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Statistical prescission point model of fission fragment angular distributions
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In light of recent developments in fission studies such as slow saddle to scission motion and spin equilibra-
tion near the scission point, the theory of fission fragment angular distribution is examined and a new statistical
prescission point model is developed. The conditional equilibrium of the collective angular momentum bearing
modes at the prescission point, which is guided mainly by their relaxation times and population probabilities,
is taken into account in the present model. The present model gives a consistent description of the fragment
angular and spin distributions for a wide variety of heavy and light ion induced fission reactions.
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[. INTRODUCTION measuredM , involves some of the same parameters as the

fragment angular distribution, one should be able to repro-

In particle induced binary fission, the physical origin of duce consistently, both fragment angular anisotropy and

fragment angular distribution is contained in the quanta ofPin, in the same model calculation. Systematic investiga-

rotational energies possessed by various rotational degreest&ﬁnS 'nthtr;] light and dv?eavy '8” mdlut_:ed dflssllonbs have
freedom of the fissioning nucleus at the transition state. Th&"oWn that the measurad , can be explained only by as-

. s ... -suming substantial thermal excitation of the collective angu-

statistical transition state model of fragment angular distribuy

. g - lar momentum bearing modes, namely, wriggling, twisting,
tion (TSM) based on this idea, asserts that the transition Statﬁending and tilting m%de[519—2]]. Theyavergge \Q/]alues Ofg

should be the last state of thermal equilibrium for the rel-\y  are found to be most compatible with the assumption of
evant rotational degrees of freedditi. There has been a spin equilibrium at rather elongated configurations, compa-
great deal of discussion in the literature on whether to idenrable to those associated with the scission pd@i. Notable

tify this transition state with the saddle or with the scissionfeatures of the angular variation o, are that theM ,, de-
point deformation$1—12]. In the light ion induced fission of creases only very slowly with angle for a wide range of
actinide nuclei, the experimental values of angular anisotabout=60° around 90°, and beyond this range, it decreases
ropy and their decrease with the increase in fissility of themore rapidly. The overall variations does not show any sys-

compound nuclei, tilted the balance towards the saddle poiff€matic dependence on the fissility of the compound nuclei
model [12]. In the heavy ion induced fission, where high [21]. These features are in contrast to the predictions of the

- ddle point moddl18].
angular momentum and excitation energy states are popG® o .
lated, the experimental values of angular anisotropy did nOtarT?r% ur:iirtglgg fr?;\?eoailg;\e -trhSeMmli: It;];tsth;;%?plg)r(?segh q
allow a clear-cut conclusion regarding the question of saddl yirag Separate along _Symmetry |
o . . eir angular distribution is given by the distribution for ori-
or scission point models. For these systems of high angulaé

5 . ; ntation of the symmetry axis relative to the total angular
momentum and*/A values, the saddle point model predicts ), e ntm vectod at the transition statfl]. The orienta-
small angular anisotropies since the relevant saddle poi

. g, S _PoiRfons of the symmetry axis depend on the values of quantum
shapes are nearly spheriddl3]. Statistical scission point ,mhers) M. andK of the available states of the transition

models[4,8] in which the fate of the fission process is deter‘nucleus; wheré/ is the projection ofl on a space fixed axis
mined by the phase space available at the scission point, Qfken as beam axisand K is the projection ofJ on the
the other hand, predict large angular anisotropies. Experisymmetry axis. The quantum numbetsand M are con-
mental angular anisotropy values are spread in between thesgryed in the entire fission process. However, no such restric-
predictions[9]. The high angular anisotropies observed intion holds for the quantum numbir (the tilting spin which
systems which bear characteristics of fast decay processg@sfact can be thermally excited.
such as asymmetric angular distributions and incompletely According to the saddle point version of the TSM, the
relaxed mass distributions, were interpreted on the basis dfssioning nucleus redistributes its energy and angular mo-
quasifission (noncompound nucleus formatijpn[10,14]. mentum in many ways during the evolution from spherical
However, there are many instances where anisotropy valuesjuilibrium shape to saddle point shape. This shape evolu-
are in disagreement with both saddle and scission pointion is sufficiently slow near the saddle point such that at this
model predictions, even though there are no clear signaturgmint, thermal equilibrium is established for thedegree of
of the fast decay processes, such &Si+2%%Pb [15], freedom. This picture of fission process postulates that the
160+ 232Th [10,16], and 32S+ 184V [17] systems. relaxation time for thek degree of freedom is smaller than
Another experimental approach which probes the equilithe time spent by the nucleus at the saddle point. This model
bration of the fissioning nucleus is the measurement of aveifurther assumes that the saddle point equilibrium valuds of
age gamma multiplicity M ,) and its angular variatiofl8]. are frozen beyond the saddle point such that these values of
Since a theoretical prediction of the average total fragmenK can be treated as good quantum numbers for describing
spin and its possible angular dependence estimated frothe fission process thereafter. This should mean either that
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the duration of descent from saddle to scission has becom#om neck rupture hypothesis. Improvements in predicting
much shorter than the time spent at the saddle point, or thdlhe exit channel properties were possible since the properties
the K relaxation time has increased many times for the moof the scissioning nucleus were considered and not that of
tion beyond saddle. In either case, the saddle point moddhe newborn fragments. In the same spirit, to calculate frag-
supposes a substantial change in the nature of the fissigRent angular and spin distributions, the present model uses
process at the saddle point. This assumption may hold goof® moments of inertia and temperature parameters related
for low excitation energy fission of nuclei having moderate©nly to the prescission shape. At the same time, we have not
to large fission barriers. ove_rlooked the fact that ?he saddle to scission region is a
For heavy ion induced fission reactions where values of€9ion of fragment formation. As stated earlier, we are con-
spin, excitation energy, ang?/A are high, the fission barri- sidering the effects of collective rotational modes in which

ers become very small. For such reactions, it is conceivabl'€ forming fralgmer;]ts ar((aj thle hpartnersf.. Thus the preslent
that the power of the saddle point to control the nature of thé)r%susdson Inuc eush asadualc a_lr_?]ct(_ar, I 'Si a m]?nho nuc;]eus
fission process is reduced considerably. Furthermore, the of§f'd & GINUCIEUS at the same time. The interplay of the coher-
servation of unexpectedly large prescission neutrons iffnt motion of the nucleons in bulk and the internal motion of
heavy ion induced fission reactions indicated that the fissiof"€ Nucleons in the nuclear f|§|_d mhakis“thls_ possible.

is a slow process. Detailed analyses suggested that the fis- P:jese”F p_aperflshorgamze 'né (Ia 0 OV\gng ;vay. In Sec.
sioning system spends comparable times before and after fh a description of the present model preceded by a recapitu-
saddle poin22—26. At the final stages of fission, if the lation of the formulas used in the saddle point model and the

motion in the fission direction is slow compared to tKe ear!ier scission point mode[§,8] is given. In Sec. Ill, ex-
relaxation, then one can assure equilibration near the perimental angular anisotropy dafd0,39 are compared

scission point. The present model for fragment angular gisith the madel calculations. Issues related to the fragment
pins are discussed in Sec. IV. A discussion on the various

tribution in fission reactions at moderate and high excitatio £ th del is ai in Sec. V. Einall
energies, therefore, assumes near-scission-point transiti fcets of the present model is given in Sec. V. Finally, con-
clusions are presented in Sec. VI.

states.

The concept of conditional equilibrium has several impor-
tant implications for the fission studies. As already dis- Il. ANGULAR DISTRIBUTIONS—THEORY
cussed, to interpret measured angular anisotropies, we need
to know whether or not the reaction time was sufficiently
long to allow statistical equilibration for the tilting modes. : .
Another example is the fission probability calculation Wherecon_wpo_und nucleus formed W'th a_ngular mome”mﬂ“d its
the available phase space at the saddle point is the cruciB[CI€ction along the beam direction =0, is given by[1]
factor. This factor is calculated under the assumption that, at

In the transition state model of fission fragment angular
distributions, the formula applicable for the binary fission of

o J
the saddle point, the shape modes relax much slower than the

other numerous intrinsic degrees of freedom. Praleisl. W H)OCJZO (2‘]+1)TJK§_J

[27] have extended the saddle point phase space factor cal-

culation by assuming that the shape modes and tilting mode (1/2)(23+ 1)| Dy — ok (0)]?p(E*,J,K)

relax much slower than the other intrinsic degrees of free- X J ' , (D
dom. In the phase space factor calculation, they have added E p(E*,J,K)

the tilting mode energy to the potential energy of the K==1J

nucleus, and at the same time, allowed thermal excitation of

the tilting mode. In the present work, we adopt a similarwhereT), is the transmission coefficient for the partial wave
multilayered approach for calculating the phase space factqy, Dy, _,(#6) is the rotor wave function, angd(E*,J,K) is
near the scission point. Our focus will be to estimate thethe level density of the transition state nucleus of excitation
influences of the tilting mode on the other angular momenenergyE*, angular momentund, and its projection on the
tum bearing collective modes and account for these inﬂUSymmetry axis K. For a deformed, axia”y Symmetric
ences in the phase space factor calculation. nucleus,p(E*,J,K) is obtained by assuming constancy of

In the present work, the transition state configuration isnyclear temperatur® at the transition state as
assumed to be the prescission shg&29. This configura-

_tion is jugt a tracing_back of _the_ scission poin_t configurati(_)n p(E*,J,K)xcexp(E* — ESGF)/Ta )
into the internals prior to scission and contains the physics

shortly before the final split. We have adopted essentials of h
the random neck rupturéRNR) model [28] to define the where

prescission shape. These shapes have turned out to be elon- -

gated, flat necked nuclei having total length to neck radius E*=Ecn—Ep—Eger

ratio of 9:1 for the compound systems studied. The rationale

behind this choice is the impressive success the RNR modé&icy is the initial excitation energy of the compound nucleus,

has achieved in describing almost all major exit channeE, is the average excitation energy taken away by the par-
properties of the fissioning nucleus such as mass distributiotticles emitted prior to the transition state, aBgk; and Ejy

total kinetic energy(TKE) distribution, and post neutron are the deformation and rotation energies of the transition
multiplicity distribution. In the RNR model, the exit channel state, respectively.

properties are connected to the prescission shape via the ran-In the rigid rotation limit,
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sk hPI K2 —K?2
=27 T 27 ©) p(K)=eXpﬂ, (6)
where J is the effective moment of inertia given by where
27 , 29T
jeff_ jl_\7“, O-H - hZ '

where.7, andJ] are the perpendicular and parallel momentsHere, ) and T are calculated for a dinucleus consisting of
of inertia, respectively, of the transition state nucleus. Thedttached spheroids joined on the long axis. N

first term on the right-hand side of E3) describes the In the above mentioned scission point transition state
lowest energy mode of rotation for a given valueJodind is models, the nature of thermally excited collective rotational
called yrast mode. The second teffxq. (3)] describes the modes(which are responsible for the channel sginviz.,

tilting mode which can be excited thermally. For conve-9dling, twisting, and bending modes, were not considered

nience, we denote the first and second terms by the symboilﬁ;”}[’hzi?iImggigsczgﬁeeﬁlOgrj?gko?g’alj(';?&%helr?stshtgggtion

. t

El .. @ndEL, , respectively. s o T

yrast e » . i models, it has been assumed implicitly that these modes are
In the case of compound nucleus reactioh$ias a fixed phcity

i excited irrespective of values .
set of values and hence E@) can be written as P
A. Thermally excited rotational modes

2
p(K)MeX% K ) ' (4) It is worthwhile examining various thermally excited ro-
2K3 tational modes that occur in a prescission nucleus and the
estimates of their relaxation times. These modes are built on
where the yrast mode which is the minimum energy mode. The
tilting mode (K) is excited by the Coriolis coupling induced
T Toss by orbital rotation[30], and is manifested as an angular mo-
, mentum component along the nuclear symmetry axis. The
h? twisting, wriggling, and bending modes are excited by the
fast elementary nucleon transfer procg38]. These modes
and the energie&¢y,E,,Eqer, and Ejrast assume constant [31,32], while conserving the total angular momentum, im-
values. This form ofp(K) has been used universally in the part angular momenta to tHature fragments. These modes
saddle point TSM whereZ; and T are calculated for the are illustrated schematically in Figs(al—-1(d). The thin ar-
saddle point configuration. rows indicate the velocity fields associated with these modes.
In the scission point TSM due to Rossreral. [8], p(K) The bold arrows show thg dir_ections of_ the spins imparted.
is derived by assuming statistical partition of initial angular The doubly degenerate wriggling mode in fact paves way for
momentumJ of the fissioning nucleus into orbital angular the formation of the future fragments. The wriggling motion
momentuml and channel spis of the two primary fission will generate equ_al spins in both the future fragmer_lts per-
fragments; wheré+s=J andK is defined as the projection Pendicular to their symmetry axes. The fragment spins thus
of s on the symmetry axis. The channel spifis the vector ~9enerated will be in the same directifiig. 1(c)]. To con-
sum of spins of the two fragmentg, andj,. The p(K) in  SErve the total angular momentum, the system as a whple
this model, is equivalent to that derived for an extended TSMOt@IES such that it acquires an angular momentum having
model, in which the effective moment of inertia and tem-magnitude equal to that of sum of future fragment spins, and

perature are that of a dinucleus consisting of attached sph&irection opposite to that of future fragments. The perpen-

2

0

roids joined on the long axis. For the symmetric split, dicular rotations generated in the future fragments around
their center of mass will tend to break the axial symmetry but
_K2 the counter rotation around the center of mass of the whole
p(K)=exp—, (5) system will restore this symmetry. In the twisting mdég.
2 1(b)], the equal spins generated in the future fragments are

opposite in direction but are along the symmetry axis. The

where axial symmetry of the deformed nucleus is retained even
) ) 5 after excitation of this mode. In the bending mode, the col-
So= (21 T/A*)[ (21, + uR)/(uRe+21, =211, lective rotation will impart equal angular momenta in the two

fragments perpendicular to their symmetry axis but in oppo-
wherel| and|, are the moments of inertia for a single fis- site directiongFig. 1(d)]. This mode, if excited, will break
sion fragment rotating about an axis parallel and perpendicuthe axial symmetry of the prescission nucleus because a sym-
lar to its symmetry axis, respectively, is the reduced mass metry restoring counter rotation is absent here. Large restor-
of the fission channel, anR; is the distance between the ing force against the axial symmetry breaking is expected to
centers of the fission fragments at the scission configuratiorsuppress this mode in a strong necked nucleus. Therefore, we

In the scission point TSM due to Borid], very similar  assume very low probability for the excitation of bending

assumptions were made regarding the channel spifor  mode in the prescission nucleus.
high J systems and for symmetric splits, he gave an expres- Quantitative estimates of the relaxation times of the rota-
sion for p(K) as tional modes discussed above are not available, nevertheless,
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mode is around 2.1G° sec whereas for the fast modes this
R time is around 3.10?% sec. This may be compared with the
T total fission time, which is interpreted as the time needed for
the considerable collective rearrangement of the system. A
typical value of the total fission time estimated after consid-

ering the dynamics of the process is about 1#¥Gec[24].
\‘/ l L l l If the fissioning system spends about one-fifth of the total
K fission time near the scission point, one can asskireguili-

bration near the scission point. The relaxation times for the
fast modes are much smaller than erelaxation time so
that the fissioning system allows equilibration of the fast
modes for a given value df. It is natural to expect that, in
such conditional equilibrium, thK spin will exert influence
q—T—T T L l_‘_.. on the excitation of the fast modes. As a result of this influ-
v ence, the population of the fast modes will not be irrespec-
— tive of values ofK but will depend on them.
(b} Twisting The present model takes into account this hitherto ne-
glected dependence. This has been done by calculBtjjig
andT in the formula forp(E*,J,K) [Eq. (2)], taking into
account the additional energy locked in the fast modes as a
function of K. Few simplifying assumptions which have
been made to solve this complex problem are discussed in
the following subsection.

@i W) e

(a) Tilting

I We consider only symmetric fission throughout the
J present calculation. The matter distribution in the two future
fragments, which are equal in size, are characterized by their
(c) Wriggling parallel (7,5) and perpendicularfy;, ) moments of iner-
tia. In the present model, these quantities are related to the
1 prescission shape rather than the shapes of the newborn frag-

ments, as

«i)) « >> M\Z%ﬂw

and

o+ T +* Fre= T

(d) Bending whereJ and 7, are parallel and perpendicular moments of

FIG. 1. (8)—(d) Schematic illustrating the collective angular mo- inertia, respectively, of the prescission shape, dpgis the
mentum bearing modes for the prescission point model. The thifielative moment of inertia of the two future fragments.
arrows indicate the velocity fields associated with these modes. The Average intrinsic spins of the future fragmeits andK,
bold arrows show the directions of the spins imparted. In éase  come from their share of tilting mode angular momentkim
the vectors], R, andK show the total angular momentum, orbital with the constraink =K+ K, [4,8]. For symmetric fission,
angular momentum, and tilting angular momentum, respectively, oK , = K,=K/2. As stated earlier, the twisting mode populates
the fissioning nucleus. nonoscillatory intrinsic angular momentuidy,;, in each of

the future fragments. Sum of the rotational energies associ-

estimates reported for nucleus-nucleus collisions where thesgqq with the twisting mode in the two fragments is given by
modes are excited, can be used as guide lines. In[BéY, ,

the dynamical evolution of a dinucleus formed in a nucleus- Kiwi

nucleus collision is discussed in terms of the time-dependent Etwi:m- ()
relaxation times associated with the rotational modes. For the

fission case, where scope for particle exchange between two The population probability foKy,i , P(Kyi), can be writ-
forming fragments is large till the final split, meaningful ten in the form of a Boltzmann factor expE,;/T) only if
comparisons can be made with the local relaxation timesll modes relax quicklyf30]. In this caseP(Ky,) will be
calculated for the turning point of relative motion in the independent of values ¢f. But we consider cases in which
nucleus-nucleus collisiof30]. It has been shown in Ref. the twisting mode contributes to the intrinsic spin of the
[30] that for angular momentum values typical of heavy ionfuture fragments in addition to the tilting mode contribution;
induced fission reactions, the relaxation time for the tiltingin other words, conditional equilibration of the twisting
mode is fairly long as compared to the other nucleon transfemode. At first let us consider the casekif=0; the ensuing
induced modes. Typically, the relaxation time for the tilting conditional equilibration of the twisting mode will result in
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equivalent velocity fields in the two future fragments. Sec- 1 I
ondly, if K is nonzero, after achieving the conditional equi- ~ RN
librium, the velocity field in one future fragment will be AN
much stronger than the others. By overlapping Fig) &nd N
Fig. 1(b) one can visualize the above two situations. Because 01
of the velocity field mismatch, the second situation will be
less probable than the first. This mismatch will be severe for
larger values oK. Thus the population probability dfi,; \
will be reduced for larger values &€. Dependence of this K= 1

reduction in probability on the value &, temperature, and 0.01 — 0\ S\ ]
moment of inertia of the future fragments can be calculated \

as

PK(Ktvn)
~
e

K2+ Kyi)?  (K2—Kyi)? | |
f—exp- ( wi)®  ( i) }/TK- ® 0.001

211 211
i H H Ktwi (—h' )
The numerator in the exponential terfigq. (8)] is the
difference in rotational energies of the two future fragments FIG. 2. Relative probability for occurrence of the prescission
after “coupling” the tilting and twisting modes. The de- nucleus as a function of twisting mode angular momentug .
nominatorT is the prescission temperature corrected for theThe continuous, long dashed, and dashed lines show this probability

energy locked in the tilting modk, beside other correction for the prescission nucleus having tilting mode spins 0, 3, arkd 10

factors. On simplification, units, respectively.
— KK where o2 is the spin cutoff parameter given by
f=ex . 9 L L
mp O =T,

For very large widths, the spin-dependent part of the level
The probability for occurrence of the prescission nucleugdensity can be obtained by summing over all allowed intrin-
having a value of twisting mode angular momentlry;, is  sic spin state$33]. Then,
now given by

2 . : —(j+1/2)?
P(Ko) =X —Kiwi exp_ KKwi exp_ Kiwi(Kiwi +K) p(j)=(2j+1)ex > (13
i) — p - g
KA Jua T Tz Tk T2 Tk . +
which gives a (2+ 1) times increase over single intrinsic-
which isK dependent. spin-state level density. Thig(j) has the same form as the

To calculate the average twisting mode energy for a giverspin-dependent part of the level density for a spherical
value of K, one needs to knowKZ,)x which can be ob- nucleus. This similarity can be understood from the fact that
tained by taking average using E40) as a probability den- large width ofK, implies spherical nature. For intermediate
sity function. Sum of the twisting mode energy in the two widths, the increase will not be {2 1) times but a fraction

future fragments for a given value &f is given by of it, which in the present model is obtained by scaling with
the width.
K2V In addition to the twisting mode, there are wriggling
K twi
wi ™ T (1) modes populated in the fissioning nucleus and their condi-

tional equilibration has to be taken into account. As stated

The twisting mode introducefictuationsin the values of earlier, the wriggling ques induce_rotations in both the fu-
intrinsic spinin the two future fragments, keeping the total ture fragments perpendicular to their axes of symmetry. The
intrinsic spinK of the fissioning system unchanged. Figure 2avVerage sqgared magnitude of such rotations in one future
shows the relative probability distribution function &,  ragment(Ry;), can be calculated using the relatiig¥]
for K=0, 3, and 104 units for a typical value of the product
Juz Tk~508% Width of the twisting mode distribution is (1 =(R2.)+ (K, (14)
largest forK =0. AsK is increased, the width decreases. In
the limiting cases of very large and very small twisting modewhere
widths, the spin-dependent part of the level density of one of

the future fragments can be expressed as the following equa- 2i2p())
tions. (i%= ot
The limiting case of zero width corresponds to a fixed 2p(})

value ofK; or a single intrinsic spin state. In such a cp4g ) o
and(K?)y,=|K/2|?+(Kg,) the average squared total intrin-

—(j+1/2)2 sic spin which include the twisting mode contributions.
p(j)eexp———, (12 The sum of the average wriggling mode energies of the
207 two fragments, for a given value &, is given by
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= 100 I I input in Eq. (1), is contained in the spin-dependent cross
é section given by
g 80 [ E i +Ewri+E wi— —
? e EmﬁE:ﬂ L oy=mX3(23+1)Ty, (17)
]
LE 60 |- B — - ] where X is the reduced wave length afd is the transmis-
_ sion coefficient for the partial wav& The total fusion cross
g 40 section is given by the relatioo,son==;_o0;. Since the
.g present systems are highly fissile, we have used the experi-
S 5 mental fission cross sectiofik0,35 as a reasonable approxi-
2 B I mation for the fusion cross sections.
The form of the transmission coefficient was taken to be
-80 -30 0 30 60 J—Jma] *
K (h) T,= 1+expT , (19

FIG. 3. Rotational energy of thermally excited collective modes
for a prescission nucleus of mags=225 and temperaturd
=2 MeV, as a function of tilting mode angular momentufn
Breakup of the rotational energy contributions are shown in th
panel.

where J,,,, Was determined by matching the total fission
cross section. Thd-diffuseness parameteX(# unit) was
ecalculated using the approximate relat{@®]

ka(1— Eg/2E)

Rin) 2R T (1-Eg/E)¥?
E\,lfm:< er>+ < wr|>. (15) ( B )
NN VA

(19

where « is the diffuseness of the nuclear surfakeis the

Equations(11) and (15) give the average twisting mode en- Wave number K=1/x),E is the incident energy, anélg is
q s (159 9 9 he Coulomb barrier in the entrance channel. The value of

ergy and the average wriggling mode energy, respectively,

for a given value oK. The total rotational energy as a func- washtakf?n as 0|'<3z fm for.alllthe shystems.f d lei
tion of J andK is obtained by adding these rotational ener- The lat necked prescission shapes of compound nuciel
gies to the yrast and tilting energif&q. (3)] as formed in the reactions were calculated using the dumbbell

shape parameters, (elongation and o, (constriction [37].
For each compound nucleus, the liquid drop modé&M)
potential energy surface was generated and the minimum en-
) K K K K K K ergy trajectory or the LDM valley was computed. Among the
Figure 3 showsEj, (Eyiy + Eyri), @nd it Ewit Ewi)  shapes along the LDM valley, the prescission shape is de-
as a function ofK as long dashed, dashed, and continuousijned using the relation 12=9r [28], wherel is the half
lines, respectively. These quantities have been calculated fggngth andr is the neck radius of the dumbbell shaped
a prescission nucleus of mage=225 and temperatur&  nycleus. For all compound nuclei studied in the present
=2 MeV. It may be noted that the trough formed in e  \york, the prescission shape correspondedsie=2.4 and
versusEf plot is smeared considerably by the inclusion of ;-,= 0. The values oE 4 were calculated as the difference
the fast modes, and also that the contribution to BJ§  between potential energies of the prescission shape and of
from the wriggling mode is quite large compared to thatthe spherical shape. The radius paramegeand the surface
from the twisting mode. tension coefficienty used in all calculations were 1.16 fm
Substitution ofEp; [Eq. (16)] in Eq. (2) allows one to  [38], and 1.021—1.79(A—2Z)/A]%}MeV fm~2, respec-
calculatep(E*,J,K). The resultingo(E*,J,K), after expan- tively.

Erot = Ejrast™ Egit + Eqwi+ Eiy (16)

rot yrast wri *

sion will not have the commonly assumed Gaussfadis- Consistency of the total length of the prescission shape
tribution. Usingp(E*,J,K), one can calculate the fragment 2I, with the experimental mean TKE values was checked
angular distribution by using Eq1). following Ref.[29]. The net energy of repulsion between the

two newborn fragments, which should be approximately
Il ANGULAR DISTRIBUTIONS— equal tp the mean TKE, was calculateq using the embedded
COMPARISON TO EXPERIMENTAL DATA spheroid _apprOX|mat|0|[129_]. The exper!mental mean.TKE
was obtained from the Viola systematic39]. Table | lists
Experimental angular anisotropy ddtk0] for an exten- these two quantities for few systems. The agreement between
sive series of heavy ion reactions leading to compound nuthem is reasonably good. The use of the refined parameters
clei in the fissility range of 0.76 to 0.88 and initial tempera- suggested in Ref.28] for the prescission shape is not ex-
ture range of 1 to 4 MeV have been used for comparisompected to change significantly the relevant moments of iner-
with present theoretical predictions. TAEe+ 23U reaction, tia and temperature parameters discussed in Sec. Il B and
which is one of the very few light ion systems for which hence was not attempted.
anisotropy data are available over a wide range of initial The energy taken away by the prescission parti€lgs
temperatureg35], has also been included in the comparison.was calculated by assuming only neutron emission, and us-
The entrance channel spin distribution to be given as aing the relation40]
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TABLE |. Calculated and experimentally estimated total kinetic for 325+ 20%ph and32S+ 1°Au systems also, since the pro-

energy(TKE) and average total fragment sgi§) for few systems.  jactile in these cases is massive. Thus, the presence of quas-
TKEeyp: is obtained from the Viola systemati¢89). (S)cac and fission events could be the reason for the observed discrep-
(S)exprare obtfauned uszlng Eq&22) and(21) (with parameters from 5 qias in Fig. h)—4(j) at low bombarding energies.

[21]), respectively.(S)g.=2M, where values ofM,, are taken

from [21].
IV. GAMMA MULTIPLICITY

. 1 2 T .
Reaction TKBae TKEexpt (Seac (Sexpt (S)expt Measurements of the average gamma multiplickyy,§ in
120 MeV®0+2%pp 161 1663 251 206 27 fission rt_eactions provide estimates of th_e average total frag-
120 MeV 160+ 20%i 164 1703 254 218 28 ment spin(S). The latter quantity is defined as the sum of

120 MeV0+22Th 187 190-3 302 27.0 303 average individual fragment spins

120 MeV1t0+ 238y 194 1963 310 281 304 : :
Sy= + ) 20
214 MeV3%S+2%pp 189 1923 294 309 36 (Sy=dlih+lizl) 20

The M, is related to the average total fragment spin via the
relation

Ep=M}q7+1.57),

(§)=2(M,—a)+pM,, (21

whereT is the nuclear temperature aii® is the prescis- wherea, 8, andM, are the number of statistical gamma rays
sion neutron multiplicity. The later was calculated using theper fragment, average spin removed by one emitted neutron,
systematics given if40]. and total neutron multiplicity, respectively.

The temperature at the prescission pdinwas calculated According to the Bond4] and Rossnel8] scission point
using the relatiorE* =aT?, whereE* is the excitation en- models, the average total fragment sp8) depends only on
ergy available at the prescission point aads the level the spin cutoff parameters of the newborn fragments. In the
density parameter. The mass number and deformation depepresent model(S) depends only on the spin cutoff param-
dence ofa was calculated according {d1]. The corrected eters of the future fragments through the following relation.
temperaturél ¢ was calculated in the same manner, but aftefFor symmetric fission,
subtracting the energy locked in the tilting mo#e The

parameters [Eq. (5)] andof [Eq. (6)] were calculated for (S=2(ljl) (22)
the touching spheroids configuration obtained using the em-
bedded spheroid approximati¢ng]. where
Throughout the present work no fits to the experimental silp()
data will be presented, rather the calculations based on the (il)= J_p_J
common procedure discussed above will be shown. The re- 2p(])

sults of the calculations and the experimental data for heavy . .
ion systems and*He-+ 238U system are presented in Figs. wherep(j) is calculated according to E413). In Table I,

4(a)-4() and Fig. 5, respectively. The short dashed andhe values of average total fragment'spin calculated .using
dashed lines are calculated using Bond's motl and ~ Ed- (22 (1<S>calc) and the values experimentally determined
Rossner'48] model, respectively. The long dashed lines arel21] ((S)ex) for five heavy ion systems are given. Within
calculated using Eq4) with J.4 and T calculated for the about 3 units, the theoretical and experimental values are in
prescission shape. The continuous lines are calculated usi@greement. This is somewhat a good agreement considering
the present model. Experimental data are shown by solighe uncertainties in the parameters 8, andM;. To illus-
circles[10,35 and plus sign§l15,42. There is a remarkable trate the dependence of experimentally determi¢®d on
improvement in agreement between the experimental datfiese parametergS)z,=2M,, values are also listed in
and present model calculations compared to the other modefable I.
[4,8,9. As stated earlier, the other models overestimate the The angular variation oM, is another experimental ob-
angular anisotropy by a huge margin. The improvemensgervation which theoretical models must address. Conspicu-
made by the inclusion of the twisting and wriggling energiesous features of the observed angular variation are that the
in calculating the level density can be appreciated by comehange inM,, as a function of the angle is small and essen-
paring the long dashed and continuous lines. tially identical, for most of the systems. In the remaining part
Some discrepancies can be seen in the comparison of this section, we discuss some clues on this observation,
present model calculation and experimental data. Minor disdeveloped in the premises of the present model.
crepancies as in the cases shown in Figa)-4(g) and Fig. In Sec. Il B, it has been shown that for smaller values of
5 may disappear by some slight changes in the pre-scissidf, the twisting and wriggling modes are excited with larger
shapes and the associated parameters. Significant discrepsmebability. Among the two modes, the wriggling mode has a
cies exist in Figs. éh) and 4i), especially for the low bom- dominant role and is the sole provider of perpendicular spin
barding energies, which cannot be removed by simple adjustR,;) to the fragments. The final fragment spins originate
ments of parameters. FOfO+ 238U system[Fig. 4(j)], ithas  from the coupling of these modes and the tilting mo#§.(
been showri42] that the increase observed in the values ofBy following the method given 18], one can disentangle
anisotropy for bombarding energies below 90 MeV is due tathe angular variation ofK?). Reference[18] predicts that
the presence of quasifission events. Such a possibility exister a typical value oﬁ<§ [Eqg. (4)] for the present systems,
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FIG. 4. (a—(j) Angular anisotropy versus bombarding energy for heavy ion induced fission reactions. The closed circles indicate the
experimental data froril0] and the plus signs indicate data frqdb,42. The lines show the result of various model calculations. The
continuous lines are calculated using the present model. The short dashed, dashed, and long dashed lines are calculated after substituting Ec
(6) (Bond model, Eq. (5) (Rossner modgl and Eq.(4) (Freifelder model respectively, in Eq(1).

(K2) will remain nearly a constant for a wide range of anglesangles around 90° but will increase as 0° or 180° is ap-
around 90° and then will fall off rapidly near 0° and 180°. proached. A point to be noted here is that the increase of the
The complementary variation ¢RZ,) can be obtained by above ratio near 0° and 180° will be much larger than the
using the approximate relatiaj?)=(R2,;)+(K?). This re- case if(R2,;) is angle independeff1]. One can expect that
lation implies that(RZ,) will be nearly a constant for the this relative variation in spin components will be retained by
same angular range around 90°, and will increase near Othe newborn fragments, and the neutron emission from the
and 180°. Thus, the present model predicts definable anguliagments will carry its signatures.

variation for the quanta of perpendicular and parallel rota- It is known that the neutrons emitted from the fragments
tions. The ratig/R2,;)/(K?) will not vary for a wide range of ~carry orbital angular momenta and impart equal and opposite

wri
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FIG. 5. Fragment angular anisotropy versus bombarding energy i (b) ]
for the *He+ 238 system. The symbolism and descriptions are the i / spheroid
same as in Fig. 4. The experimental data are f{85;j. 0.5 - \ o 8
. [ - -1 ]
angular momentérecoil angular momenth to the residual 5 i : i
fragments. If the component bfalong an axis perpendicular ) L 1
to the symmetry axigwhich passes through the center of N 0.0 B | | | 1
mass of the fragment; one axis is negative, then a part of e :
angular momentum arising from rotations perpendicular to E 1.0 i i i i i
the symmetry axis is removed from the fragment. Similarly S i (a) spheroid |
if the component along the symmetry axteree axis | ; is 8 L £=5 MeV |
negative, then a part of angular momentum arising from the  — - — 4 1
intrinsic spin i i 0.5 - \ T
pin is removed from the fragment. For spheroidal 3 i i
fragmentsg|l,| can take larger values compared|ltgl, since = .
for a given linear momentum distribution of the emitted neu- i i
trons, the average length of the radius vector is larger when 0.0 L | I I I
measured relative to the one axis rather than the three axis. -3 -2 -1 0 1 2 3

Dietrich et al.[43] have worked out a simple semiclassi-
cal method to calculate thk or |5 distributions for any
arbitrary deformation. The basic principle of the method is
the following. The probability for emission of a neutron car-
rying an orbital angular momentuinand its projection on
the rotation axid;, is controlled by the transmission coeffi-

cientw(e,l,l;,x) and the phase space factors. In the argu'averaging transmission coefficients over all possible valuesaoid

ment list of the tr_ansmission coefficiewt, |, andl; represent | case(c) shows transmission coefficients as a function of recoil
the energy, orbital angular momentum, and its projectionyngylar momenturh, for e=5 MeV.

along the rotation axisof the emitted neutrons, respectively,

and y stands for all quantities not explicitly mentioned such from the perpendicular rotations. For a quantitative estimate
as mass, nuclear deformation, and direction in space iRf @ahgular momentum removal, one has to consider the role
which the particles are emitted. We have calculdteandl, ~ Of Phase space which usually favor removal of angular mo-
distribution using this prescription, for a typical spheroidally Mentum from large rotations. The present model predicts
deformed fragment of mass number 115 and axis ratio 1:1.g&latively large quanta of perpendicular rotations near 0° and

Figure @a) shows the calculated transmission coefficientslsg)l_oh fo(; the spher?it?]al fLagmentsl. i f1h born f
as a function ofl; andlj, for fixed values neutron energy € dynamics ol theé shape evolution of the newborn frag-

(=5 MeV) and recoil angular momenturi<2%). The ments from spheroidal to spherical shape also has to be taken

ted val lized for th f into account in such calculations. It may be noted that the
presented values are normalized for theé purpose ol Comparfayationg) energy associated with the perpendicular rotations
son. Figure @) shows the calculated transmission coeffi-

) ! ) increases whereas the rotational energy associated with the
cients, normalized after averaging over all possiblalues

. = 9. ; intrinsic rotations decreases, as the fragment evolves from
with average transmission coefficients as weights, and jnjtial spheroidal shape to spherical equilibrium shape.

over all possible values of with neutron energy spectra Therefore, the fragments may retain intrinsic angular mo-
N(e) as weights. As expected, thg distribution is consid- mentum and give away perpendicular angular momentum in
erably narrower than thig distribution.[In the above calcu- neutron emissions during the evolution. We intent to perform
lations,N(€) was obtained by assuming excitation energy ofrealistic calculations to quantitatively prediet, as a func-
the fragment as 30 MeV. The average value of the transmigion of angle, by including the above mentioned effects on
sion coefficientv, was calculated by averaging(e,l,l1,x), the angular momentum removal, in a future work. The
over allowed ; values. Figure @) showsw, as a function of present study suggests that the angular dependenté, of
| for e=5 MeV for the spheroidal and spherical shapes. arises mainly from post scission particle emission character-
From the above study on transmission coefficients ofstics. If this is true, then the angular dependenc#lgfwill
spheroidally deformed fragments, it may be noted that théde almost independent of the fissility of the system. The
neutrons can remove angular momentum more efficienthexperimental dat@l9—-21 in fact show such a trend.

Angular Momentum (h)

FIG. 6. Transmission coefficients for neutrons emitted from a
spherical and a spheroidéxis ratio 1:1.9 nucleus ofA=115.
Case(a) corresponds to fixed value of neutron enekgy5 MeV
and recoil angular momentuin=2%. Case(b) is obtained after
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V. DISCUSSIONS dom. The scission point model of Wilkiret al.[49], which
Models of statistical equilibrium at the scission point haveIS based on the assumption of statistical equilibrium among

o . (f]ollective degrees of freedom at the scission point, is similar
been used for many aspects of particle induced fission such” v aspects to Nenbera’s model. The oresent model
as mass distribution, TKE distribution, fragment spin, exci- y asp g ) P

. S also assumes a condition of intermediate mixing between the
tation energy distributions, etc. However, for the fragment . . .

20 X collective and single particle degrees of freedom, however, at
angular distribution there have been some reservations no prescission point

using the scission point model. One of the reasons could be The inclusion of the effects arising from the excitation of

t_hat the fmf“”'as derived L_mder _certaln reasonable. ass’um§/)v'riggling and twisting modes is the main factor responsible
tions[4,8] yielded substantially higher values of amsotropy]cor the improved angular distribution prediction by the

compared to the experimental daee Fig. 4 In Refs. present model. The final fragment spins originate from the

[4,8], an expression for calculating the anisotropy is glVen’coupling of these modes and the tilting mode; therefore, a

for the case where the transition state configuration is asﬁigh degree of correlation between the angular distribution

sumed t_o be.touchmg' spheroids which are not "’.‘"9”9"- Thlgpd final fragment spin distribution is expected. The good
expression yielded anisotropy values somewhat in agreemen

with the experimental daf]. However, this expression was agreement observed between the present model calculation

not favored since the physical nature of the transition statand the experimentally estimated average total fragment spin

. s : . irable ) points towards this correlation. The finding of Ogi-
configuration assumed is not realistic; one has to assume .
faraet al.[50] that the angular momentum coupling between

nonaxial separation of the fragments such as in the case - o
P 9 ?he entrance and exit channels plays a decisive role on the

particle evaporation. o ) X )
o o . angular distribution of the fragments is also in conformity
The fluctuationsin the values ofintrinsic spin of future . . .
with this expectation.

fragments at the prescission poifiec. 11 B) deserves special The present model can be extended for obtaining correla-

attention in the context of the assumption madé48] on . . " :
P ¢4rg] fions between the angular anisotropy and specific exit chan-

nonaxial separation of the fragments. What motivated suc | ies by th bined £ th .
an assumption is the requirement of relaxation of the condil'® Properties, by the combined use of the present prescrip-
tion for angular distribution and the random neck rupture

tion on having fixed values of intrinsic spins of the frag- - )
ments. In the present model, the fluctuations introduced byRNR) model for the exit channel. Algorithms for the usage

the twisting mode provide variation i states automati- ©f the RNR model are given in Re29]. Let us consider the
cally. At the same time, there is no need for assuming nonMass-asymmetry angular-anisotropy correlation at first. If the
axial nature for the prescission shape. This observation agission channel calculation of the RNR model predicts only
parently broadens the definition of the term transition stat@ne prescission shape for a fissioning system, then the appli-
from that characterizes a one-dimensional pro¢géssFor a  cation of the present model without any further modifications
related discussion s¢d4]. will yield the same angular anisotropy for all mass splits.

The present model has the ability to treat the prescissioirlowever, for some systems, if several prescission shapes are
shape as a whole, and the density of levels at the prescissigmedicted, then angular anisotropy should be calculated by
point p(E*,J,K) takes into account the orientation of the properly weighting each prescission shape by the predicted
deformed shape relative to the angular momentum véeior branching ratio§29]. In such a case, a definite correlation
Unlike the previous modelst,8], which assume that the sta- petween mass and anisotropy may emerge as a consequence
tistical equilibrium of the fission axis is decided by the prop-of different weights for the various prescission shapes which
erties of fragments after the scission, the present modgjroduce mass dispersion and the associated anisotropies.
makes a more reasonable assumpfin8] that this equilib-  Similarly, the correlation between fragment shell effects and
rium is achieved at a stage prior to the final split. Althoughangular anisotropy can be studied, since one can associate
ordinary LDM predicts a steep saddle-to-scission landscapgome magic numbers of the prescission nucleus in terms of
there are many experimental results which suggest that thisrescission shapes with the magic numbers of the fragments
landscape is rather fla#5], and in that sense, the present[29]. Experimental studies have reported such correlations;
gss;_l;'mgtion of a quasiequilibrium point near scission may begr examples, see Reff16] and Refs[3—17 cited therein.
justified.

Models of statistical equilibrium at the scission point can

be brqadly clas_sified acc_ording to the level of mixing of VI. CONCLUSIONS
collective and single particle degrees of freedom. The one
postulated by Fon§46] advocates strong mixing &l de- We have developed a model for fission fragment angular

grees of freedom. The Ericson model for particle evaporatiomistributions, which assumes statistical equilibrium for the
from a compound nucleugt7], which is the basis of the tilting mode at the prescission point. The conditional equi-
models presented in Refgl] and[8], has an approach simi- librium of the collective angular bearing modes at the
lar to Fong’s model. N@enberg’s mode]48] has a different  prescission point, which is guided mainly by their relaxation
approach, as it assumes a condition of intermediate mixintjmes and population probabilities, has been taken into ac-
between the collective and single particle degrees of freedommount in the present model. This has brought in a hitherto
as the system moves along the fission degree of freedomeglected dependence of the population probability for the
According to Naoenberg, the mixing among collective de- wriggling and twisting modes, on the tilting mode angular
grees of freedom is expected to be stronger compared witmomenta. It has been found that for the tilting angular mo-
that between collective and single particle degrees of freementum K) values near zero, the wriggling and twisting
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mode contributions are maximum and [&§ is increased, quasifission reactions. The present model also provides a
this contribution decreases. It has been suggested that, foonsistent description of the average total fragment spins es-
calculating the fragment angular distribution using the trantimated from the experimental , data.
sition state model, the phase space factor at the prescission
point (transition statgeshould be calculated after subtracting
the rotational energy locked in these modes. ACKNOWLEDGMENTS
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