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Decay of excited'®Ba* formed in the °®Ni+°8Ni reaction via the emission
of intermediate mass fragments
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A new cluster decay process is proposed for the intermediate mass fragiéifss observed in the low
energy ®®Ni+ %Ni—11%Ba* reaction. The IMFs arise as multiple “clusters” of masses less tha0, having
their origin in macroscopic liquid drop energy. Thenuclei, in particular*?C (or the complementary®sn),
are predicted to be the most probable decays for this reaction. The multiple light partic) (emission,
other than via the statistical evaporation procgsst considered hefeis also shown possible, but at higher
energies. The calculations are shown to fit the available data on fragment production cross sections, with the
total kinetic energy(TKE) of fragments taken as the parameter. The TKE is a measurable quantity, but at
present no data on TKE exist for this reaction.
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I. INTRODUCTION (>5 GeV/nucleon heavy-ion reaction studies. These models
use the participant-spectator picture and their main aim is to
Intermediate mass fragment&%3), also referred to as calculate the relative phase space for a given partition of
clusters or complex fragments, emitted from excited com{rimary fragments, usind,11] or not using[8,10] the prin-
pound systems have been of much interest recdathd].  ciple of minimal information or maximum entropy. These
Studies are made at low, intermediate, and high energie§10dels are thus better designed to calculate the IMF multi-
Here, we are concerned only with low energiesPlicity that gives the possible signatures of multifragmenta-

(<15 MeV/nucleoh, where, e.g., for the decay of excited tion (not heavy but several, more than two, light fragmgnts
11685% formed in 375 MeV *Ni+58Ni reaction, a strong though mass and charge distribution yields have also been

calculated 12]. The essential point to note here is that these
models, as well as the ones using thermodynamical equilib-
rium [13-15, are nondynamical models and are better suited
to intermediate and high energy data.

In this paper, we propose a new reaction mechanism for

selectivity of intermediate mass fragment®Fs) is indi-
cated over the multiple light particlez& 2) production[2].
For a negligible fission component, the multiple light par-
ticles constitute the evaporation residig, best treated in

the statistical Hauser-Feshbach analyéise equilibrated o bro4ction of IMFs, which stems from the experimental
compound nucleus emissipf8,6]. Heavy cluster emissions  gjgnatyres for temperatures of the emitter of the complex
(up toZ=20), the_IMFs, are also mchde{G] in the Hauser- fragments having, e.g., in a 630 MeSPNi+%Ni reaction
Feshbach analysi@usco codg but without much success [3] a value of about a factor of 2 smaller than the expected
for this reactior{1]. Alternatively, the binary decays, consid- valye of the compound nucleus temperature, strongly depen-
ered responsible for complex fragments, are treated in a stgtent on the mass and charge of the emitted fragments. A
tistical fission mode[7], the GEMINI code[6], which has not  similar result was obtained in an earlier experimigri] and
yet been used for this reaction. It would certainly be worth-is again observed in the very recent experiniéhivhere the
while to useGEMINI also for this reaction and see the differ- total excitation energyTXE) in the exit channel is observed
ences with respect ®uUscq, the pure Hauser-Feshbach code.to be too small 50 MeV) compared to the available com-
The evaporation of light fragmentZ{2) in GEMINI is also  pound nucleus excitation energi{,) of 96.4-130.9 MeV
calculated within Hauser-Feshbach formalism. For the highefor the °8Ni+ >®Ni reaction. Apparently, the remaining avail-
energy limit of the low energy range, where incomplete fu-able energy is taken away by the emitted fragments agthe
sion occurs, the statistical multifragmentation mod8ls1l]  value Q,,) and their total kinetic energ§TKE), while pen-
have also been used, which are perhaps more suitestrating the barrier. This follows from the fact that in the
for the intermediatg>35 MeV/nucleon and high energy entrance and exit channels, neglecting the deformation ef-
fects of the fragments,
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where E. ,, is the entrance-channel center-of-mass energy T 19—

andQ;, (=—66.12 MeV for *®Ni+%Ni—®Ba) andQ, 100+

(positive and different for different exit channglre theQ 116Ba" ---> 1043n412C I
values. Such a situation is best represented by a fissionora < | | {|TXE

cluster decay model, applied so far to compound systems 2 Eon

with A~70[17]. Therefore, we present here a cluster decay = 50+

calculation based on the preformed cluster ma@&M) of = =2 Q

one of us and collaboratof48,19, also used earlier for the Vg‘a)' AR TKE} Q. (@s)
ground-state decay of Ba nuclg0] (see also Refl21] for R 2 20 T
the ground-state decay of Ba nug¢leén other words, we treat T oRa, 10 ¥, R20 R 30 40
the IMFs as a cluster decay process, which in the PCM of R_+AR Ry R (fm)

Gupta and co-workef18] is a dynamical collective mass
motion of preformed fragments through the barrier. We dot
not include here théstatistical evaporation of light particles
that occur before the begining of the binary decay process of 5w "2 )
cluster emission studied here in this paper. Hence, any didlon [#1°=20_ol¢"|exp(-E"IT), vvzhere the temperaturé
cussion of multiple light particles in this paper relates to(in MeV) is related a€gy=(A/9)T*—T. _
those expected at higher energies only, and these are in ad- The fragmentation potentialz( ) in Eq.(4) is calculated
dition to those emitted promptly. within the Strutinsky renormalization procedure, as

The model is described briefly in Sec. Il and the calcula-
tions of its application to excited*®Ba* nucleus are pre- 2 2 T2
sented in Sec. lll. A summary of our results is given in Sec. Vi( ’7):21 [Viom(A; 'Zi)]+241 [Vilexp — T_(z)
V.

FIG. 1. The scattering potential fdt®Ba* —1%Sn+ 12C, giving
he paths for both the ground- and excited-state decays.

+(Z,Z,€%R)+Vp, (5)
Il. THE PREFORMED CLUSTER MODEL (PCM)
where the liquid drop energy, py=B— 46U, with B as the
The PCM of Gupta and co-worker is based on the wellexperimental binding energi27] and shell correctionsU
known quantum mechanical fragmentation thef2?—-25  calculated in the “empirical method” of Myers and Swiate-
where, in addition to the usual relative separaftband de-  ckj [28], with its constants readjustd@9] to fit the calcu-
formation g; (i=1,2) coordinates, we have two other dy- |ated binding energies of Mier et al.[30] for 8<Z<29 and
namical collective coordinates of mass and charge asymmewxtrapolated t&z<8. V; is the additional attraction due to
tries 7=(A1=A2)/ (A1 +Ay) and nz=(Z1—2Z5)/(Z1+Z;).  the nuclear proximity potentidi31]. The chargeg; in (5)
Then, the decay half-lifef;, and the decay constant in  are fixed by minimizing it iny;. The shell corrections$U
decoupledR and » motions[18,19,34, is are considered to vanish exponentially, with=1.5 MeV.
The mass parameteB,, (7), representing the kinetic en-
ergy part in Eq(4), are the smooth classical hydrodynamical
masse$32], since we are dealing here with a situation where
the shell effects are almost completely washed (set be-
where the preformation probability, refers to motion iny low).
and the penetrability? to R motion. Thev, is the assault The WKB tunneling probability? = P;P,,, calculated for
frequency. ThePy= \/B_m]| i/f(ﬂ(Ai))|2(2/A) (i=1 or 2, the tunneling path shown in Fig. 1, with
with ¢"(7n), »=0,1,2,3 ..., as thesolutions of stationary
Schralinger equation iny, at fixedR,

)\: - = PoVop, (3)

2 (R
pi:exp[—g J {2M[V<R)—V(Ri)]}l’2dR} ©®)
Ra

ﬁz&l&V()()E()

- - ——+Vr(n) (¢ (n)=E"J"(7),

2\8,, 77 \B,, 77 " Pb=exp[—2 J Rb{Zu[V(R)—QouJ}”ZdR}, %)
Ri

solved atR=R,=C; (=C;+C,), fixed empirically for the was solved analyticallyj18]. R, (=C;=C,+C,) and R,
ground-state decay, since this valueRofinstead ofR=R,,  are, respectively, the first and second turning points, with
the compound nucleus radjuassimilates to a good extent V(Ry)=Q,, for ground-state decay. For the decay from an
the effects of both the deformations of two fragments andexcited state of the compound nucleus with total excitation
neck formation between thefi26]. The C; are Sismann energy TXE of decay fragments, we assume

central radii C;=R;—(1/R;), with the radii R;=1.28A%3

—0.76+0.8A 3 fm. For the decay of an excited compound V(Ra+AR)=V(R) = Q= TKE+ Qqy, 8
nucleus, we takdR=R,+ AR, depending on TKE 0Qg

defined in Eq(8) and Fig. 1. The temperature effects are alsowith P= Py given by Eq.(7), whereQ is replaced byQ¢
included here in this model through a Boltzmann-like func-and the limits of integration are froR,+AR to R}.

024601-2



DECAY OF EXCITED *%Ba* FORMED IN THE . ..

V (MeV)

——T=0.00, FI=CI
——T=2.00, R=C1+0'2

——T=3.08, R=Cl+0.45

v T=4.50, R=C +1.2
an L LDM » R=C,
60 (Tin MeV, Riin fm)
1 L 1 " 1 " 1 " 1 L 1 L 1
0 10 20 30 40 50 60

Fragment mass A2

FIG. 2. The fragmentation potentid{A,) for a 1*Ba* nucleus,
calculated at the ground stat€€0, R,=C,) and at various tem-
peratures including the one atE.,=1855 MeV (T
=3.08 MeV)[1], with R, values as showrA, is the mass of light
fragment.

The assault frequency, in Eq. (3) is given simply as
vo=(2E,/ ) YRy, with E,=(A/A)Qqy  [or
=(A1/A) Q¢ for the case of decay from an excited stas
the kinetic energy of the lighter fragment, fQx,,; (or Q)
shared between the two fragments.

Ill. CALCULATIONS
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FIG. 3. The fragment preformation probabili, for the decay
of 1%Ba* nucleus, calculated for the potentials in Fig. 2.

should be produced preferentially at all temperatures, though
the light-particle A<3) structure is still found to change
with T.

Figure 3 gives the preformation probabilify, of the
fragments, calculated for the potentials presented in Fig. 2.
First of all we notice that aT =0 (the ground-state decpy
the a-nucleus structure is obtained but onfyde (and the
complementary heavy fragment'?Xe) is strongly pre-
formed. The yields for all other fragments are very small.
Second, as temperatures are added, the yieldalfdirag-
ments with mass up toe-16, including the light particles

We have first calculated the fragmentation potentialsvith A<3, increase tremendously. The light-particle prefor-

V(A,) for 1%Ba* (Fig. 2 at variousT (or Ef,) values,
including the ones corresponding to experiments of Rigf.
with R=R,;+AR chosen as described below. At=0, R
=R,=C;, and atT=4.5 MeV, R=C;+ 1.2, wheredU re-

mation depends strongly on the temperaferg., exactly as
in V(A,), a neutron and®H at T=0, 2.0, and 3.08 MeV
change, respectively, to a protodH) and He, with the
minimum becoming a maximum &H, for T=4.5 MeV] as

duce almost to zero and one is left with only the liquid dropwell as on the choice of first turning poifR,+ AR or the
part of potentiaV, py . The calculated liquid drop surface is TKE (see Fig. 5, ins¢t The preformation yields are largest
smooth for the heavier fragments, as expected, but for théor T=4.5 MeV (the V py potentia) and for deutronsH)

lighter N=2Z, A<28 fragments, thewx-nucleus structure,

and thea fragments®He, ®Be, and'“C. This means tha®,

seen aff=0, persisted at all temperatures, including for thefor the IMFs with masses less thanl6 are largest for the
extreme case of |y . Thus thea-nucleus structure has its extreme case of th¥ )y, potential, and the particle produc-
origin in the macroscopic liquid drop energy, as was showrtion (other than the evaporation residues, not included)here

earlier in Ref.[17], and is due to the “Wigner term” in the
binding energies of Ref30], used herdsee also Ref[28]

also becomes equally probable. In other words, compared to
the total mass spectrum observed for the lighter heavy-ion

and references therein for the role of Wigner term in thecollisions[17,36], here we see only a small window for the

liquid drop energy. In other words, with increased only
the shell structure effects go to zero amok the a-nucleus

structure. Note that th¥, py used here is not dependent on

T, and the use of @ dependence iV py [11,33 could also
be important. In any case, there is aenucleus structure in
the Strutinsky shell corrections of R¢80], as is also explic-
ity shown in Ref.[34]. Also, Vp does not contain any
a-nucleus structurg35]. Hence, within the context of tem-
perature independen¥ py, the N=Z a-nuclei IMFs

formation of light particles and IMFs, and their complemen-
tary fragments, as is explicitly shown in Fig. 4.

Figure 5 shows our results for the decay conskarithen
and ®H emissions are not shown here becaQgsgvalues are
negative for all theT and R, values considered here. For
other light particles,Q¢ are positive only for the cases
shown, i.e., for'H and ?H at T=3.23 and 4.5 MeV, and only
3He atT=4.5 MeV, which further depend on theR value
(see inset
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FIG. 4. Same as for Fig. 3, but only for the light particles and
IMFs.

In Fig. 5, the largenegative orders ofA values suggest
that, except for théHe cluster, the other results are of inter-
est only forT=2 MeV, wherex~10"2 to 10'°. In other
words, no IMFs are predicted fof<2 MeV, or equiva-
lently E. ,,<115 MeV (this number can be calculated pre-
cisely if more points betwee=1 and 2 MeV are calcu-
lated in Fig. 5, a result in general agreement with that of
Beckermanet al. [5] for fusion of %®Ni+°8Ni below E,
=220 MeV. *He has the largest decay constant for The
=0 case, but at high€er values it lies lower than the other
two equally probabler-nuclei ¢Be and*°C) decays. Also,
the light-particle A<3) production (in addition to the
evaporation residugs becomes probable only forT
=3.23 MeV, the largest experimental energy of Ré&i. At
higher T, or largerAR, the proton {H) emission becomes
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FIG. 5. The cluster decay constantas a function of the tem-
peratureT for emissions of light particlesy, and some nome-like
clusters from'®Ba*, calculated at the same folirandR, values as
in Fig. 2. The inset shows the variation »fwith AR for one fixed
T value.
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FIG. 6. (a) The decay constant as a function of the center-of-
mass energg, , for various decays of'®Ba*. The experimental
data are from Ref[1] and, in each case, are normalized to the
calculations by a constant factgb) The TKE vsE.,, with the
correspondindR, values given in text.

more probable than the deutroAH), and the nonz-like
decays, including*’O with very low Py, are equally pre-
dominant(due to the penetrability factd?). Interestingly, at
the extreme case df=4.5 MeV, the decay rates for all the
a-nucleus IMFs are not only higher but also identical with
the light-particle production rates, thereby stressing the im-
portance of the macroscopic liquid drop effect in these reac-
tions.

Finally, Fig. 6a) shows our calculatedl versuskE, for
the best choice of the TKE=V(R,+AR)—Q,,] values,
given in Fig. @b). The calculations are made for the three
experimentally measured decays of Réf, and in each case
for the three experimentd, ,, (corresponding tor=2.93,
3.08, and 3.23 MeVYof Ref.[1]. The TKE values in Fig. @)
are chosen as the potentidlfR,+AR) with R,=C; and
AR=0.438, 0.463, and 0.461 fo?°Cd+'’0O, AR=0.22,
0.24, and 0.195 for®in+*°N, and AR=0.26, 0.265, and
0.258 for 19%5n+1%C decays. The data of Rdfl] are then
normalizedto the calculated values since, theoretically, the
two quantities(the measured fragment production cross sec-
tions and the calculated fragment decay consjamfer to
the fragment probability ()| and hence are the same,
except for a simple normalization constant to be multiplied
throughout.

We notice in Fig. @) that the variation of TKE(and
hence ofR,+AR) with E.,, depends very much on the
decay, a result that needs experimental verification. Notice
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that the last two calculated decays are f8fin and 1°°Sn  from the excited'*®Ba* nucleus, that was first expected from
fragments, since these are the most probable fragments in oits ground-state decd0,21]. At still higher energieswhere
calculations for 101 and 102 masses, whereas the experimepdre liquid drop energies enter the calculatjptise multiple
tal data available for comparisons are f#Sn and%3n, light-particle Z<2) production (other than the promptly
respectively. For this reason, our fitted TKE values for thesemitted onesalso becomes equally probable and one should
two decays may be considered only as suggestive. Also, theerhaps use th&-dependen¥/ | py -
TKE values are measurable quantities. Such measurements The measured cross sectiofld are available only for
are already available for lighter heavy-ion collisiof&7], non-w-decays, which are easily explained here with a reason-
and we would like to stress that the same for the reactiomble choice of the total kinetic energi€EKE) or total exci-
®8Ni+ °8Ni would put the model calculations presented heretation energieS TXE) of the fragments. Hence, this addi-
to a stringent test. The TKE is the only parameter of thistional information on TKE is very much needed from
model. experiments for an actual test of the model proposed.

An extension of our calculations to still higher energies
shows that for light-particle emission one requires much

higher TKE values than are shown involved for the experi-

Summarizing, the new cluster decay process studied fofpents of Ref[1]. Note that only the higher-mass fragments
the first time for IMFs shows that only the IMFs with  \yere actually measured in Rél].

=2, A<20, and not the complete mass spectrum, are emit-
ted from an excited compound nucleus likéBa* and that
these IMFs, produced only & ,,>200 MeV, are like the
clusters observed in natural cluster radioactivity. The IMFs
arise mainly due to the macroscopic liquid drop energies The authors thank Professor E. Roeckl for a critical read-
(since the shell effects are almost zero at the excitation ering of the manuscript and for making many useful comments
ergies involved favoringN=2Z « nuclei. In particular, the and suggestions. The work is supported in parts by the CSIR,
12C (or 1%sn) decay is intersting. Such a result could beNew Delhi, the DAE, government of India and the VW-
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