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The entrance-channel effects in the decay of hot and rotating compound nucleus 48Cr*,
formed in symmetric 24Mg +2¢ Mg and asymmetric 36 Ar4+12C reactions, are studied
as collective clusterization process, for emissions of both the light particles (LPs) as
well as the intermediate mass fragments (IMFs), with in the dynamical cluster-decay
model (DCM). We find that the little differences observed in the decay of equilibrated
compound nucleus 48Cr*, formed in the two entrance channels with about the same
excitation energy, are not in variance with the Bohr’s independence hypothesis. In other
words, the present study confirms the entrance-channel independence of the decay of
compound nucleus 48Cr* formed due to different target-projectile combinations with
similar excitation energies. The collective clusterization process is shown to contain the
complete structure of the measured fragment cross sections as well as average total
kinetic energies.

Keywords: Dynamic cluster-decay model; entrance channels; hot and rotating compound
nucleus.

1. Introduction

The compound nucleus “8Cr* is produced in a symmetric *Mg+24Mg' as well
as very asymmetric 36Ar+'2C reaction,? using different center-of-mass energies
(Ec.m. = 44.4 and 47.0 MeV, respectively), such that the excitation energy E¢
(= 59.4 and 59.5 MeV, respecively) is nearly the same. This nucleus offers as an
ideal example for studying the entrance-channel effects, since it belongs to the well
established mass region 40 < Acny < 80 of fusion-fission phenomenon, and has
also the observed data showing additional non-statistical reaction mechanisms, like
the resonances, deep-inelastic or orbiting processess associated with such effects.?*
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According to the independence hypothesis of Bohr,? the excitation process leaves
the compound nucleus (formed with fixed angular momentum and excitation en-
ergy) in a sufficiently complex state that the subsequent decay is statistical and
independent of the formation process. The statistical model analysis in terms of the
transition-state model (TSM),% applied to the above mentioned data, shows!:? that
the mass and kinetic energy distributions are better reproduced for the symmetric-
channel 2*Mg+-2*Mg than that for the asymmetric-channel 26 Ar+!2C. For the asym-
metric channel, the calculated mass asymmetry is lower than that of the data, possi-
bly due to the non-statistical processes. The entrance-channel effects are also found
to be present in heavy compound systems (Acxy ~ 160),” 10 which are understood
in terms of the increased fusion/formation times for more symmetric channels due
to the added nuclear dissipative effects in the calculations.!!:!2

In this paper, we study for the first time the entrance channel effects in the
decay of *®Cr*, formed via the symmetric and very asymmetric entrance channels,
using the dynamical cluster-decay model (DCM) of Gupta and collaborator.!3 19
Another interest of this study is the extension of the application of DCM to the
decay of a further lighter compound nucleus; the lightest compound system studied
so far on DCM is ®°Ni*. Like ®°Ni*, 48Cr is also a negative Q-value (Qout) System
and would decay only if it is produced in heavy ion reactions with enough compound
nucleus excitation energy, such that

Eén = 1Qouw(T)| = TKE(T) + TXE(T). (1)

Here By = Ecm. + Qin and, TXE(T) and TKE(T) are the total excitation
energy and total kinetic energy of the decay fragments, respectively. The Q-value
of the entrance (incoming) channel Q;, = 15.0 and 12.5 MeV, respectively, for
24Mg+2*Mg and 36Ar+'2C reactions. The temperature T=3.43 MeV for the two
reactions, obtained by using the expression

Eiy = (Aon /9)T° T (2)

The decay products considered are both the light particles (LPs) of mass < 4
and the intermediate mass fragmens (IMFs) constituting the remaining mass spec-
tra. Experimental data for both the symmetric (**Mg+2*Mg) and asymmetric
(36 Ar+12C) reactions are available for both the LPs and IMFs mass yields and
average TKE.!?

The dynamical cluster-decay model (DCM) of preformed clusters for hot and
rotating compound systems is presented in the Sec. 2 and its application to the
decay of compound nucleus “Cr* formed in ?*Mg+2?4Mg and 36Ar+12C reactions
is presented in Sec. 3. The idea of the calculations is to look for the entrance-channel
effects, if any. Our results are summarized in the Sec. 4.

2. The Dynamical Cluster-Decay Model (DCM)

In DCM, the decay of hot and rotating compound nucleus is studied as the dy-
namical collective clusterization process for both the LPs and IMF's emissions. This
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is in contrast to the statistical models®?2%:21,22
are treated differently; the LPs as the evaporation and IMFs as fission processes.
Moreover, the missing structure information of the compound system in statistical
models enters the DCM via the preformation probabilities of the fragments.

The DCM is worked out in terms of the collective coordinates of mass asymmetry
n= ﬁl —i and relative separation R, which allow to define the decay cross-section,
in terms of the partial waves, as

where the two types of emissions

T 2uE,
:—2221+1P0 k==, (3)
=0

where the preformation probability Py refers to n motion and the penetrability P
to R motion. Apparently, the two motions are taken as decoupled, an assumption
justified in the earlier works.?3:24:25 The critical angular momentum,

le = Ra\/2u[Eec.;m. — V(Ra, 0in, 1 = 0)] /1, (4)

with u(= A“ifZQ m) as the reduced mass and m the nucleon mass.

For n-motion, we solve the stationary Schrédinger equation in 7, at a fixed R,

oo 1 0 W) () — ) ()
{ B, o \/—nna + Vr(n, )}%/13 (n) = ER ¢ (n), (5)
with v = 0,1,2,3,... and R = R, = Cy(n,T) + AR(T), an ansatz, first used in
(13) for the first turning point and for the decay of a hot compound nucleus. For
T =0, AR(T) = 0. The C;, in C; = C; + Cs, are the Siissmann central radii
C; = Ri(T) — b2/ Ry(T) with Ry(T) = ro(T)AY? = 1.07(1 + 0.01T)AL® and the
surface thickness parameter b(T) = 0.99(1 — 0.997%) fm. The eigen solutions of
Eq. (5) give the preformation probability at a given temperature 7', as

v v 2
Py(A;) = [Yr(n |\/ my ZW’() exp(— E{)/T) BnnZ' (6)

The mass parameters B,,, representing the kinetic energy part in Eq. (5), are the
smooth classical hydro-dynamical masses,?S
here the shell effects are almost completely washed out.

The fragmentation potential Vi(n,T) at any temperature T, in Eq. (5), is cal-
culated within the Strutinsky renormalization procedure, as

since at the temperatures of interest

Ve(n,T) =Y [Viom(Ai, Z;, T)]
+ ) [6U] exp(=T?/T¢) + Ve(T) + Ve (T) + Vi(T), (7)

i=1
where the T-dependent liquid drop energy Vipm(7') is that of Ref. 27, with
(Seeger’s) constants at T' = 0 refitted to give the experimental binding energies
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B,?® defined as B = Vipm (T = 0) + dU. The shell corrections 6U are calculated in
the “empirical method” of Myers and Swiatecki,?? which are considered to vanish
exponentially for Ty = 1.5 MeV.3? The Vp is an additional attraction due to the

nuclear proximity potential,3!
Ve(R,T) = 4w R(T)vb(T)¢(s,T), (8)
70
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Fig. 1. The scattering potential for the decay *®Cr* —42 Sc+SLi at temperature T' = 3.43 MeV
and different [-values.
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with 7, R(T) and ¢(s, T, respectively, as the specific nuclear surface tension coeffi-

cient, the inverse of the root-mean-square radius of the Gaussian curvature and the
Z1Z282

universal function. The Coulomb potential V., = R where the charges are fixed
by minimizing the potential Vr(n,T) in charge asymmetry coordinate nz = 212 .
The angular momentum effects are calculated by equation
B2+ 1)
Vi(T)= ————= 9

with moment of inertia, in complete sticking limit (< 2 fm), given by I(T) =
Is(T) = uR? + %AlmC% + %AngQQ

The scattering potential V (R, T'), normalized to the exit-channel binding energy,
is given as

V(R,T) = Vu(T) + Vp(T) + Vi(T), (10)

with the potential V(R = R,,), corresponding to first turning point, acting like an
effective, positive Q-value, Qeg, for the decay of the hot compound nucleus at T to
two fragments in the exit-channel observed in ground states (T' = 0). The Qg is
independently defined, in terms of the respective binding energies B(T), as

Quit(T) = B(T) = [Bu(T = 0) + By(T = 0] = TKE(T) = V(Ra). (1)

Since, at T = 0, TKE(T = 0) = Qout and R, = Ci(n), the AR(n) in R = R, =
Ci(n, T)+AR(n, T) corresponds to the change in TK E at T with respect to its value
at T = 0, and hence can be estimated exactly for the temperature effects added
in the scattering potential V(R). Note that here AR is taken to be n-dependent,
whereas the average AR assimilates the effects of both the deformations and 7
dependences.
The tunneling probability P is calculated as the WKB penetrability,
Ry

P — exp ( -3 [ v - Qeﬁ]}”?dR) , (12)

solved analytically,3? with the first and second turning points R, and R, satisfying
V(R,) = V(Ry) = Qegr (see Fig. 1). Finally, the I-dependence of R, is defined by
V(Ra) = Qer(T,£=0), (13)

i.e. R, is the same for all /-values, given by the above equation, and that V(R,,¢) =
Qe (T, 0). Then, using (13), Rp(¢) is given by the (-dependent scattering potentials
(10).

3. Calculations

The total or critical angular momentum of the compound system formed depends
on the entrance-channel mass asymmetry 7;, and the entrance-channel c.m. energy
Ec.om. [Eq. (4)], which are different for the symmetric and asymmetric entrance-
channels so as to obtain nearly the same compound nucleus excitation energy Ef; 5.
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Fig. 2. Fragmentation potential for the decay of *8Cr* at T = 3.43 MeV, R = C; + AR (AR =
1.10 fm), and at different [-values.

For *8Cr* system, [, = 28 and 26h, respectively, for the symmetric 2*Mg+2*Mg and
asymmetric 26 Ar4+12C entrance-channels.

Figure 2 gives the calculated fragmentation potential for the decay of **Cr*
into various mass fragments (LPs and IMFs) at T' = 3.43 MeV of the experimental
data, and different [-values. We notice that the structure of the potential energy
surface does not change much in going from [ = 26 (the l.-value for 2*Mg+24Mg)
to 28h (the l.-value for 36Ar+!2C), even though the characteristic behaviour of
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28

The summed up preformation probability Py for the LPs and IMF's, shown as a function

of I () for the decay of compound system “8Cr* formed in the symmetric 24Mg+24*Mg channel.

the fragmentation potential for LPs and IMFs are different at the lower versus
higher [-values. At lower [-values, the LPs are energetically more favourable (lower
in energy), whereas the same is true of IMFs at higher [-values. This result is
further illustrated in Figs. 3 and 4, respectively, for the summed up preformation
probability Py and penetration probability P, for the case of [, = 28k. The > Py
is larger for LPs at lower [’s whereas it is larger for IMFs at higher {’s. The > P,
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Fig. 4. Same as for Fig. 3, but for penetration probability P.

however, becomes larger for IMF's only for [ >26#A, the [.-value for the symmetric-
channel case.

The calculated Py as a function of fragment mass is shown in Fig. 5 for different (-
values. Comparing Figs. 3 and 5, we notice that, though the summed up Py does not
change much, its magnitude as a function of fragment mass shows a considerable
change, for both the LPs and heavy mass fragments (20 < Ay < 24), when [-
value is changed by two units in the neighbourhood of [.. However, these results
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Fig. 5. Preformation probability Py as a function of fragment mass A; for the decay of “®Cr*,
calculated by using the fragmentation potential of Fig. 2.

of the entrance-channel effects in Py are contrary to the behaviour presented by
penetrability P in Fig. 6, i.e., the P(As) does not change much by changing I. by
two units. In the following, we look for the consequences of these results for the
cross-sections.

In Fig. 7, we have plotted the (decay) barrier heights V(As,l) for 48Cr*. We
find that, in agreement with the earlier fission barrier calculations of Royer,33 for low
spins the Vg decreases, and hence the decay probability increases, with the increase
of mass asymmetry (i.e. for LPs), whereas the same for higher spins increases with
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Fig. 6. Penetration probability P as a function of fragment mass As for the decay of 48Cr*.

the increase of mass asymmetry. Interestingly, this result remains the same for
l. = 26 and 28%, i.e. is independent of whether the compound nucleus *8Cr* is
formed from symmetric 2*Mg+24Mg or asymmetric > Ar+'2C channel.

Figure 8 shows the calculated cross-sections for the decay of compound nucleus
48Cr*, formed via the two entrance-channels 2*Mg+2*Mg and 36Ar+'2C, into the
LPs, the orp (equivalently, oey, in the language of statistical model), and IMF's;
omMF, and their sum, the total cross-section orotal. The summed up cross-sections
for [ = lax are also shown here as a legend, where LPs = 1 —4 and IMFs = 5 — 24.
The following results are evident: (i) As expected, the lower I-values contribute only
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Fig. 7. The (decay) barrier heights for the decay of *8Cr* into various fragments (LPs and IMFs),
calculated at different [-values.

towards o p and at higher [-values the fission-like opyp also starts to contribute.
(ii) The orp becomes zero at the same lnax = 257 for the two entrance channels,
a few units lower than the [.-values. This result is a first clear signature of the
independence of entrance-channel effects. In view of this result, we have presented
our results in this figure up to lyax only, and in the following also we sum up the
angular momentum [-values up to lyax, instead of [..
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Fig. 8. Variation of the o, p, the oryp and their sum oo, as a function to [ for the decay of
compound system ®Cr* formed in (a) symmetric and (b) asymmetric entrance channels. Here,
LPs =1—4 and IMFs = 5 — 24, in both the cases.

Table 1 shows the lax-summed up results of our calculated opp, omr and
OTotal, compared with the experimental data'? and the transition-state model
(TSM) calculations!? for the two entrance-channels. Here, we take for LPs, the
As = 1 — 4 (as above), and for IMFs, as observed in experiments, Ay = 6 — 24
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Fig. 9. Variation of the first turning point R, with light fragment mass As for fixed AR=0 and
1.10 fm, and one determined from Q.g at =0, or I >0 (as mentioned in each case), or via a
polynomial joining the minumum in V(R) to Qout(T") for [=0 case.

and their complimentary heavy fragments. For asymmetric-channel 36 Ar+-'2C, the
Ay = 8 is not observed and hence is not included here too. Also presented in Table 1
are the results of another calculation where R,(n) or AR(n) are calculated from
Qest (see Fig. 9 for R,(A2)). We find in Table 1 that the fits for DCM are of the



Table 1. The decay cross-sections for LPs (A2 = 1—4), IMFs (as observed in experiments, i.e., Ao = 6—24 and their complimentary
heavy fragments, excluding Az = 8 in case of asymmetric-channel) and the Total, calculated on DCM for AR = 1.10 and AR(n)
(in fm) for Imax = 25h and compared with TSM calculations and experiment data. 12

Reaction orp(mb) ommr (mb) OTotal (Mb)
DCM TSM Expt. DCM TSM Expt. DCM TSM Expt.
AR AR(n) AR  AR(n) AR AR(n)
24Mg+24Mg 1247 789 1100 1065 + 65 135 46 132f 150 1382 835 1232 1215 £ 65
36 Ar412C 1179 746 970 1215 + 67 119 12 30 251t 1298 758 1000 1240 £ 67

TThis number is stated to be 112 mb in Ref. 1, but from their Fig. 6, we get it as 132 mb.

Tt Determined from Fig. 4 of Ref. 2.

‘w32 yburg g gIL
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Fig. 10. The calculated orpp on DCM for decay fragments of 48Cr* formed in symmetric
entrance-channel 24Mg+24Mg, compared with the TSM and experimental data.

1x10° 3 .
i PAr+2C-> ®Cr->A +A, Eépnt/i AR )
1 - - v =1.1fm
(10° ] E., =47.0 MeV TZ 3.j13é£|_)v|;v £S5 DOM (AR(1)
s 37 ' max™ _1TSMm
1x10” 4 [NIRE A nonnnnl
g -i N N M )
o} j N 1 M E \
c 3 y
S 1x10* 4 I
© E
o 1X10° 4
2] 4 N
(@] ] N
S 10 ]
O 1x10™ 4 13-15 ! I
10.13"%

6 8 10 12 14 16 18 20 22 24
Fragment Mass A,

Fig. 11. The same as for Fig. 10, but for asymmetric entrance-channel 36 Ar4+12C.
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Fig. 12. The average total kinetic energy TKFE, calculated on DCM and compared with the
TSM and experimental data, for the decay of compound system “8Cr* formed in (a) symmetric
24Mg+24Mg and (b) asymmetric 36 Ar+12C entrance-channel.

same quality as for TSM, and it is nearly difficult to choose between the AR and
AR(n) results for DCM, though the constant AR seems to work better on the
whole. Another important result that follows from Table 1 is that the differences
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in the numbers for all the three cross-sections due to the two entrance-channels
are very small, and are of the same order as in experiments. Note that the large
differences in the case of IMF's are due the fact that different fragments are observed
in the two reactions. In other words, we find a reasonably good entrance-channel
independence for the decay of *®Cr* formed in asymmetric or symmetric reactions.

As a further check on the DCM predictions, we have plotted in Figs. 10 and
11, the mass spectrum for IMFs, for the two entrance channels ?*Mg+2*Mg and
36 Ar4-12C, respectively, compared with the TSM and experimental data.’? The
data is grouped in the same way, as in experiments, and the average values plotted.
Since the DCM does not include the non-compound nucleus effects, as expected,®
its results are good only for light fragments (Z < 9). Also, no effects of secondary
light-particle emission are included in DCM, though these effects are known to be
small? and are included in TSM calculations. In Fig. 11, 8Be is also included for
DCM though it was not accessible in experiments. Considering all these points and
the comparisons in Table 1, the DCM predictions could be termed as in reasonably
good agreement with the data. Since 2C yield is observed to be maximum in both
the reactions, we have also attempted to fit this yield via AR, the only parameter in
DCM. We get an improved fit for AR = 1.30 fm, but then the other cross-sections
get over-estimated.

Finally, the calculated average TKE,

Imax
TREU) =3 5055

=0

TKE(l, Ay);

with ¢ = ), 0y, is compared with the experimental data and TSM results’? in
Fig. 12 for both the entrance channels. Apparently, our fits are as good as for
TSM, but for lnax < le.-values, and for the asymmetric-channel for two different
Imax-values. However, this has always been the case for DCM predictions of average
TKE,'® not evident why.

4. Summary and Discussion of Results

The entrance channel effects are studied and the dynamical cluster-decay model
(DCM) applied for the first time to the decay of a light compound nucleus “8Cr*
formed in symmetric 2#Mg 424 Mg and asymmetric 36 Ar+'2C reactions, at incident
energies E. ,,. = 44.4 and 47.0 MeV, respectively, but with same excitation energy
Ef ~ 60 MeV. The emission of both the LPs and IMFs is treated on the same
footing. Though some of the characteristic quantities of the model do show entrance
channel effects, the calculated cross-sections are found to be entrance-channel in-
dependent for the decay of the compound nucleus *®Cr*. The calculated decay
cross-sections for different fragments (the LPs and IMFs) are found to contain the
complete structure of the experimental data and are in reasonably good agreement
with it, particularly for the IMFs of mass A < 20. The calculated average kinetic
energies (T K Es) are also comparable with experimentally measured average TKEs.
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Of course, it would be of further interest to study the effects of varying the exci-
tation energy (equivalently, temperature) of the compound nucleus **Cr*, and the
entrance-channel effects for the heavier compound systems.
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