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Abstract The influence of angular momentum in the context of isospin effects on the emission of different light particles for heavy fis-

sioning isotopic sources of "2 Po and for isobaric sources of MWy M Py and X271 is studied within the framework of the Smolu-

chowski equation. Calculations show that the isospin effects on particle emission have a strong dependence on the angular momentum .

Large angular momentum greatly weakens the influence of nuclear dissipation and isospin on particle emission. This means that to bet-

ter extract dissipation strength with light particle multiplicities as a probe, it is important to select the compound systems with low

spins, in addition to selecting a proper kind of particles for the systems with different isospins.
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1 Imtroduction

Nuclear viscosity and its dependence on the tempera-
ture and/or deformation have been evoked considerable in-
terest in the recent years[l_gj . It is now established that
due to dissipation, fission is delayed and this results in an
enhanced pre-scission particle emission with respect to the
estimation of the standard statistical model. Accordingly
the excess particles are used as a probe for nuclear dissi-
pation, see e.g. Ref. [5] for a review.

At present, the influence of isospin on the formation
and decay of hot nuclei in heavy-ion collisions has re-

[10,11

ceived more and more attention """ . Several interesting

phenomena originating from isospin have been discove-
12—17
red >,

1
studies are needed to better understand isospin physics.

However, more experimental and theoretical

In a recent work''® , we have surveyed the effects of
isospin of systems on particle emission at a fixed angular
momentum and have found that with increasing isospin
charged particles cannot provide sensitive observables with
respect to the nuclear dissipation strength. Since in heavy-

ion-induced fusion-fission reactions the produced com-
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pound systems are of different angular momenta, this can
affect particle emission. Therefore, in this paper we in-
vestigate the role of the angular momentum in the particle
emission as a function of viscosity coefficient and in the
isospin effects of particle emission. We aim to study its
influences on the isospin effects in the emissions of various
light particles ( neutrons, protons and « particles ) as
probes to extract the value of nuclear dissipation for differ-

ent isospin systems.
2 Diffusion model

To study particle emission in the diffusion process,

we make use of the following extended Smoluchowski

equation[ ®l,

IP(x,t)

x aP(x,t))_

d {3V
=6—a—;(?x‘P(x,t>+ e

> AP(x,t). (1)

i=n,p,a

Here, P(x,t) represents the probability of the system
existing at the fission deformation coordinate x and time ¢ .
U = V/T is a dimensionless potential, V is fission poten-

tial and 6 = T/( #B) , where T is the nuclear temperature,
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# the reduced mass of the system, and §3 the viscosity co-
efficient. Fission potential V is a function of the coordi-
nate x, consisting of a well and a barrier. The second
term on the right-hand side of this equation represents
light particle emissions. A, = I';/h, I';(i=n, p, a) is
the particle emission width and can be calculated using
[20]

the detailed balance principle method as
Q2L + U)m, (£ -3

; =—————~n2h2p(E* A V ea’i(e)p(E _
Vi_Bi"G’A_Ai)dfy (2)

where A is the mass number of mother nucleus, p is the
level density, E" is the excitation energy after substract-
ing the rotational energy. I,, m,, B;, g;, V, and 4,
(i=n, p, o) are the emitted particle spin, mass, bind-
ing energy, inverse absorption cross section, emission
barrier and mass number, respectively. For neutrons, the
emission barrier ¥, =0. For protons and a particles their
emission barriers are taken from Ref.[21].

For a highly excited compound nucleus, after it re-
leases a particle, the resulting daughter nucleus still has
sufficient excitation energy to emit another particle. In
this way, a decay chain is formed, and it ends in fission.
This decay chain can be described by a set of the coupled
equations as follows:

d i
EP,(t) = Z Ai,s—lps—l(t) -

i=n;p,a

[ SV a. +a.(]P(). (3)

i=n,p,a
s =1,2,...,s,
where P, is the probability of the s-th daughter nucleus.
The first ferm on the righthand side is the “source” term,
which results from the decay of the (s ~ 1)-th nucleus
through emission of particles. The second term represents
its decay probability via fission or particle emission. The
maximum times of evaporating particles for a decay chain
is denoted by s, over which the procuced nucleus is cold
enough not to emit particles.

Generally, the number of particles such as neutrons

n, released by the s-th daughter nucleus is

th P.(1)dt, @)

n, =

where I', , is neutron emission width of the s-th daughter
nucleus.

The particle multiplicity N,(i=n, p, a) is defined

as the total number of particles released from all the decay
chains:

d s

m m

Ni=Eans. (5)

d=1 s=1

The inner sum here is over the particle multiplicity for a
single decay with the proper probability, and the outer
sum here is over all possible decay chains. n, represents
particle multiplicity evaporated in the s-th on a decay
chain denoted by d.

The time dependent fission width in the Smoluchows-

ki equation is defined as

rde) = 8a,(2) = wJ()/x(2). (6)
Here, w(x,t) is the probability at the left-hand side of
deformation at x and J(x,t) is the probability flow at
this deformation. Physically, the reasonable fission point
is the scission point, and therefore here we chose the
scission point to compute fission width .

Existing probabilities of any nuclei, fission rates and
various particle multiplicities are calculated by numerical-
ly solving this set of extended Smoluchowski equations.
Specific procedures are as follows. First, with Egs. (1)
and (6) one can compute existing probability of the moth-
er nucleus P(¢) as a function of time and its fission rates
I':(t). Three possible daughter nuclei with proper exist-
ing probability arising from neutron, proton and « particle
emission of the mother nucleus and particle multiplicities
stemming from the mother nucleus are calculated using
Eqs. (3) and (4) with the initial conditions P, (0) =
0,1, 1.e. at the beginning, the probability for the mother
nucleus is 1, while the probabilities for daughters are ze-
. Secondly, each of these three born daughter nuclei
can produce another three granddaughter nuclei by evapo-
rating these light particles. Again, via Eqs. (1) and (6)
the fission rates of the daughter nucleus is obtained, then
with the help of Eqs. (3) and (4) various particle multi-
plicities emitted by this daughter nucleus and the existing
probability of these three granddaughter nuclei are worked
out, and so on. Total particle multiplicity is determined

according to Eq. (5).
3 Results and discussions

In this work, an isotopic chain consisting of ¥ Po,
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*Po and *? Po and an isobaric chain containing ** Fr,
*Po and > Tl nuclei are chosen to study isospin effects in
the framework of the diffusion model coupled with statisti-
cal evaporation of light particles. In the calculation angu-
lar momentum effect on the particle emission width was
taken into account by removing the rotational energy from
the excitation energy and modifying the angular momentum
of the daughter nuclei. The rotational energy due to angu-
lar momentum can be calculated using a rigid body
model'™ . The dependence of the fission barrier on the
angular momentum and isospin was evaluated with the
code barfit which is based on the finite range model of
Sierk™’ . This model considers the finite-range effects in
the nuclear surface energy by means of a Yukawa-plus-ex-
ponential potential and finite surface diffuseness effects in
the Coulomb energy. The code has three input parame-
ters, i.e. mass number ( A), atomic number ( Z) and
angular momentum (L) . Tt gives a rather satisfactory de-

scription for the change of fission barriers of various nuclei

Table 1.

with angular momentum' >’

We show in Table 1 the emitted light particle multi-
plicities for the Po isotopic sources as functions of isospin
and viscosity coefficient at three angular momenta. One
can see that particle emission with the isospin of the sys-
tems is similar at different angular momenta, namely more
neutrons and less charged particles are emitted with in-
creasing isospin. In addition, we find the differences of
N, of **Po and N,(N,) of " Po between 8 = 20 and 8
=2x10"s"" is 3.36 and 1.43 (0.49) at L =50%, and
they become 2.79 and 0.89 (0.30) at L =654 . These
results indicate that the differences of the neutron emis-
sion of the high-isospin ** Po and the charged-particle
emission of the low-isospin ' Po at different 8 are de-
creased at larger angular momentum. In other words, high
angular momentum weakens the sensitivity of particle emis-
sion to the variation of 3. The reason is that as angular
momentum is very high, particle multiplicity is very small

and the influence of L on particle emission is over (3.

Calculated pre-scission neutrons (N, ), protons (N,) and a particles (N,) for Po isotopic chain '* Po, **Po and ** Po

as a function of viscosity coefficient (B) at excitation energy E ™ = 100MeV for three different angular momenta (L).

18P 2P, 12pg
L= 50k g/(107%:7) N, N, N, N, N, N, N, N,
2 0.22827 0.95077 0.36277 1.68117 0.18827 0.20518 3.60967 0.06050 0.08940
5 0.42062 1.53730 0.56428 2.45483 0.40371 0.35063 5.05103 0.08104 0. 16790
10 0.60075 1.97813 0.71354 3.11755 0.48796 0.42407 6.04449 0.09039 0.11944
15 0.70873 2.20706 0.79520 3.48882 0.53810 0.46738 6.62261 0.09395 0.12431
20 0.78750 2.37637 0.85091 3.80025 0.57346 0.49927 6.97018 0.09585 0.12687
189 Po MPO 212 Po
L =604 prQ0%s7H) N, N, N, N, N, N, N, N, N,
2 0.15462 0.73956 0.27501 0.87133 0.15004 0.13721 2.61989 0.03505 0.05349
5 0.26015 1.16255 0.42456 1.55554 0.25059 0.22419 3.96728 0.04734 0.07139
10 0.36426 1.53246 0.54980 2.17243 0.33150 0.29063 4.92651 0.05417 0.08092
15 0.43240 1.75223 0.62136 2.53921 0.37519 0.32488 5.41805 0.05692 0.08478
20 0.48721 1.91440 0.67216 +2.81473 0.40511 0.34737 5.75438 0.05854 0.08693
189 p, 202, n2p,
L= 65k p/(10%s75) N, N, N, N, N, "N, N, N, N,
2 0.03614 0.42513 0.17102 0.72138 0.12214 0.11183 1.98820 0.02561 0.03967
5 0.09348 0.69023 0.28116 1.28055 0.20590 0.18489 3.16389 0.03671 0.05625
10 0.17044 1.01829 0.36509 1.78634 0.27424 0.24220 4.08363 0.04354 0.06538
15 0.22931 1.20546 0.43173 2.09220 0.31205 0.27285 4.49514 0.04561 0.06873
20 0.27898 1.32021 0.47730 2.33975 0.34015 0.29479 4.78666 0.04700 0.07045
To better study the effects of angular momentum on by A Nnm (PP AN PFCPR e The  symbol

the isospin dependence of particle emission we investigate
the f3 evolution of the differences of various particle multi-

plicities for these systems. These differences are indicated

AN nmP°<189 *) denotes the difference of the neutron multi-
plicity between **Po( N, (**Po)) and ¥ Po( N, (**Po)).

It is more quantitative to define



614 ERYWHES BY HE (HEP & NP)

%028 %

202

AN, Po( ' po) = N.(*Po) — Ni(mPO),

12 189
2 Po(

Ni Po) = Ni(ZIZPO) _ Ni(189P0),

202 202
A Ni Po("" Fr)

Ni(mPO) - Ni(szI‘) ’

202, 202

N, TR N CPTD - N,(PFr).

where i=n, p, a.

Fig.1 shows the differences of the multiplicity of the
pre-scission various particles between *2Po and "* Po (cir-
cles), as well as between **Po and ' Po (squares) as a
function of viscosity coefficient at excitation energy E " =
100MeV and at angular momentum L = 50% (left pan-
els), 60% (middle panels) and 654 (right panels). We
take the results at L = 604 as an illustration. When f in-
creases from 2 x 10” to 20 x 10" s™", the difference of
the neutron multiplicity of ** Po with that of " Po changes
from 0.71 to 2.32, whereas that for the difference be-

tween >> Po and ¥ Po changes from 2.46 to 5.27. For
202 189 202 189
charged particles, AN, PO and AN, O at 8=

2x10"s™" and B =20 x 10" s™" decrease from — 0.59 to
-1.50 and from -0.14 to —0.32, respectively. For

212,189 212, 189
o

, Po("" Po) and ANa P
from -0.70 to - 1.86 and from -0.22 to -0.59 for

protons and « particles. This comparison indicates that

0 the variable ranges are

the differences of the particle emissions between ** Po and
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Fig.1.
trons (AN, ), protons (AN, ) and « particles (AN,) between

The differences of the multiplicity of pre-scission neu-

2 po and '® Po (circles), and between *? Po and ' Po
(squares) as functions of viscosity coefficient at excitation energy
E’ =100MeV and at the angular momenta L = 50% (left pan-
els), 604 (middle panels) and 65% (right panels) . Solid points

are the calculated results. The lines are to guide the eye.

Py are more sensitive to the viscosity strength than the
difference between *“Po and ' Po. At other angular mo-
menta such as L = 50% and 65k, a like picture was ob-
served. That is to say, different angular momenta do not
alter the trend of different particle emission with isospin.

Furthermore, from Fig. 1 one can see that at § =

1
of 89

2(20) x 10" s' the values of ANnmP

P
2 and

212 189

N, P are 1.45 (3.01) and 3.38 (6.18) for a
lower angular momentum L = 50% and they become 0.68
(2.06) and 1.95 (4.50) respectively at a higher angular
momentum L = 65% . While at 8 = 2(20) x 10" s,

202 212

AN, *"™ and AN, ~0.676
(-~1.80) and —0.89 (-2.28) to -0.30 (-0.98)

and - 0.39 ( —=1.27) as L increases from 504 to 65% .

189
P P
(7" change from

212

Likewise, AN. "™ and AN, ™™ for L =50(65) &
vary from —0.157( -0.059) and -0.273 ( -0.131)
to —0.39 (-0.18) and - 0.69 ( —0.40) when 3 var-
jes from,2 to 20 x 10" s™' . These results are due to the
fact that particle multiplicity decreases with increasing an-
gular momentum and isospin effects on particle emission.
Neutron (proton and a particle) emission of a high-(low-)
isospin system depends sensitively on the angular momen-
tum, whereas the change of the multiplicity of neutrons
(charged particles) of a low- (high-) isospin system with
angular momentum is rather small . As a consequence, the
difference of particles emitted from the two different
isospin systems is decreased at a higher L. This indicates
that a larger angular momentum decreases the effect of
isospin on particle emission.

Shown in Table 2 and Fig.2 is the particle multiplic-
ities of an isobaric chain nuclei ** Fr, **Po and ** Tl and
the corresponding differences at three different angular
momenta. We see here the behavior of particle emission is
similar to the case in the Po isotopic sources. From Table
2 one can see increasing angular momentum will decrease
the sensitivity of light particles to variation of the viscosity
strength. Fig.2 demonstrates that at any angular momen-
tum, for neutrons (charged particles) , all of dashed lines
are always below (above) the solid lines, i.e. the abso-
lute differences of the particle multiplicity of the two sys-

. . . 22 po(2% r)
tems with a smaller isospin difference (AN ) are

always lower than those of a larger isospin difference
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Table 2. Calculated pre-scission N,, N, and N, for an isobaric chain *”Fr, **Po and *” Tl as a function of viscosity
coefficient (B) at excitation energy E * = 100MeV for three different angular momenta (L) .

2y 2py 2
L =50k B/(10%s°1)
N, N, N, N, N, N, N, N, N,
2 0.38328 0.43090 0.35256 1.68117 0.18827 0.20018 3.73251 0.08011 0.11937
5 0.73049 0.74162 0.55643 2.45483 0.40371 0.34563 5.10347 0.09823 0.14215
10 1.07440 1.00207 0.71468 3.11755 0.48796 0.41407 6.01654 0.11714 0.16143
15 1.29280 1.15718 0.82775 3.48882 0.53810 0.45238 6.45335 0.12135 0.17286
20 1.46030 1.26640 0.89530 3.80025 0.57346 0.47927 6.86571 0.12742 0.17921
*2Fr 2Py 202
L =60k B/(10*s°1)
N, N, N, N. N, N, N, N, N,
2 0.30254 0.35409 0.20377 0.87133 0.15004 0.13721 3.22157 0.06725 0.09049
5 0.53302 0.58454 0.33159 1.55554 0.25059 0.22419 4.51025 0.08492 0.11247
10 0.75447 0.78060 0.43709 2.17243 0.33150 0.29063 5.32711 0.09361 0.12283
15 0.89435 0.89325 0.49602 2.53921 0.37519 0.32488 5.72372 0.09702 0.12677
20 1.00833 0.97730 0.53853 2.81473 0.40511 0.34737 5.99589 0.09895 0.12893
L=65% /(1075 1) 22 pr 02 pg |
N, N, N, N, N, N, N, N, N,
2 0.28157 0.32519 0.17935 0.72138 0.12214 0.11183 2.81547 0.04627 0.06361
5 0.47215 0.54937 0.29013 1.28055 0.20590 0.18489 3.84839 0.06320 0.08074
10 0.65427 0.72836 0.39845 1.78634 0.27424 0.24220 4.61709 0.06861 0.08870
15 0.76723 0.81172 0.45827 2.09220 0.31205 0.27285 4.98813 0.07165 0.09117
20 0.84941 0.89031 0.49101 2.33975 0.34015 0.29479 5.20110 0.07350 0.09243
e — P Wﬁ.’;‘;’% = m‘;g tum .MZZ); Fi:lstance , as L changes from 50% to 65%,
3: vo / 3 e '//* AN, falls from 3.35 (5.41) to 2.53 (4.35) for
15 et R R BNV B=2(20) x 10"s™" . A smaller difference of the particle
0 .. . :\‘ ' multiplicity between ** Po and *” Fr was also found. With
- -04 N —r_ '\\ | W . -
S -o0s o . ., respect to the charged particles, AN, and
R
12 B AN, P 4 g 2 2(20) x 10 s rise from - 0.35
. —02t% L _— (-1.14) and -0.25 (-0.72) to -0.28 ( -0.80)
31 :g‘; \‘\‘\ T T T and - 0.12 ( —0.41) respectively as L rises from 50%
—0:8 L=Son e | 1707 Less to 654 . This means that the change of the absolute differ-
0 51015200 3 101 151 2005 10115 20 ence of particle multiplicity of two different systems with 8
A0S is decreased as L is increased. These results again indi-
Fig.2. The multiplicity differences of pre-scission neutrons, cate that higher angular momentum can greatly lower the

protons and o particles between *” Po and 22 Fr (circles), and
between *? Tl and *Fr (squares) as function of viscosity coeffi-
cient at the excitation energies £~ = 100MeV and at the angular
momentum L = 50% (left rows), 60% (middle rows) and 65%
(right rows) . Full points are the calculated results. The lines

are for guiding eyes.

202“(202Fr) . . . ! .
(AN ). This relfects the influence of isospin on
particle emission. One also notices the absolute differenc-

es gradually become smaller as increasing angular momen-

effect of isospin on particle emission.

4 Summary

In conclusion, we studied the influence of angular
momentum on the isospin dependence of the pre-scission
particles via the Smoluchowski equation. It is shown that
a large angular momentum not only weakens the influence

of dissipation on the particle multiplicity but decreases the
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dependence of the pre-scission particles on the isospin as

well. Thus, to better extract the value of nuclear dissipa-

tion by means of light particle multiplicity, besides choos-

ing a proper kind of particles for systems with different

isospins, it is also impotrant to choose these fissioning

systems with a low spin.

References

10
11

Ditsezegi I et al. Phys. Rev., 2000, C61:024613; Shaw N P et al.
Phys. Rev., 2000, C61:044612; Dissezegi I et al. Phys. Rev.,
2000, €63:014611

Saxna A et al. Phys. Rev., 2002, C65:064601; Pant L M et al. Eur.
Phys, J., 2003, A16:43

Mahata K et al. Nucl. Phys., 2003, A720:209

Rana G Let al. Eur. Phys. J., 2003, A16:199; Kaplan M et al. Nu-
cl. Phys., 2002, A686:109

Abe Y et al. Phys. Rep., 1996, 275:49; Frobrich P, Gontchar 1 1.
Phys. Rep., 1998, 292:131

Pomorski K et al. Nucl. Phys., 2000, A679: 25

Nadtochy P N et al. Phys Rev., 2002, C65:064615; Karpov A V et
al. Phys. Rev., 2001, C63:054610

Jurado B et al. Phys. Lett., 2003, B553:186

Chaudhuri G, Pal S. Eur. Phys. J., 2002, A14:287; Chaudhuri G,
Pal S. arXiV:nucl-th/0306003, 2003

LIB Aetal. Int. J. Mod. Phys., 1998, E7:147

LI B A, Udo Schroder U. Isospin Physics in Heavy-lon Collisions at In-

12

13
14

16
17
18

19

20
21
22

termediate Energies, Nova Science, New York, 2001

Bertsch G F et al. Nucl. Phys., 1998, A490:745; LI G Q, Machleidt
R. Phys. Rev., 1993, C48:1702

Pak R et al. Phys. Rev. Lett., 1997, 78:1022; 1997, 78:1026

LI B A et al. Phys. Rev. Lett., 1996, 76:4492; 1997, 78:1644;
2000, 85:4221

SHEN W Q et al. Nucl. Phys., 1989 A491:130; Suzuki T et al.
Phys. Rev. Lett., 1995, 75:3241

XU H S et al. Phys. Rev. Lett., 2000, 85:716

LIU J Y et al. Phys. Rev. Lett., 2001, 86:975

YE W. High Energy Phys. and Nucl. Phys., 2004, 28(1):73 (in
Chinese)

(M8 BWEYHESEYHE, 2004, 28(1):73)

LU Z D et al. Z. Phys., 1986, A323:477; LU Z D et al. Phys.
Rev., 1990, C42:707; YE W et al. Z. Phys., 1997, A359:385;
YE W. Eur. Phys. J., 2003, A18:571

Delagrange H et al. Z. Phys., 1990, A323:437

Vaz L C, Alexander ] M. Phys. Rep., 1983, 97:1

Sierk A J. Phys. Rev., 1986, C33:2039

B fiz i X BT BT RL T 2 S R I B R Bh B AR Wi dE

o

(RERFYHER

MR

210096)

WE B R T, PP, T A — A F R TR AR A HRBERT ASEARE
AL TR A LA A B R TLE AR F R AT PR R SRR T R B . B A ET
EERT AT RR YA, TG T RRHCH T RN Bk, T IR AR T S
EHERIHK AN BB - ARARNLEFARTEN.

(EA FUEkE A%E FURTSIER BEK REVHEE

2003 - 09 - 16 W B
* R KRN EF ELITE B FR BT R R

1) E-mail: yewei @ seu. edu. cn





