments of Ref$2,3]. The R values chosen  data for the favoredr-nucleus fragments only. Then, in the
are R=R,=C,; at T=0, and, as befor¢16], R=R,+AR  upper panel, for the higher energy ,=60.5 MeV, we find
with AR=0.30 and 0.31 fm, arbitrarily, f6f=3.39 and 3.60 that for the use of the same normalization as obtained in
MeV, which correspond to the experimental enerdigs, lower panel and for a further normalization of tie=12
=51.6 and 60.5 MeV, respectively. The near independencagment yield, the best fit to the-nuclei fragment data is
of the structure inV( ) on Rvalue was studied in our earlier obtained forAR=0.29 fm, a value lower than that used for

Ill. CALCULATIONS

A. Temperature effects only in shell corrections

014610-6
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20 the lower incident energ§. ,=51.6 MeV. This is contrary
| - Ec,Arn.=60'5 Mev to the expected behavior of increasRdat higher tempera-
- ol - ot s as mlowerpanel | 1UFES, but, as we shall see below in Fig. 7, this is a result of
15 "i;:.: andto A =12 our having not included here the contribution of angular mo-
: m - AR=0.29fm ot mentum term in the fragmentation potentigV/,=0 in
1 e - - nuclei on . . . .
B et * g V(7,T)] and hence in the cross sections. Also, the inclusion
10 ' of temperature effects in other ternithe V,pv, E., and
5 | Vp) are important, as is shown below in Sec. Il B. Hence,
£ M R N Fig. 5 (and Fig. 7 belowshows that the dynamical cluster-
c 54 ~.,j;:ij-_A /X\A/\/ decay model contains the required structure of the measured
% *E;\Xzi?;; “"fizf&;;] yields (and TKES in this experimen{2,3].
o | PR Figure 6 shows the complete mass spectra for decay of
w0 — *Ni* calculated at both the energies and compared with the
g 104 E,_=51.6MeV measured yield§3]. The calculated yields are for the ener-
o | —4— Expt. data (Ref. [3]) . getically favored, most probable, mass fragmésé® Figs. 3
©l-nommajzed 0 only .- nuclel data and 4. Note that the experimental data in Ref,3] are
5 ' available only for fragments heavier than mass 11, and in
| steps of mass 1 foE.,,=60.5 MeV, but in steps of only
\ /\A/\A/‘“ mass 2 folE. ,,=51.6 MeV due to a deteriorated mass reso-
0 T - T + T - T - T lution at the lower bombarding energy. For comparisons, the
12 16 20 24 28

calculations are normalized to the experimental data for one-
Fragment mass number fragment massA=20) only. The role of the penetrability

is evident in this figure, since some of the strongly preformed

FIG. 5. The calculated-wave cross sections for the-nucleus f t h a&H d'H in Fig. 4 h
fragments compared with the measured ones produced in the rea¢@@Ments, such asre an In Fg. 4, aré now shown as

tion 325+ 24Mg—%Ni* at E,,,=51.6 and 60.5 MeV. The data are less favored decaysmaller cross sections, not shown in Fig.
from Fig. 9 of Ref[3]. The calculations foE,,=51.6 MeV inthe 6 since they lie below the chosen sgalkhe same is true for
lower panel are made fakR=0.30 fm, and are normalized com- Weakly preformed fragmentsn Fig. 4), with A>16. Spe-
pletely to the experimental data. Using the same normalization, theifically, amongst the light particles, mass-3 fragmettie)
calculations forE. ,,=60.5 MeV in the upper panel are made for is shown to be produced with a large cross section, and for
AR=0.29, 0.30, and 0.31 fm and compared with the experimentalighter fragments A< 12), instead ofA=8 (®Be), the frag-
data, for a further normalization of the data at fragment nass ments withA=6 and 10 are shown to be produced with
=12. Only thea-nucleus fragments are studied, since they have thggrger cross sections. This means that of all the residue prod-
largest cross sections. The dotted lines are drawn only for guiding,tg (A<4, not studied heje only the mass-3 fragment

the eyes. (®He) is produced and that the mass?#¢) fragment is not
at all produced as a dynamical cluster-decay fragment. This
10105 _ ~ B Expt. (E_=51.6 MeV, Ref. [3)
= _ 7 o _ Cal. (AR=0.3 fm)
105: % %! -
—~ 1003 . :
o) 3 FIG. 6. Same as for Fig. 5, but studied for all
E 1053 the fragments aE.,,=51.6 MeVAR=0.30 fm
g 10-103 (upper panel and E.,,=60.5 MeV and AR
2 3 =0.29 fm (lower panel. The calculations are
g 10" gT "I L R normalized to the experimental data for one frag-
AR TICE B n B Expt (B =60-5 MeV. Ref. [3) ment mass A=20) only. The calculated
S 1053 A 7 7 2] Cal. (AR=0.29 fm) (s-wave) cross sections are for the energetically
O = most favored fragments inp coordinate, i.e.,
1003 fragments lying at the minimum in the fragmen-
1053 tation potentialV(7), minimized in », coordi-
3 nate.-
10-10 4
1015 2+ f

4 6 8 10 12 14 16 18 20 22 24 26 28
Fragment mass number
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7| 32S+24Mg ---> 56Ni" ---> A1+A2 ‘

I (=24)

Expt. (Ref. [3])

;10_ { = Ec.m._ ’

=51.6 MeV

\6:0
0 T T T T T

AR=0.29 fm
—s

| AR=0.3 fm
= 0 : : — =

1 //OExptTRef. 13)
10 E,,, =60.5 MeV

12 16 20 24

Fragment mass number

28
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Tr-""" e 56Nj ---> 12C+44Ti T
50 ] E_ =516 MoV Ni ---> 12C+ Tlr
] AR(3.39)=0.41 fm  V(R)=E (T)+V (T)+V (T)
TXEM N\ i T=0.00 MeV B(T)=V, | (T)+8U(T)
s |51 ./f=26 T=3.39 MeV R =C (n,T)+AR(M,T)
) ] /7=0 I
= ' ~a,M
S VR ¥ T .. o &R  TKEm|[
ao TKE(AR)
Iy | [E
Qm | -] [ v
out
Qoq_xok_'_ﬁ;"""""]Ré ”””””””””””””
25 R T T T T T
o 25 50 75 100
R (fm)

FIG. 8. Same as for Fig. 1, but with, and T dependences
included in E. and Vp also, i.e., the scattering potential is
V(R, T,€)=E(T)+Vp(T)+V,(T) with Q value now calculated
from B(T) =V pu(T)+ 8U(T). Only the sticking limit of moment
of inertia is used inV,(T). TheT=0 potential is shown for com-

FIG. 7. Th_e measured and calculated total kinetic en€F¢{E) parisons. For alf values, the decay patfdotted ling, shown for
for averageAR for the reaction®’S+2Mg—®Ni* —A;+A,, at AR, begins aRR=R, (marked explicitly. The distribution of ener-
the two incident energies. The calculations fo+0 are made for gies and definitions of other quantities such &B and E, are
both the cases of sticking and nonsticking limgse text The data  indicated for the calculatedR value.
are from Fig. 5(summed over all the anglesf Ref.[3]. The same

data are also given in Fig. 10 of R¢L1], where it should be noted . . .
that Fig. 10a) refers toE,,=60.5 MeV and Fig. 10b) to E perature effects included in all the terms of the potential
' c.m ' ' c.m.

=51.6 MeV.

(compare this figure fof =0 with Fig. 1, where temperature
effects are included idU only). Notice that ag value in-

nonoccurrence ofHe as a dynamical cluster-decay productcreases, the TKE(R) value increases, since the decay path
is an interesting result, giving a strong support to the credenfor all the ¢ values begins aR=R,. Figure 9 gives our
tial of the model. For mass-@8e) decay, perhaps the contri-

bution of higherf values is important. For the heavier frag-

ments A>20), the calculated cross gections are rather'small Ja25+24Mg —»56NI——» A +A
due to the fact that here the contribution of okl 0 term is R
considered. Also, in experiments it is difficult to separate the 201 g —C +AR \/\/\/\/\
contributions of direct{such asa-transfer and orbiting pro- 1 \
cesseps and compound-nucleus vyields for the heavy mass 104 /‘\ /\/ y 28
fragments A>20) (see Ref.[1] and references thergin /\ N / \ o, 24 SBA' Si
Thus, in view of the fact that we are dealing here with only 0- b /\ gt oNa
the £=0 case and that the temperature effects are not in-_ ] - /\ /12
cluded in full in the potential, the comparisons in Fig. 6 >, | /
between the theory and experiments could be said to be g 1w BLi B¢’
least reasonable. = H \ e \

Figure 7 shows the results of our calculation for total 207 N . /
kinetic energy(TKE), with angular momentund effects in- 1 o \/ _ 20N 24Mg
cluded only in the scattering potenti(R). We notice that -30 1 12g 160 "28si
the calculated TKEs for the sticking limitisingl 5) compare 1 "o _
reasonably good with the experimental data. This means that, -40 - _/'/' ®Be V_%[VLDM(THSLIJ(T),]+VP(T)+E°(T)
even thougm_R is nonzera(=0.29 and 0.3 fr the sticking {1 H \ Refitted Seeger's Bs_+MS14
limit for the moment of inertia is preferred. Also, unlike the 50 4 — —*=— T=0.000, AR=0.0
AR values, the¢ values required for the case of higher en- ] He —*— T=3.394, AR=0.41
ergy data is now of a larger valuel£25: for E. -60 —4— T=3.604, AR=0.89
=60.5 MeV as compared to #4for E.,=51.6 MeV), as (T'in MeV; R in fm)
expected. The measured TKEs are taken from F33f. o 5 10 15 20 25 30

B. Fully temperature-dependent potential

Fragment mass number

FIG. 9. Same as for Fig. 3, but fardependence in all the terms

Figure 8 shows the scattering potentiR, T,{) for tem-  of the fragmentation potential, and AR values as shown.
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1038

] 6Li 8Be 50Mn
2H 48C 54,
| 4He 10g 14N 56N 428¢ 46y r 5o fo
0° 1HJ\ l +1201 l44Ti} l ey 5500
-1 - VS !’
> 1027 VTN N * i _ I * AP
= i BERGERESE R =C +AR P
= - A a t /{'
g 4 Y ----T=3.39,AR=0.41
o . R =3.60, AR= ;
S 107 ,\_} .T 3.60, AlF{ 0.89/_/
o T Y (TinMeV;Rinfm) »
=1 B 3 .
S - % FIG. 10. Same as for Fig. 4,
= o2 '~.§} /,f* but f_or the fragmentation potential
€ . X of Fig. 9.
S - A /.
o ] \ .
o— N ’r
e - A //’,
o 10177 .
= "\ /.
- '..\ /{,’
- Noo g
10-22 4 BREESEEE T BEEssmEE EREEsEEE BREEsEEE

Fragment mass number

calculated fragmentation potential4»,T). The T values fragments are also preformed equally strongly. However, the
chosen are the same as in Fig. 3, where temperature effec@iculated decay constants, equivalently, the fragment
were included only in the shell corrections. TRevalues (S-wave production cross sections, in Fig. 11 do not show
here are R(T)=C,(T)+Cy(T)+AR=C,(T)+AR, with  much improvement in their comparisons with experiments.
AR values as shown in the figure. We notice in Fig. 9 that,The comparisons are now somewhat better for the heavier
due to the inclusion of temperature effects in all terms, thdragments, but the yields for fragments lighter then 9 are
minima in the potential, which were earlier only femuclei, ~ very low, lying below the chosen scale. On the other hand,
are now obtained for both the and nona fragments. This the calculated TKEs in Fig. 12 compare nicégven better
happens, possibly, due to the pairing energy teigh) in  than in Fig. 7 with the experimental data. Only the case of
formula (A2) of Davidsonet al.[29], which goes to zero for sticking limit is shown since th& R values are still within
T>2 MeV. Thus, with the addition of temperature, not only the proximity limits. Note that the&-dependent contribution
the shell structure effects go to zero but also the explicitlyis so far added here only in the scattering potentigi, T),
preferred e-nucleus structure washes out. Also, we noticeand not yet in the fragmentation potenti&,T), which is

that the light particle A<4) structure changes; in particular, needed for both the preformation factor and penetrability.
the minimum at*He disappears and a shallow minimum at This extension is being carried out.

2H appears.
Figure 10 gives the preformation factdrg for the two V. SUMMARY
experimentally chosen temperatures only, since the ground-
state =0) decay is not possible. We notice that the forma- In summary, we have reformulated for hot nuclear sys-
tion yields are large only for light fragment&&16) and are  tems the preformed cluster-decay mod&CM) of Gupta and
of the same orders as in Fig. 4, except that now the a@on- collaborators for ground-state decays and applied it for the

1010 1 Expt. (E_ =51.6 MeV, Ref. [3])

Cal. (RR=0.41 fm)

32S+24Mg--->56Ni*--->A1+A2 ]

—_
o
)l

—
(=}
°©

S T rer e enrerrrenrenamnT

-
<
&

FIG. 11. Same as for Fig. 6, but fdrdepen-
dence in all the terms of the fragmentation poten-
tial, and atAR values as shown. For lighter frag-
ments, the calculated yields are not shown as they
lie below the chosen scale.

]
aseseewweaR——
reesesawwa———
]
e

e

oo

emww——

=

o

= Expt. (E_ , =60.5 MeV, Ref. [3])
721 Cal. (AR=0.89 fm)
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T
10 12 14 16 18 20 22 24 26 28

Fragment mass number
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50 [ 25,2 N o A A E —516 MoV a-nucleus fragments. The cluster decay process now occurs
JITETVe T AR, om. at a somewhat larger separation distance, which is also tem-
40+ I, (¢=26) - - perature dependent. Hence, the TKEs for a sticking moment
30_' X e 0= of inertia are now in somewhat better agreement with the
| = experiments. However, the comparison between the calcu-
20-_ lated (s-wave and measured mass spectra is not improved
S 104 Nf 3] much, which calls for the inclusion df-dependent potential
S =0 AR(T=3.39)=0.41fm in the calculations of yields also, which is underway.
558 T T T T T T T T T
X T =60.
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10 mt 3)
1 = AR(T=3.60)=0.89 fm APPENDIX: TEMPERATURE-DEPENDENT BINDING
0 S S ENERGIES
12 16 20 24 28
Fragment mass number In Eq. (18) we have defined, within the Strutinsky renor-

malization procedure, the binding enerByof a nucleus at
FIG. 12. Same as for Fig. 7, but fdr dependence in all the temperaturd as the sum of liquid drop energ¥ pu(T) and
terms of the fragmentation potential, andAR values as shown.  shell correctionsU(T),

first time to the decay of a light compound nucleus such as
6Ni* formed in the reaction’’S+2*Mg carried out at two
incident energieE.,=51.6 and 60.5 Me\{2,3]. In this

experiment, the mass spectra for fragments heavier thaphe T-dependent liquid drop part of the binding energy

mass 12 and the total kinetic energi@KEs) for only the v, .\ (T) used here is that of Davidsaet al.[29], based on
favoreda-nucleus fragments are measured. Also, at anothethe semiempirical mass formula of Seef@d], as

energy, in between the two above, an enhanced vyield is ob-

2
B(T)=V,pu(T)+ U exp( - %) . (A1)
0

served for®Be over the twoa-particle emission§7]. Our o3 7(T)
calculations are made first for the temperature effects in-  Viom(T)=a(T)A+B(T)AT | ¥(T) ~ —7m

cluded only in shell corrections and then in all terms of the

potential, and in each case fér.=0 only. The contribution 12+ 2|1 z? 0.7636
due to¢ is added only for estimating the TKEs. Similar to A + rO(T)A1/3( 1- 7273

the saddle-point mod¢ll1] and/or the scission-point model

[12], the deformations of the fragments are taken into ac- 2.29 f(Z,A)

count by the parametrization of the neck-in zone, proposed  [ro(T)AY32 + 5(T)W_' (A2)

by Gupta and collaboratof83—35. This quantity isz de-
pendent and could be calculated but is taken as a parametghere
here, which is the only parameter of the model.
For the temperature effects included in shell corrections l=a,(Z—N), a,=1,
only, we find that thex-nucleus fragments are favorably pre-
formed and are due to the macroscopic liquid drop energynd, respectively, for even-even, even-odd, and odd-odd nu-
alone since the shell effects are almost zero at the energietei,
under consideration. The calculated decay constants or the
normalized sswave cross sections, in particular for the f(Z,A)=(—-1,0,1.
a-nucleus fragments are found to contain the complete struc-
ture of the experiments for a nuclear shape with fragments For T=0, Seege[30] obtained the constants, by fitting all
separated by about 0.3 fm which is within the limits of even-even nuclei and 488 oddnuclei available at that time,
nuclear proximity effects. Some of the light partickegher as
than the ones constituting the evaporation residue, not in-

cluded hergare also predicted to be there in the mass spec- a(0)=-16.11 MeV, pB(0)=20.21 MeV,
tra, but *He is shown to be absent. With angular momentum
effects included, the calculated TKEs are found to compare v(0)=20.65 MeV, 7(0)=48.00 MeV,
rather nicely with experimental data for the moment of iner-
tia calculated for a sticking limit. with the pairing energy term

For the full temperature effects in the potential, the @on-
fragments are also preformed equally strongly as the 6(0)=33.0 MeV,

014610-10
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TABLE |. Refitted bulk and asymmetry constants for Seeger’s mass formula.

N  a0) a, Z N a(0) a, Z N a(0)  a,
2 -1585 0.10 6 9 ~15.70 0.10 10 7 ~15.70 0.50
3  —16.95 0.12 10  —15.10 0.10 8 —~15.90 0.90
4  —13.00 0.05 11 ~14.80 0.10 13 ~15.95 0.50
5 —13.70 0.12 12,13,15,16 —15.00 0.80 14 ~15.70 0.50
1 —1550 0.10 14  —14.85 0.80 9-12,15-22 —16.16 0.88
2 -16.00 0.10 7 3 ~14.30 020 11 7 ~15.55 0.50
3 —16.80 0.30 4 ~15.20 0.50 8 ~15.80 0.50
45 —14.20 0.30 5 ~16.20 0.80 14 ~15.95 0.50
6 —13.50 0.10 6 ~16.55 0.80 9-13,15-24 —16.20 0.86
7,8 —13.00 0.10 7 ~-16.80 0.80 12 8-10 -16.11 0.90
1,2,4,5 —16.60 0.10 8 ~16.30 0.80 11-25 ~16.20 0.86
3 —16.98 0.98 9 ~16.20 0.80 13 8-10 -16.11 0.90
6 —13.80 0.98 10,11 —15.90 0.94 11-26 -16.22 0.84
7 —14.30 0.40 12 ~15.75 0.94 14 8-12 -16.11 0.90
8,9 —13.20 0.10 13 ~15.80 0.94 13-20,27,28 —16.28 0.84
1 —13.00 0.01 14  —15.65 0.94 21-26 —16.22 0.84
2 —1450 0.10 15 ~1590 094 15  9-1320-31 —16.30 0.82
3 —16.20 0.80 16 ~16.00 0.94 14-19 ~16.36 0.78
4 —16.98 0.98 17 ~16.10 0.93 16  10-14,21-28 —16.30 0.82
5 —16.70 0.60 8 4 ~14.00 0.94 15-20 ~16.40 0.78
6 —15.50 0.80 5 ~15.25 0.94 29-33 -16.32 0.80
7 —15.30 0.50 6 ~15.90 0.94 17 11-14,20,21,29-3416.36 0.78
8 —14.30 0.10 7 ~16.35 0.94 15-19 ~16.45 0.78
9 —14.00 0.10 8 ~16.20 0.94 22-28 -16.32 0.82
10 —13.30 0.01 9 ~16.18 0.94 18 12-14,21,22,31-3516.36 0.78
2 —14.60 0.10 10  —15.95 0.94 15-20 ~16.45 0.78
3 -16.50 0.10 11 ~15.93 0.94 23-30 ~16.32 0.78
4  —16.60 0.60 12,14 —15.85 094 19 13,14,22,23,30-36-16.38 0.78
5 —16.99 0.10 13 ~15.90 0.94 15-21 —16.44 0.78
6 —16.60 0.60 15 ~16.10 0.94 24-29 ~16.36 0.80
7  —16.30 0.10 16 ~-16.15 0.90 20  14,1522-37 —16.38 0.78
8 —15.35 0.10 17 ~16.30 0.92 16-21 ~16.48 0.78
9 -15.10 0.10 18 ~16.11 092 21  15-23,31-38 —16.42 0.77
10 —14.45 010 9 5 ~15.25 0.90 24-30 ~16.38 0.78
11  —14.10 0.10 6 ~15.90 0.90 22 16-39 ~16.42 0.77
12 —13.45 0.10 7 ~16.28 0.90 23 17-40 ~16.42 0.77
13 —13.10 0.10 9 ~16.30 0.90 24 18-25 ~16.45 0.77
14 —13.00 0.40 10  —16.15 0.90 26-41 ~16.42 0.77
2 —13.00 0.10 8,11,17,19,20-16.20 0.90 25 19-26 ~16.46 0.77
3 —13.85 0.80 12 ~-16.01 0.90 27-42 ~16.42 0.77
4 —15.70 0.10 13 ~16.05 0.90 26 19-43 ~16.46 0.77
57 —16.50 0.10 14  —1595 0.90 27 21-28 ~16.48 0.77
6 —16.65 0.10 15,16,18 —16.11 0.90 29-45 —16.46 0.77
8 —15.90 0.10 10 6 ~15.25 0.50 28 22-48 —16.48 0.77

from Ref. [44]. Evidently, these constants need be refittedneutron-rich nuclei as expected. Table I gives the ne0)
since a large amount of data has become avail@ilg par- anda, constants for all the known nuclei with<1Z< 28,
ticularly for neutron-rich nuclei. We found that the measuredrelevant to the present problem. The kind of comparisons
binding energies could be fitted within 1—1.5 MeV by chang-obtained between the experimental and calculated binding
ing the bulk constan&(0) and introducing a proton, neutron energies is already illustrated in Fig. 2.

asymmetry constarg,. The «(0) works as an overall scal- The T-dependent constants in E@2) were obtained nu-
ing factor anda, controls the curvature of the experimental merically by Davidsoret al. [29] for the available experi-
parabola(and hence helps to fit the binding energies formental information on excited states of 313 nuclei in the
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mass region 22 A<250 by determining the partition func- ro(T)=1.071+0.01T).
tion Z(T) of each nucleus in the canonical ensemble and
making a least squares fit of the excitation energy, For the shell correction8U in Eq. (A1), since there is no
_ B B microscopic shell model known that gives the shell correc-
Eex(T)=Viom(T) =Vipm(T=0) tions for light nuclei, we use the empirical formula of Myers
to the ensemble average and Swiateck[40]. For spherical shapes,

EedT)= T2 In Z(T). sU=C (A3)

FIN+F(Z)
(ARZE AT

The a(T), B(T), v(T), »(T), and &(T) thus obtained are
given in Fig. 1 of Ref[29] for T<4 MeV, extrapolated lin-
early for higher temperatures. For the bulk constaft), (Ms/g_ M5’3

where

instead, an empirically fitted expression to a Fermi gas F(X)== ‘

L THX=M. __X5/3 M3
model is used, as M—M, , )( i—1)— =( i—1)

(A4)
T2
a(T)=a(0)+ 15° with X=N or Z, M;_;<X<M; andM; as the magic num-
bers 2, 8, 14(or 20), 28, 50, 82, 126, and 184 for both
Also, the §(T) is constrained to be positive definite at all neutrons and protons. The constants @re5.8 MeV andc
temperatures, witl5(T>2 MeV)=0. Finally, the analytical =0.26. In this paper, we refer to the use of magic numbers
form for ry(T), taken from Ref[45], is 14 or 20 as MS14 or MS20 parametrization.
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