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Mass distributions in nucleon-induced fission at intermediate energies
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Temperature-dependent fission barriers and fission-fragment mass distributions are calculated in the frame-
work of the multimodal random neck-rupture mod®IM-RNRM). It is shown how the distinction between
the different fission modes disappears at higher excitation energies, due to the melting of shell effects. The
fission-fragment mass yield calculations are coupled to the nuclear reaction code ALICE-91, which takes into
account the competition between the other reaction channels and fission. With the combination of the
temperature-dependent MM-RNRM and ALICE-91 nucleon-induced fission is investigated at energies between
10 and 200 MeV for nuclei varying from Au to Am.
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[. INTRODUCTION ergies above 200 MeV, the neutron flux inside the core
surely diminishes rapidly. As for many aspects of the ADS
Almost since the time of its discovery, applied and aca-design, the role of intermediate-energy actinide fission is,
demical interests in the nuclear fission process go hand itherefore, not yet clear. Nevertheless, an adequate answer for
hand. Historically, most of the effort has been put into theintermediate-energy fission must be provided, before sensi-
development of the fission knowledge at low energies. To divity studies can probe its true significance.
lesser extent, also fission reactions induced by neutrons and From the more fundamental point of view, fission remains
charged particles at intermediate incident energies, i.e., ben intriguing object of study as well. In fission at intermedi-
tween 10 and 200 MeV, have been investigated. Research ate energies two factors emerge that complicate the descrip-
this field of intermediate-energy fission is nowadays stimu+ion in comparison with low-energy fission: multichance fis-
lated by the world-wide attention drawn towards acceleratorsion and the varying fission characteristics with excitation
driven systems$ADS) for the transmutation of nuclear waste energy. Fission being a relatively slow process that involves
and other purposes, such as the production of energy aral collective deformation of the entire nucleus, is likely to
radioisotopes. Whereas in most conventional nuclear applisompete with particle evaporation. In addition, at high inci-
cations particle energies are limited to several MeV, in theselent energies it will most probably be preceded by fast emis-
ADS concepts energies up to the GeV region are playing asion of particles in a directlike mechanism. This immediately
important role. Feasibility studies of ADS designs requireillustrates the complexity of the process: a large number of
knowledge of all the underlying nuclear reactions that conintermediate nuclides, each with its own fission characteris-
stitute a significant part of the reaction cross section. Thigics, are formed in the neighborhood of the original target
comprises both proton and neutron-induced reactions rangwcleus. They all contribute to the experimental fission ob-
ing in energy from thermal up to a GeV. One of the pro-servables and make it incredibly difficult or even impossible
cesses that occurs both in the target and the reactor core tig disentangle from this superposition the information on the
fission. Figure 1 shows the reaction cross sections and tHission properties of the separate nucleus. Figure 2 serves to
fission cross sections at incident neutron energies up to 300ustrate the difference between the first-chance process,
MeV for 2°%Bi and 23%U. This reveals that about 5% of the characteristic for low-energy fission, and the multichance
reaction flux goes into the fission channel for bismuth andorocess playing an important role in intermediate-energy fis-
more than 50% for uranium. Fission of actinides as well assion. If the energy of the incoming nucleon is low, the
subactinides is not yet understood sufficiently for incomingslightly excited compound nucleus starts to deform and may
energies above a few MeV. Compared to spallation andiltimately fission before it has emitted any particles. This
evaporation cross sections the subactinide fission cross segrocess produces two fragmerfig and F, with nucleon
tion is relatively small. This contribution should, however, numbers that sum up to the original number of nucleons
be taken into account for a proper computational analysis gpresent in the compound nucleus. The fragments are excited
the target and its direct environment, where undesired radicand lose, subsequently, their energy by the evaporation of
active isotopes may be produced. It depends on the design oficleons and gammas. In the end, two fission prodBgts
the ADS[1], whether the neutrons entering the reactor coreandP, remain. On the other hand, if the excitation energy in
do have a significant intermediate-energy tail or not. At enthe compound system is high enough, the nucleus will emit
n+ 1 nucleons during the fast stage of the reaction followed
by the emission ofn particles in the evaporation stage. The
*Electronic address: duijvestijn@nrg-nl.com fissioning nucleus is characterized by a nucleon nunfber
"Electronic address: hambsch@irmm.jrc.be —n—m. Fission fragmentd-; and F, are formed, which
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evaporate an additional number of particles, and hence creaté questions remain. After 60 years of research, still no
the fission product®; and P, . theory or model is able to describe the mass dependent and
In the past, several attempts have been made to descrilegcitation energy dependent transition between asymmetric
and understand the varying fission characteristics of nuclideand symmetric fission in a satisfactory way, and to predict all
with excitation energye.g., Refs[6—10]). An overview can the fission observables in one consistent approach for all pos-
be found in Ref[11]. Moreover, Broset al. [12] have de- sible fissioning systems in going from low to high excitation
veloped a model which is elucidated in great detail in theenergies.
remainder of this paper. In summary, the competition be- Some model$e.g., Refs[14,15]) (partly) rely on system-
tween symmetric and asymmetric fission is thought to beatics in order to predict fission-product yields at intermediate
connected to shell effects in the deformed nucleus. The pregnergies. The lack of experimental data hampers the devel-
ence of these shell structures leads to the existence of sympment of systematics for quantities like the symmetric and
metric and asymmetric fission modes or channels, which asymmetric fission contributions or the fission-fragment
nucleus can choose to follow on its way to fission. It is themass and charge distributions in a wide range of nuclides
contribution of each fission mode that changes with excitaand energies. In addition, the measured results for
tion energy. In addition, shell effects fade with higher exci-intermediate-energy fission arise as a superposition of many
tation energy resulting in a nucleus which possesses merely@ntributing fissioning systems characterized by their own
symmetric fission mode. As a result of these properties, acexcitation energy distributions. Since the disentanglement of
tinides near the valley of stability prefer asymmetric fissionall these separate contributions is impossible, the comparison
at low energies, but are subject to an increasing contributiobetween the calculated and the experimental results cannot
of symmetric fission at increasing energies. Further away itake place at this level. It has to be carried out for the
the neutron-deficient region, the actinide nuclides tend to fissummed observables instead. In this manner, trends in the
sion symmetrically even at lower excitation enerdiégl3]. separate contributions are taken into account in an effective
In the subactinide region the symmetric fission mode is alway in the systematics in order to arrive at a description of
ready the strongest mode at small energies and remains tlige experimental results. This may lead to wrong results
dominant channel at higher excitation energies. Despite alvhen systematics is extrapolated into a region without ex-
the progress in the understanding of the fission process, a Iperimental data. Therefore in this work much effort is in-
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vested in the development of a more fundamental approachvork by Turkevich and Niday17], who interpreted the mass
The hope stands that the physics incorporated in such ayield distribution of thorium as a superposition of two fission
approach ensures better predictive properties independent ofiannels, and of Pashkevi¢h8], who discovered two fis-
the presence of experimental data. sion modes in lead in his calculations. For most actinide
The objective of our work is to compute fission-fragmentnuclei three dominant fission modes exist: the symmetric su-
and fission-product mass yields from intermediate-energyperlong(SL) and the asymmetric standardST I) and stan-
nucleon-induced reactions. In the approach presented hedard Il (ST Il) modes. These asymmetric modes are gener-
two stages can be distinguished. In the first stage the fissioally thought to be linked with the neutron shells in the
cross section is determined for the various fissioning isotopesagments ofN=82 (spherical for ST | and N=88 (de-
as a function of their excitation energy in competition with formed for ST II.
other processes like pre-equilibrium decay and particle As indicated above, each channel corresponds to its own
evaporation(Sec. Ill). ALICE-91 is a nuclear reaction code class of prescission shapes. These shapes convey indirectly
that takes care of this first stage. The second stage consiststbe properties of the fission fragments. For example, an
constructing the total fission-fragment mass distributionsasymmetric shape gives rise to an asymmetric mass division,
from the different contributions of all the equilibrated fis- and a very compact shape results in a high kinetic energy of
sioning systems. Hence a model is needed that gives a préhe fragments. The random neck-rupture model quantizes
diction for the fission-fragment mass yields in a large rangehis information, and links the prescission shapes with the
of mass, charge, and excitation energy of the fissioningroperties of the fission fragments like the total kinetic en-
nucleus. For this purpose, the multimodal random neckergy (TKE), the mass distribution, the most probable charge
rupture model by Brosfl?] is extended with temperature- and the postscission neutron multiplicities. This is treated in
dependent shell and pairing corrections and a temperatur&ec. |l G. An elaborate description of the complete Brosa
dependent liquid drop modéLDM) for the calculation of a model can be found in Ref12].
temperature-dependent potential energy surface. Subse- For the calculation of these fission channels, it is neces-
quently, the resulting temperature-dependent barriers are ersary to minimize the deformation energy of the nucleus at
ployed to determine the relative contributions of the differentthe potential energy surfacd®’ES. In the original Brosa
fission modes. This is described in great detail in Sec. llmodel, this is done for zero temperature. Therefore, strictly
Section IV contains the coupling between ALICE-91 and thespeaking, only fission at zero excitation energy, i.e., sponta-
revised Brosa model as well as the results obtained in thiseous fission, can be treated within this approach. Since the
manner. Finally, a summary and an outlook may be found ifPES does not change much at low energies, the use of the
Sec. V. original Brosa model in the analysis of low-energy neutron-
induced fission is still justified. However, for the description
of intermediate-energy fission an extension of the model is
Il. TEMPERATURE-DEPENDENT BROSA MODEL clearly indispensable. In this work the PES is computed as a

The theoretical analysis of experimental fission-fragmenfunction of the temperature of the nucle(see Sec. Il A
and fission-product mass distributions presented here linimization at the PES provides the fission channels, and

largely built around the multimodal random neck-rupturehence the fission barriers as a function of temperature. The
model (MM-RNRM), or Brosa model as it is commonly PES changes drastically with temperature: asymmetric fis-

called. This model has been developed by Bretal. sion modes melt together and disappear for high excitation

[12,16] in the 1980s to explain fission at very low energies. [t€N€rgies, and double-humped barriers transform to single

consists of two complementary descriptions: the multichan'umped. The use of temperature-dependent fission barriers is

nel evolution to scission and the random neck-rupture modefucidated in Sec. Il E and the influence of temperature at the
(RNRM). The evolution towards scission can take p|acebarr|ers and the prescission shapes is discussed in Il D and

along several paths of disintegration of the nucleus, the sd! F- Another addition to the Brosa model consists of the
called fission channels. At the end of such a channel th&&lculation of the weight for different contributing fission
nucleons find themselves in an elongated configuration of’des based on the transmission through the parallel barri-
two preformed fragments connected by a neck: the presci€'s: At the end of this section, the mass dlstr_lbutlons of _the
sion shape. If the nucleus stretches beyond this prescissidf$Sion fragments and products can be determined for a given
shape the neck will snap according to the RNRM. This re-£xcitation energy of the fissioning nucleus.
sults in two nascent fission fragments.

In many fission theories, each nucleus possesses one A. Potential energy surface
single or double-humped barrier on its way to sci'_ssion. In the The deformation energy is obtained with the
Brosa model, however, the nucleqs may, starting f.rom 'tsmacroscopic-microscopic method due to StrutinEk§]:
ground state, choose between various paths of minimal de-
formation energy on its journey through deformation space. E=E,pu+ SEspher- D
Each path belongs to a certain fission mode. It leads along its
own hills in the potential energy landscape and arrives at it he basic ingredients are the liquid drop energy and the shell
own set of deformation parameters fixing the prescissiorcorrection term. The liquid drop part contains the macro-
shape corresponding to that particular fission mode. Thiscopic smooth behavior of the energy, whereas the micro-
idea of parallel fission barriers and channels builds on thecopic shell effects are added as a correction. In principle,
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the potential energy of a nucleus can also be obtained di- p A
rectly from a microscopic approach. Strutinsky recognized
that a greater accuracy is achieved by using a liquid drop
model (LDM) for the description of the smooth background
behavior of the energy. Such a model is tuned to reproduce
experimental masses. It is therefore impossible to outperform
the liquid drop outcome for global properties with a micro-
scopic model like the one that will be sketched in Sec. Il A 2.
The macroscopical nature of the LDM necessitates the addi-
tion of shell corrections for a more detailed description of the b
nucleus, which takes the effect of the filling of single particle '
levels into account. '
Equation(1) can be generalized as a function of tempera- :
ture T and deformation def: '
\
1
]

F(T,deﬁ:FLDM(T,def)+5Fshe||(T,def). (2)

The energyE of expressior(l) is replaced by the free energy 21
F, which represents the pot_ent_lal energy for !sothermal Pro- kG, 3. The geometrical meaning of the five degrees of freedom
cesses. The free energy is linked to the internal energy , , ¢ andc.

through the entropy B

related to the curvature dt=2z, volume conservation, and
through the definition of center of mass.

The use of the free energy implies that the deformation of the Other parameters that are frequently used and which may
nucleus is assumed to be an isothermal process. be derived from the parametrization above Afeandd. The
average mass of the heavy fragment is given by

F(T,def)=E(T,def)— TS T,def). 3

1. Generalized Lawrence shapes

In following a nucleus on its way to scission, a parametri- An= 3A3CNIZ p2(0)d¢. (6)
zation of its shape is required, which is able to describe all 4ren /-

possible deformations between tfepherical ground state )

and the elongatetasymmetrig prescission shape that con- Acw iS the mass number of the compound nucleus. The pa-
sists of the two preformed fragments linked by a neck. Thd@meterd measures the distance between the centers of mass
Brosa model employs the generalized Lawrence shigis of the average left and right fragments. It is defined analo-

to parametrize the deforming nucleus: gously to Eq.(6). ,
Another possibility would have been to use a parametri-

N zation that also generates configurations like touching sphe-

P2 =123 as(i—2)" (4)  roids (e.g., the parametrization used in RE21]). Since,

n=0 however, each channel search stops at a prescission shape
characterized by two preformed fragments still linked by a
neck, it was not deemed necessary to employ such a param-
etrization in this stage of the calculation. In a later stage, the
RNRM deals with the touching spheroids that emerge at the
scission point. This parametrization can be found in Sec.

l,r,z,c,s. (5) NG 2.

The radius of the nucleus is given lyas a function of a
parameter{. Five shape parameters, with a geometrical
meaning as depicted in Fig. 3, fix the coefficierts (n
=0...4):

The semilengthl is a measure of the elongation of the 2. Temperature-dependent shell and pairing effects

nucleus. The neck radius is denoted hyin the case of a  The investigation of temperature effects on the shell cor-
spherical ground staté,andr coincide with the compound rection term in Eq.2) can be subdivided into three steps.
nucleus radiuscy . The parametez gives the position of the  |njtially, the single-particle energies of the system have to be
thinnest point at the neck or the thickest point of the shape iextracted from a Hamiltonian without pairing. Subsequently,
the neck is not present. The curvature of the neck is given byhe BCS pairing theory provides expressions for quantities
c=r&\/Tcur, With 1, the curvature radius. The fifth pa- like the internal energy, entropy and free energy of the sys-
rameters denotes the position of the centroid. The plahe tem, which are based on this unperturbed discrete single-
=0 in Fig. 3 is defined by cutting the nucleus in two piecesparticle energy spectrum. This step introduces the pairing
with equal length. effect, and the dependence on temperature. The quantities
These five degrees of freedom are connected to the coepbtained represent the properties of a real quantal system;
ficientsa, (n=0 . .. 4) through some simple boundary con- they alter abruptly with nucleon number and contain all shell
ditions: the neck radius should equaht =z, the first de- effects. During the third step, the shell-dependent behavior
rivative should be zero af=z, the second derivative is of each quantity is isolated. This is done by subtraction of a
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counterpart describing the smooth background. This smooth
counterpart remains after the evaluation of the same BCS
expressions with amoothlevel density, instead of thdis- In this manner, the potential in Eq9) is adjusted to the
cretelevel density. It varies continuously with nucleon num- actual shape of the nucleus as given in Sec. Il A 1. A detailed
ber and has lost all information on the shell structure. Thejescription of how the eigenvalues of Eqg) and (8) are

discrete single-particle energy spectrum is smeared to combtained from the Schdinger equation can be found in Ref.
struct this smooth level density. The procedure to disentanglg12].

the shell effects and the continuous behavior has been devel- As already pointed out in the beginning of this section,
oped by Strutinsky19]. All steps are carried out for neu- the next step introduces both pairing and temperature. The
trons and protons separately. The outcomes are added to gi@iplementation of the temperature-dependent BCS model is
a total shell-plus-pairing correction as a function of temperadone in a standard wa23—26. The derivation of the ex-

Pshapd RIL;1,r,2,,8)=pRIL. (15)

ture.

pressions for the temperature-dependent internal energy, the

In the first step the single-particle energies for a systenfree energy and entropy, starts from the well-known BCS

without pairing are obtained by solving the Sctirmger
equation for the following Hamiltonians:

2

p A
M=o, Y g g2 S Y VARl D
p2
He=an +vz(r)——2(MZC)ZS-[VVz(r)>< PI+Veoulr).

®)

Hamiltonian

HBCS= eala—G > a',alava v, (16
K

k,k'>0

where ¢, are the unperturbed single-particle energies levels
labeled by the quantum numbé&rand obtained from the
Hamiltonian(7) and(8). G gives the strength of the pairing
interaction andal ,a, are the single-particle creation and an-
nihilation operators. The pairing force is assumed to be con-

Here the labels andz denote neutrons and protons, respec-Stant and acts only in a range ¢8N single-particle levels
tively. p ands corresponds to the vector operators for mo-Pelow and above the Fermi energyith N the proton or

mentum and spinM to the nucleon mass, and(r) to the

single-particle potential which is chosen to be of Woods-

Saxon type:

VO,n,z

Vip.0)= 1+exd(L(p,{)—R)/a]’

9

The spin-orbit strength, the radiusk, and the diffuseness
are identical for neutrons and protons:

JL+2(Ney—Zcen)
O

A=23 , 10

Acn (10
R=1.24A%3 fm, (12)
a=0.63 fm, (12

with Ncy, Zen, andAcy the neutron, proton, and nucleon
numbers of the fissioning nucleus. The depths of the poten-

tials are charge dependent:

(NCN_ ZCN)

vo,z,n:53.'{1to.63T , (13)

neutron number The chosen value for the pairing strength is

G=34/Acn MeV. a7

In order to ensure, on the average, a constant number of

particles, the following new Hamiltonian is considered:
H—H—X\gN, (18

with N the number of particles andr a Lagrangian multi-

plier. Subsequently, thermal excitation can be introduced

into the description with the aid of the grand canonical for-

malism. To a good approximation the grand potertilatan

be expressed as

Q=-TInZ= (€k—Ng—€qp)
k>0
2
_ _€ap| |, A7
2Tk§>:O In 1+ex;< T + G- (19

In this formula, Z is the grand partition function, antlthe
temperature measured in energy units. The quasiparticle en-
ergy is given by

where the plus sign is for protons and the minus sign for

neutrons. The parameters for this average Woods-Saxon field

for neutrons and protons are taken from Rég]. The Cou-
lomb potential experienced by a proton is given by

3ZCN82J d3r’
47R3 nucleus*r —r ’| .

The functionL(p,{) appears as the numerical solution of

Veoul(r) = (14

€qp= Vie—Np)?+ A% (20

The gap parametei(T) and the Fermi energ¥(T) are
fixed by the coupled gap and particle number conservation
equations

2 1 €qp
a—go %tanl‘(ﬁ) , (21
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neutron smooth | FIG. 4. The left panel shows
— -6 1 the discrete and smooth Fermi en-
% = | ergy for protons and neutrons as a
= —62 § . function of temperature. The right
& ':] 1 panel contains the discrete and
64 - i smooth pairing gap for protons
and neutrons as a function of tem-
| — — Dproton discrete ] perature. Both plots contain data
—6.6 - ﬁ:ﬁ;:g:':;::gte 1 238U 1 for 2% in its ground state.
neutron smooth ]
_6.8 n | s | s L
0 1 2 3 2 3
T [MeV] T [MeV]
Q) €—NF € EBCSis the BCS internal energ®©Sthe BCS entropy, and
NBC(def,T)=— e go 1-— tanl‘(ﬁ) } FBCS the BCS free energy.
ap (22) All the quantities derived above comprise the full shell-

dependent behavior. In order to distill the shell-plus-pairing

effect, the smooth counterpart of each quantity has to be
subtracted. For instance, the internal energy correction term
equals

Although it is not explicitly indicated, all the quantities on
the right (except the temperaturelepend on deformation.
Equations(21) and (22) can be solved numerically for dif-
ferent values off. The obtained quantities are calldidcrete
since they result from solving the equations with the discrete
single-particle energy spectrum. In Fig. 4 the behavior of the , )
discrete gap and the discrete Fermi energy as a function df'® Sécond term is the smooth internal energy:
temperature is plotted fof*®U at the ground-state deforma- _ _ X2
tion. Above a certain critical temperatufe the pairing gap  ~ © o~ €~ \g €qp
becomes zergright panel in Fig. 4 At higher temperatures EPCYdef,T)= J,xdEg(e)E L < tan?‘(ﬁ) G’
pairing no longer plays a role. This value fog is smaller ap (27)
for protons than for neutrons, just like the pairing gap itself.

From the plot of the Fermi enerdleft panel in Fig. 4itcan  which results from averaging ER3 over an energy inter-

be concluded that for this beta-stable nucleus, the protop| y by using the smoothed level densfiye). The sharp
Fermi Ieve_l is more deeply bound than the neutron FermieveI density simply equals a sum of delta functions,
level. At higher temperatures more nucleons occupy levels

above the Fermi energy with higher level densities, thereby

lowering the value of\(T). In the original Brosa model, g(e)=> nd(e—ey), (28)
Egs.(21) and(22) are solved for the case=0, which sim- k

plifies the equations considerably. For the temperature- ) o ) )
dependent version of the Brosa model, it is necessary t# Which n, denote the multiplicities of the single-particle
solve the full equations. This forms one of the main additionsenergiesex. The smeared level density looks as follows:
to the original Brosa model in this work. Knowing the pair-

SE(def,T)=EBCY def, T) - EBCYdef T). (26)

ing gap and the Fermi energy, all other quantities of interest . 1 le— € e— €\
are now within reach: g(€)= — 2 NPe| ———/expg — .
Ty kK Y Y
) (29
BC _ €k Mr €p|| A
E S(def,T)—g,o e 1- €ap anh 5|1~ 5 The derivation of the polynomial
(23
1 7 35 35
Pe(X)=— =x5+ —x*— —x?+—, (30)
e €qp &lT 6 4 8 16
S S(def,T)—Zkzo In| 1+ex _? +m ,

suitable for the smearing purpose, can be found in R&f.
The smearing parameteris fixed at 8.0 MeV. The chemical
potential and pairing gap in E@27) are obtained from the
FBCYdef T)=EBCYdef T) - TS Ydef, T). (25  smoothed versions of Eq&1) and(22):

(29)
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T=0.0 MeV T=1.0 MeV T=2.0 MeV

209

Bi

AF,,, [MeV]

J FIG. 5. The shell-plus-pairing
— sum correction to the free energy as a

-10 :
8 10 function of the value for the
— — neut
¥[MeV] flettrons smearing parametey for 29%Bi
T ] —- protons and 23U in their ground states,
_ and for three temperatures.
5 ]
3] —
— ] 238
2 -] U
5 i - |
-1.5 ! ‘
8 10
v [MeV]
o 1 = v. Results for bismuth confirm this behavior. Nevertheless,
G~ f deg(e)=—tan %’ (31)  for uranium the neutron shell-plus-pairing correction exhibits
- €qp a variation of approximately 1 MeV. The conclusion has to

~ _ be that the Strutinsky method, as it is implemented here, has
® - €—Ar € an accuracy which is not better than about 1 MeV.
NZEYdef.T)= deeg(e){l— p tan}‘( qp) : In Fig. 6ythe shell-plus-pairing correction to the free en-
ap (32  €rgy is shown as a function of temperature for protons and
neutrons separately for the ground-state deformatiof? &

The smoothed pairing gap and Fermi energy plotted in Fig. 4nd 2% as well as for the outer symmetric saddle-point
exhibit a similar behavior as the discrete quantities, and thegeformation of?*3J. The ground-state shell corrections are
give rise to a smoothed quasiparticle energy, Strong and negative fof°*Bi due to the almost double shell

—J(e—%r)2+A2. Analogously, the smoothed entropy CloSure. In2%8Y the ground-state shell effects are practically
EBCS(gef T'; and f.ree energ{ﬁBC’s(def T) can be derived zero, whereas the shell effects are largely positive at the top

A the shell ton for th A gf the outer barrier. Abov@=1 MeV the shell correction
S a consequence, the shell correction for the entropy an rops, until it vanishes at temperatures higher thHan
free energy can be written down:

=2 MeV. In Fig. 4 around these temperatures the same

_ oBC _ZBC changes are visible in the Fermi energy. The difference be-
5S(defT) =S def.T) ~ S*“def,T), (33 tween the smooth and the discrete Fermi energy remains
SF(def.T) = SE(def T)— ToS(def,T). (34) (rannoerregioersless constant up to 1 MeV, and disappears at higher

In Fig. 5 the shell-plus-pairing correction to the free energy
is illustrated as a function of the value for the smearing pa-
rametery. Results for?*8J and 2°%Bi in their ground states The LDM employed in the original Brosa model is taken
and for three different temperatures are shown. According térom Myers and SwiatecKi28]. The energy is given by the
Brosaet al.[12], a plateau exists between 6 and 10 MeV for following formula:

2

3. Temperature-dependent liquid drop model

*Bi (ground state) v (ground state) By (outer saddle) »
8 ——————— 8 ——— 8 ———— FIG. 6. The shell-plus-pairing
i correction to the free energy as a
. 4r 1 4 _ function of temperature fofBi,
> I > 0 > 2% in their ground states and for
Q 0 r L L 23 .
b= I o I = ] % at the symmetric outer
= 4 um =4 am 1 =4 - — am - saddle-point deformation. The de-
I — — neutron |g® | — — neutron 1g® | — — neutron | formations are kept constant in the
% -8 — - proton | % -8 - — - — proton | % -8 r —- proton | calculations and correspond to the
PV D By TR R [ ] zero temperature ground states
12 1 2 3 e 0 1 2 3 12 0 1 2 and saddle point.
T [MeV] T [MeV] T [MeV]
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N-Z)2 N-Z\2 o(T) [ n(0)|??
ELom=—2a; 1—K( | |Atay1-k|l— ) } Foort (defT)=Eg0Y (def,0—— (O)(n(T))
213 3¢’ 2 ELPM(def, 2 T2|, (42
X A f(shape+§GA—mg(shape ~Eguri (def,0| 1-| f—za|T7, (42
772 92 d 222 s |_DM .y n(T) 1/3
_76 E K—i_ ' (39 CouI(defT) ECouI(defio)(W)
: - - 1
This expression has four adjustable paramedgra,, , and ~EPM(def,0| 1- —aTZ) (43)
ro. The revised parameter set of RE29] is used in the 3

calculations:
The volume term of the free energy depends on temperature
a,=15.4941 MeV, (36) but not_on deformation. Hence the free deformation energy
for the isothermal process, normalized to zero for the spheri-
cal shape, becomes

a,=17.9439 MeV, (37
FL2M(def T)=F'PM(def,T) — F-°PM(sphericall)
def
k=1.7826, (39
ELDM _ E 2
=Eg, 1 (def,0|1—-| B 3 T
ro=1.2249 fm. (39
_ +ERRM (def, 0)( 1- laTZ) (44)
The first term represents the volume energy. The second 3

term denotes the surface energy. The ratio of the surface area
at an arbitrary deformation to the original sphere is given bySince 8> «, the isothermal LDM barrier is lowered when
the functionf(shape). The Coulomb energy can be found inthe temperature rises.
the third term. The functiog(shape) is the dimensionless  An alternative for this LDM could be the Yukawa-plus-
ratio of the electrostatic energy of a distorted sharp distribuexponential model by Krappe, Nix, and Sid@2] (or finite
tion to that of a sphere. The fourth term corrects for therange model| which is generally believed to give more real-
diffuseness of the charge distribution. The surface-thicknesistic deformation energies. However, the ALICE-91 out-
parameted equals 0.5461 fm. Finally, the fifth term contains comes in Sec. Il C suggest a preference for the rotating-
the pairing effect. The pairing term equals—11/4/A, 0,  liquid-drop model (RLDM) over the rotating finite range
11//A, for even-even, even-odd, and odd-odd nuclei, respednodel (RFRM) by Sierk[33] in the calculation of the fission
tively. cross sections, and, in addition, the barrier heights obtained
A consistent generalization of the Strutinsky method comWith the Myers and Swiatecki LDM are in excellent agree-
prising excitation requires a LDM that is able to describe ament with those of the RLDM in ALICE-91 in the mass
heated liquid drop. If a nucleus is excited, the volume andegion of interest in this papésee Fig. 10 Therefore from
surface area increase, while the density) and the surface the viewpoint of consistency between the Brosa and the
tensiono(T) decrease. Hasse and Stockg0] have intro- ALICE-91 calculations the use of the LDM by Myers and
duced temperature effects into a LDM by Computing theSWiatECki is preferred. Furthermore, no proof exists that the

temperature-dependent behavior of the nuclear density arfthite range model would perform better at higher tempera-
the surface tension: tures, or would yield better results with respect to the frag-

ment masses. In a recent paper byllgioand lwamotq 21]
zero-temperature saddle-point shapes are investigated with
the Yukawa-plus-exponential model. No final fission frag-
ment masses are predicted, but the value for the average
a(T)=a(0)(1—BT?), B=0.0114 MeV'2. (40) heavy fragment for?Th at the outer saddle point is deter-
mined to beA,=134.6, and compared to the experimental
value of the final average heavy fragment massAgf

n(T)=n(0)(1—aT?), «=0.0032 MeV 2

The volume term, for instance, will scale with the change in —1395[34]. O h vield h for th
the nuclear density. Following this line of thought, several S(34]. “rar%%rroac yields a prescission shape for the
scaling laws can be derived. The temperature dependence trandard | mode i h with Ay=137.2 for zero tempera-

ture).
the volume, surface, and Coulomb part of the LDM free'"
energy becomes, according to StocKaePl] Moller and Iwamotd21] also include a shape-dependent

Wigner term in their calculations, which lacks here. The con-
tribution to the barrier height by the shape-dependent part is
around 1-2 MeV{35] which is of the same order of magni-

n0)
LDM LDM LDM 2
(T =Ey5"(0) (0)(1+aT%), (41) tude as the uncertainty in the shell correction calculation of 1

UO| vol n( ) UO|
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MeV. The precise influence of this term on the determinatiorresponsible for the symmetric contribution to the fission pro-

of the prescission shapes is not yet known. cess. The standard modes lie close to one another. ST Il has
a somewhat larger asymmetry than ST |, it will lead to the
B. Search for fission channels contribution to the mass distribution with the higher average

) , heavy mass. At a temperature of 2.0 MeV, only the SL mode
The five deformation parameters from E@) and the . survives, while ST | and ST Il have melted away. The re-

corresponding deformation energy induce a search in a sixg,ing valyes for the deformation parameters form points of
dimensional space for the paths that follow a minimal defor'support in the final search

mation energy. This isa diffiqul_t task. Minimizing the defor-. These points of support in deformation space, between
mation energy without restrictions on the parameters W'”which the final search can be performed, come in very
reveal the position of the ground state,' t.he enq of a f'SS'Orlllandy. They provide a restriction that may be imposed on the
channel, and perhaps a local second minimum in between i ate minimization: increasing deformation starting from
inner and outer barrier. The outcome depends heavily on t e ground state. The ratio dfandr is a measure for the

starting point of the minimization procedure. Saddle points aleformation. In between two points of support that are char-
the top of the barriers and points connecting the minima Wltr}icterized by Kr,zcs) and (',r',z'.c’,s'), the first

these saddle points remain invisible. - . guesses for the next channel pdirtl to be found are given
Apart from the ground state and second minima, whic

can be found easily, other points in the deformation space arey

needed to find the full fission channel. In order to know r'—r

where to look for the fission modes in deformation space, a lit1g=Trist N

stroll through a subspace spanned by the paramkterand

z is made. The nucleus is once more described by the p—

Lawrence parametrization of E@t), which is now truncated Ziv1g=Ziit T

atN=2. This approximation of the detailed nuclear shape is

of course less accurate than with five parameters. The out-

come, however, will mainly serve as a first guess for the final Cit19=Cif+

calculation. The subspace is investigated in several slices, ' ’

located around the so-called Rayleigh criteri86]. The

Rayleigh criterion, applied to the used shape parametrization, S . =g $-S 47)

relates the total lengthl2of the prescission shape with the IH1gT St N

neck radius:

c'—c
N 1

!

N is the number of steps to fill the gap between the two
2|=11r. (45  existing points of support, andruns from 0 toN. The sub-
script g denotes a value used as a first guess, wheréas
According to derivations by Brosat al. [16] this point  |inked to the value found in the previous step after minimi-
marks the onset of instability of the neck against randonyation with respect to the energy. This recipe of constructing
neck rupture. The four-dimensional subspace can be reducgfe new guesses makes sure that the search starts at a larger
further by one dimenSion, if this criterion is used to CaICUIatedeformation for each new Step_ The fo"owing requirement
| from r according to Ref[37]: imposed on the search ensures that this increase in deforma-
tion is maintained in each step:

11 14
Ioffset:? roffset_i —{. (46) =11 i

|i+1,g:|i,f+T:Tri,f+T- (48)
ig

"=

The slice with offsef=0 gathers all points of the subspace
for which Eq.(45) is fulfilled. With a positive value of the Furthermore, this last condition reduces the deformation
offset { a new slice is created which is moved from the space by one dimension.

Rayleigh criterion in the direction of the outer saddle point. If the first guess based on the stroll in the four-
A negative offset corresponds to deformations which arelimensional subspace is good enough, the search will deliver
nearer to the end of the fission channel. Thalue is fixed points belonging to that particular fission mode. The SL and
by Eq. (46), and thec and s values are approximated from the ST modes are well separated in deformation space. Dis-
the definition of curvature and center of mass computed withinguishing between those modes poses no difficulty at all.
the truncated Lawrence parametrization. Subsequently, thalthough the ST | and ST Il modes lie much closer to each
potential energy can be calculated for each pairrof)(at a  other, in many cases the minimization routine arrives at the
given offset. In Fig. 7 contour plots are shown for the energyright answers. Sometimes, however, a search for ST | results
as a function of (,z) for temperatures and offsets as indi- in a point that in reality corresponds to ST I, or vice versa.
cated. Three distinct minima belonging to fission modes cafrortunately, on the basis of all the deformation parameters
be recognized in these contour plots. They are marked with together it is possible to decide to which of both standard
circle for the superlongSL) mode, with a star for the stan- modes these points belong. In the next sections, the results
dard I (ST I) and with a triangle for standard (8T IlI). The for the channels found are translated into barrier parameters
SL mode resides at zemwhich means no asymmetry. It is and prescission shapes.
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25 3 35 4 investigated for the determination of the barrier parameters and the
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T=2.0,C=0 prescission shapes as a function of temperature.

FIG. 7. Contour plots foP*Th at different temperatures T and . . .
deformation subspaces denoted HyThe contours connect points 200 MeV, the investigated nuclides populate the valley of

in the (r,Z) plane with the same deformation energy. Minima in Stability and the neutron-deficient region, see Fig. 8. Again,
these plots mark the position of fission channels. The circles corrdNterpolation is used to fill in the gaps.
spond to the superlon(SL) mode, stars to standard($T [), and
triangles to standard KST II).
D. Fission barriers

Moller and Iwamotd21] propose a new method to deter- | Fig. 9, the LDM deformation energy fP*®U obtained
mine saddle-point shapes by fully exploring all deformationfom a channel search is depicted as a function of the dis-
space accessible. Unfortunately, such an approach could ngice petween the centroids of the fragmehiShe calcula-
be adopted here because of the large number of nuclides agd, has been performed for several temperatures. The result-
temperatures needed for this work and the correspondmghg barrier is single-humped and decreases in height with

enormous amount of computing time. increasing values of the temperature. Only ¢sgmmetrig
fission mode exists if no shell effects are taken into account.
C. Investigated nuclides and temperatures Temperature zero LDM fission barrier heights for beta-stable

nguclei as a function of nuclear mass can be found in Fig. 10.

Since the fission channel searches are very time consumn)- comparison is made with the values obtained with the
ing, the computational costs have to be reduced consider- P

ably. This is achieved by cutting the number of nuclides as
well as the number of temperatures. The searches are per- 10 - -
formed at the following temperature grid: 238

0.0,0.3,0.6,0.9,1.2, 1.6, 2.0, 2.5, and 3veV.

Quantities such as the prescission shapes and the barrier =2
parameters turn out to behave smoothly enough to make the §
interpolation between these energy points meaningful. These =
interpolations are necessary whenever the information at any h%
arbitrary temperature has to be obtained. Equaféih used
to compute the LDM energy is only guaranteed to be valid
up to a temperature of 2.0 MeV, which corresponds to an
excitation energy of approximately 120 MeV. Nevertheless, v+ T=3.0MeV
fission channel searches are performed up #63.0 MeV, -20 5 1'0 1'5 : 20
because the model has to be used to describe experiments up d [fm]
to about 200 MeV. The final mass distributions computed at
these high energies will judge the validity of this assumption.  FIG. 9. LDM deformation energy as a function of d, the distance

The number of studied isotopes is also restricted. In ordepetween the fragment centers and for several values of the tempera-
to be able to describe nucleon-induced fission reactions up tores T.

o——+ T=0.0 MeV
e--o T=0.8 MeV
-10 [ »—a T=1.2 MeV
z--0 T=2.0 MeV
+—a T=2.5 MeV
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30 nating positive and negative values with deformation. This
gives rise to the split of the single-humped LDM batrrier.
B ] Moreover, shell corrections are responsible for the exis-
——- RLDM (ALICE-91) tence of other fission modes than only a symmetric mode. In
- LDM Fig. 12 the three dominant fission channels #6tJ are plot-

1 ted as a function ofd for different temperatures. At low
temperatures, all three fission modes are present. They seem
to have the first inner barrier in common and to bifurcate in
the second minimum. The outer barrier is lowest and narrow-
est for ST I, making this the strongest mode. The SL and ST
Il outer barriers have a comparable height, but the SL width
is larger. Hence the transmission through the ST Il barrier is
larger than through the SL barrier for subbarrier excitation
energies. With an increase in temperature the shell effects
‘ ‘ ‘ ‘ ‘ ‘ melt. First, the distinction between the two asymmetric stan-
0130 190 200 210 220 230 240 dard modes disappears, before at even higher excitation en-

A ergies the standard mode and double-humped structure van-
ish altogether. Abovelr=2.0 MeV only the liquid drop
barrier remains, resulting in symmetric fission. Figure 13 is
the equivalent picture fof°Pb. Only one standard mode is
present and the shape of the outer barriers is completely dif-
ferent. Again the inner barrier is shared by both fission

rotating-liquid-drop modefRLDM) incorporated in the code modes. The symmetric fission barrier is the lowest for all
temperatures.

ALICE-91 [38]. The agreement is consistent throughout the In order to determine the relative weight of the different

whole mass region within 0.5 MeV. fission modes, the barrier heights and widths must be ex-
Introducing the shell effects changes the barrier drasti; ’ gn o o
S - tracted from the channel calculations. This is done by fitting
cally. This is illustrated in Fig. 11. The upper part shows thea arabola to the barriers:
double-humped barrier of the SL fission mode3U for P '
T=0.0 MeV. The middle and lower panels contain the de-
composition of the deformation energy into the LDM energy Fger= — EC(d—dtop)2+ Be,

and the shell correction term. The shell correction has alter-
C
ho=h\/—. (49
m

B is the barrier height in MeV and,,, gives the position of

the barrier top in fm. The curvaturewn in MeV is given by

the fitting constantC in MeV/fm?, Plank’s constanf in
MeV'’s, and the ground-state nuclear mass MeV s2/fm?.

A small value of the curvature corresponds to a broad barrier
and vice versa. In this manner, a set of barrier parameters is
obtained for each nucleus at a given temperature.

FIG. 10. LDM fission barrier heights for beta-stable nuclei as a
function of nuclear mass foF=0 MeV, and compared to the val-
ues obtained with a rotating-liquid-drop model from the code
ALICE-91.

1. Behavior of barrier parameters

In Fig. 14 the barrier heights of the different fission
modes are plotted for beta-stable nucleTat0.0 MeV. If no
stable nucleus exists, the one with the longest half-life is
taken. In the actinide region the barriers are much lower,
which demonstrates the higher fission cross sections for
these nuclides. Between lead and actinium there is a rapid
decrease in the barrier height. Subactinides do not possess a
standard Il mode. The SL mode in this region clearly has the
lowest barriers, making symmetric fission dominant. The SL

d [fm] fission barrier height in the very neutron-deficient region,
which is generally lower, is included as well. In these calcu-

FIG. 11. Decomposition of the deformation energy of the SLlations, nuclei with about ten neutrons less than the beta-
mode in 234 into the LDM energy and the shell correction for ~ stable nuclei have been chosen. Figure 15 contains the fis-
=0.0 MeV. sion barrier widths for the nuclei in the valley of stability.
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For subactinide nuclei the width cannot be obtained by fittinghand side of these plots, the barrier height changes in going
a parabola, because of the deviating shapes. Therefore th@ the neutron-deficient isotopes on the left. In the actinide
curvatures are only shown for the heavier nuclides. In theegion, the barrier height of neutron-poor nuclides is slightly
actinide region, the standard fission mode exhibits the highsmaller. This effect is related to a decrease in the surface
est curvatures and hence the narrowest barriers. term in the potential, thereby increasing the influence of the
Another interesting result concerns the behavior of theCoulomb force(see Fig. 14 On the edge of the actinide

fission barrier heights for different isotopes of an elementregion, however, the barrier first drops and, subsequently,
This can be found in Fig. 16. The superlong and the standarihcreases. This is coupled to the steep increase of the barrier
| barrier heights are collected for plutonium, actinium, asta-height when leaving the actinide regidsee Fig. 14 Fur-

tine, and lead. Starting at the line of stability on the right-thermore,?'°Ac possesses a closed neutron shili=(126),

40 ‘ ‘ w 7 30
KIS 1 a5l ]
30 [ 0 0 OEIOED 1 SPAODOXD
72 —, 1%
2 20 ? o 2 15 - s |
L i i ®,
o 1573 210 [ oW e
10 3 osL ] i o SL
5[® oSTI T=0.0 MeV 5[e OSTI T=0.9 MeV
0 ‘ Il Il Il ] 0 . Il Il Il
5 10 15 20 5 10 15 20 o
d [fm] d [fm] FIG. 13. SL and ST I fission channels at vary-
15 : —— 10 ‘ — ing temperatures fof°%Pb.
5 - 4
10 - ° b ,
T | :
2 : . 12 ° YW ]
e
h':é sL & \. | k? (X
, b/ -5 r % -
® [ )
o ®SL T=2.0 MeV % | L eSL T=3.0MeV ®
0 ‘ L L L L L L _10 L L L L L L
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nuclei. The SL fission barrier height in the very neutron-deficient

nuclej is included as well. All values are far=0.0 MeV.

which is linked to a higher barrier as well. In the transition
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region between lead and actinium, there is a competition 205 213 21 — T=00MeV 205 213 21

: - A T=0.6 MeV A
between all these effects that is also observed for actiniurr o T-0.9MeV
and plutonium. Barrier heights increase at first and tend to

L . . 30 32

decrease for the very neutron-deficient nuclides. The maxime
coincide with 2°%b and?MAt, which possess just liké""Ac & 29 / ~ ]
the same closed neutron sheMl€ 126). Arriving in the sub- & | = 2-~--—7— Pb =
actinide area around lead, the behavior of the actinide regiore10 [.—-—-—=="=""" 1 24 1
is recovered: barriers are dropping with a smaller neutron o ‘ L ‘
number. Another visible feature is the general decrease ir 195 203 211 195 23 211

barrier height with an increase in temperature, which has
been encountered earlier in other results as well.

2. Comparison to experimental barrier parameters

Transmission through a fission barrier is given by twothe barrier. An expression for the penetrability through a
ingredients: the level density and the penetrability througtParabolic fission barrier has been derived by Hill and

105 T T T T T
229
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13 +
;‘ AN //\\\
» 11+ N So -
E A /ﬁ\‘*c//‘,\ STl -
N/ ‘ W .
B \ \\ / // N \\ _
[ / Al 7 v
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— - —- ST I at line of stability
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A

FIG. 16. SL and ST | fission barrier heights as a function of the
nuclear mass for Pu, Ac, At, and Pb isotopes.

Wheeler in terms of the barrier height and the curvature as
defined in Eq.(49). These concepts will be further intro-
duced in the next section.

Based on certain assumptions on the level density, it is
possible to extract from experimental fission cross sections
as a function of energy the barrier parameters, by making a
fit of the transmission through a double-humped barrier.
Moreover the assumption is usually made that ¢agym-
metric) fission mode is dominant. This corresponds, in most
cases, to the lowest outer barrier. A famous collection of
experimental barrier parameters has been obtained by
Bjdrnholm and Lynr{39]. Another collection has been made
by Maslov[40]. In Table | the experimental barrier heights
and widths of both data compilations are compared to the
outcomes of the theory for the inner barriers. The theoretical
results agree better with the data taken from R&®]. For
most nuclei the calculated height is somewhat larger than the
experimental value. The average deviation is approximately
0.5 MeV. The curvatures agree very nicely as well. Barrier

FIG. 15. Fission barrier curvatures of heavy nuclei at line ofheights in both data compilations themselves differ also by

stability. All values are foiT=0.0 MeV.

about 0.5 MeV. This indicates the sensitivity of the fit on
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TABLE I. Theoretical fission barrier parameters for the inner  TABLE Il. Theoretical fission barrier parameters for the lowest
barrier, compared to experimentally determined values. The calcutasymmetric outer barrier, compared to experimentally determined
lations have been performed &t 0.0 MeV. The references indi- values. The calculations have been performe@-ad.0 MeV. The

cate the sources of the experimental parameters. references indicate the sources of the experimental parameters.
Experiment Theory Experiment Theory
Nuclide Bg (MeV) #Aw (MeV) Bg (MeV) #w (MeV) Ref. Nuclide Bg (MeV) #w (MeV) Bg (MeV) 7w (MeV) Ref.
230Th 6.1 0.9 3.1 0.8 [40] 230Th 6.8 0.6 11.6 0.97 [40]
232Th 5.8 0.9 4.0 0.8 [40] 232Th 6.7 0.6 11.9 1.02 [40]
28lpgy 5.5 1.0 5.0 0.9  [40] 2lpg 55 0.5 11.0 1.01 [40]
23pg 5.7 1.0 5.6 0.95 [40] 23pg 5.8 0.5 12.1 0.98 [40]
2 4.9 0.9 4.9 0.9 [40] 2 5.4 0.6 10.0 0.85 [40]
24 5.6 1.04 5.4 1.07  [39] 24 5.5 0.6 10.8 1.10 [39]
4.8 0.9 5.4 1.07  [40] 5.5 0.6 10.8 1.10  [40]
=y 5.6 1.04 6.1 1.02  [39] By 5.5 0.6 11.1 1.06  [39]
5.0 0.9 6.1 1.02  [40] 5.67 0.6 11.1 1.06  [40]
=Yy 5.7 1.04 5.7 1.05 [39] =y 5.7 0.6 10.9 1.08 [39]
6.3 1.0 5.7 1.05  [40] 5.5 0.6 10.9 1.08  [40]
25Np 5.9 0.6 5.6 1.0 [40] ZNp 6.0 0.45 10.4 1.08 [39]
2Np 6.1 0.65 6.2 1.03 [39] 5.75 0.4 10.4 1.08 [40]
6.5 0.6 6.2 1.03  [40] 23¥py 5.0 0.6 9.6 1.07 [39]
2%¥py 55 1.04 5.9 1.03 [39] 5.1 0.6 9.6 1.07  [40]
5.6 0.9 5.9 1.03  [40] 240y 5.1 0.6 9.9 0.98 [39]
2%y 5.6 1.04 6.2 1.04 [39] 5.15 0.6 9.9 0.98 [40Q]
6.05 0.9 6.2 1.04 [40] 24%py 5.1 0.6 10.2 1.12  [39]
24y 5.6 1.04 6.1 1.06 [39] 5.05 0.6 10.2 1.12  [40]
5.85 0.9 6.1 1.06  [40] 244y 5.0 0.6 9.0 0.96 [39]
249py 5.4 1.04 5.6 1.02 [39] 4.85 0.6 9.0 0.96 [40]
5.7 0.9 5.6 1.02  [40] 244Am 5.4 0.45 9.8 0.85 [39]
24Am 6.3 0.65 7.0 0.96 [39] 5.9 0.53 9.8 0.85  [40]
6.25 0.7 7.0 0.96 [40]
245Cm 5.7 1.04 6.1 1.04 [39] . o o )
6.0 0.9 6.1 1.04  [40] _barrler characterllstlcs_gl\(e rise to a sep_arate fission probabil-
2500+ 56 1.04 6.8 1.07  [39] ity along the various fission paths. Obviously, the superlong

fission probability plus the standard | and standard Il fission
probability should add up to the total fission probability.
Each mode has its own contribution to the observables of the

parameters like the level density. - . S o
Table Il contains the data on the lowest outer barrier.f'ss'on process. The final distributions of the fission-fragment

Here a large discrepancy between the theoretical and expeH{oEerggﬁs(e.g., g)as% charge, and _T)(Efre a srlljperppsitio]cr]
mental values is visible. The theoretical barrier heights over®! the different distributions stemming from the various fis-
ion modes. The recipe employed to extract from the fission

estimate the experimental ones with 4-5 MeV. On the othep - : S T
hand, the calculated barrier widths are much larger, indicat: arrier parameters the relative contribution of each fission
; ’ ode is described in this section.

ing narrower barriers. This has always been a shortcoming dr Fi h book iorf4a1] of th .
the Brosa model, and this outcome lacks a good explanation. Irst, the textboo yer§|or[ ] of the transmission
rough a parabolic fission barrier with temperature-

Its origin is possibly connected to the shape parametrizatio . ; S
with only five deformation parameters. Perhaps the descrip'—ndpfpendent barrier parameters is treated. This is heeded to
larify the role of the temperature-dependent barriers later

tion of the deformed nucleus is good enough to the firsf
! neleus 1 g ugh up s n. As has briefly been mentioned in the previous section,

barrier but deteriorates for the more elongated fission shapeg

A satisfying answer, however, has not yet been given. NeVI_-||II and Wheeler[42] have derived an expression for the

ertheless, since the outer barriers for all fission modes argenetrability through a single barrier with the shape of an
much too high, the hope still stands that at least the relativg“/erted parabola:
contributions of the different fission modes can be extracted

with these theoretical values. This is illustrated in Sec. Il H. Pe(E)=

(50

2m(Be—E*) |’
ﬁa),:

E. Weight of fission modes

The three fission modes discussed so far are the onlBg is the barrier maximum’ wg the curvature of Eq(49),
dominant modes for the majority of nuclides. The differentand E* the excitation energy. At the saddle-point deforma-
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FIG. 18. Use of temperature-dependent fission barriers in the

FIG. 17. Use of temperature-independent fission barriers in thgetermlnatlon of the total fission transmission coefficient.

determination of the total fission transmission coefficient. . . .
full extent, the barrier heights and widths do not change dras-

tion, the nucleus may be in its corresponding ground statdic@lly- This means that up to a temperature-ef.0 MeV
which forms the top of the barrier, or in an excited state.(OF @n excitation energy of-30 MeV), the barriers con-
These excited states are called transition states. The fissi%ﬁ" ucted at the transition states do resemble the ground-state
transmission coefficient not only depends on the penetrabiPier closely. At high energies, the major contribution to
ity through the ground-state barrier for a given excitation!N® transmission coefficient arises from the terms in the in-
energy, but also through the barriers associated with thed§9ral WithBe + ' <E*, for which the penetrability is close
transition states, and on the number of transition states avaif® 1-0- The penetrability for the terms witBe+e'>E*

able. Neglecting the existence of discrete states on top of tHé’0PS below 1.0 so fast that this contribution may be ne-
barrier, the density of the transition states enters the descrig!€cted at higher excitation energies.

tion and the expression of the total transmission coefficients "€ choice to introduce temperature-dependent barriers
becomes has a different reason than the introduction of temperature-

dependent widths. Within the framework of temperature-
o 1 dependent barriers it becomes relatively easy to describe the
TrF(E)=f de’ pp(€’) —, vanishing asymmetric fission at high temperatures, since all
0 1+exp{2W(BF+ e —E )} these phenomena have become linked to the properties of the
hwg barriers. If asymmetric fission no longer plays a role this
(51 comes out naturally. In this case, the standard barriers and
) ) ) ) rescission shapdgsee next sectignbecome equal to those
with pe(€’) the level density at the saddle-point deformatlongf the superlongpg"node, which regults in symnc1letric contribu-
a.nd an excitation energy/ abqve the barrier. The level den- ions to all fission-fragment properties. If only zero-
sity used here is generally given by temperature fission barriers are used, the information on the
(52) melting of fission modes and their disappearance as a func-
tion of T should be incorporated into the level density at the

K,o: andK,;, are the factors describing the rotational angSaddle ~deformation. The preference for temperature-

vibrational enhancement of the level density belonging to thél€Pendence of the barriers finds its root in the availability of
noncollective internal nuclear excitatiops, (€). the original Brosa model, which could be extended with tem-

In Fig. 17 the physical meaning of E) is illustrated. perature. With temperature-dependent barrier heights and
The contribution fore’ =0 is given bypr(0)=1 and the widths, the total transmission coefficient becomes
penetrability through a barrier characterized B¢ ( 7 wg) 1

. . . * . . r_ o oo}
with an excitation energfe* . The contribution fore’ = €; is TfF(E)ZJ de pgs(€)
0
e

p(€)=KoiKyibpint(€).

expressed in terms gf-(e;) and the penetrability through a 2m{Be(T(e))+e—E*}|
barrier B+ €1, hwg) with the same excitation excitation hwp(T(€))

energyE*. On top of the ground-state barrier at each excited

statee; effectively another barrier is built with a heigBi (53)

+ €/ and the width of the ground-state barrten . Here the

assumption implicitly made is that the widths do not changeTwo main differences with Eq51) immediately strike the

as a function of excitation energy. From figures like Fig. 12eye: the use of the ground-state level density and the
it can be concluded that this does not hold. Fortunately, thisemperature-dependent barrier heights and widths. In Fig. 18
approximation works quite nicely because of the followinga schematical drawing elucidates the use of &®). The
reason. As long as the shell corrections are present to thegontribution to Eq(53) for e=0 is given bypy(0)=1 and
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the penetrability through a barrier characterized by groundstate firstbarrier  second minimum

{Be(T(0)), 2wg(T(0))} with an excitation energ¥*. The SL

contribution fore= €, is given byp,s(€;) and the penetra-

bility through a barrier{BF(T(el))Jrgel, howe(T(€1))} with Q O O <STI

the same excitation excitation energy . STI
For the ground-state level density the expression of Gil-

bert and Camerof43] is taken. In this formalism, the exci- second barrier scission

tation energy range is divided in a low-energy part governed
by the constant temperature formula and a high-energy par superlong

. ) ) tandard I
with o the spin cutoff factor, and the level density param- s ,

eter. The energy parametBy and effective temperature
can be derived from requiring continuity in the level density
and its derivate at the matching poi} that follows from . o
systematics. The Fermi-gas part is evaluated with the leve] FIG-19. The evolution of the nuclear shapes’8U starting in
density parameter by Ignaty(i#4], which takes into account _the ground state. In the second minimum the fission path bifurcates
the damping of the shell effects with excitation energy. into three channels: superlong, standard |, and standard Il

A nucleus in a state with excitation energy has a tem-
perature related to the level density parametgy by

described by the Fermi-gas formula: - @ C@ %
1 -Ep
ptemp(E)=;ex V E<E,, (54
standard 1 C) : : : :
exp(2+/aE)
(E)=——=——— V E=E,, 55
prermi(E) 12\/50’E(&E)1/4 X (59

=

This expression is only valid if at least one of the barriers is
lower than the excitation energy, and hence one of the single
€ transmission coefficients is close to unity or greater. For all
Tle)="v\ 7 (56)  nuclides considered in this work, the theoretical inner barrier
is always much lower than the theoretical outer barrises,
According to the potential energy calculations the isothermafor example, Table )l In the Appendix is shown why, as a
deformation energy of this nucleus equas[T(e;)]. In consequence, the relative conpributistnf the three fission
these calculations, all levels with the same temperatur&lodes may simply be determined by
T(e1) have the same deformation energy. This leads to

g.s.

, We, = TrSL,outer
Pys.int(€1) = PE int(€1)- (57) st Trsioutert Trstioutert TrsTiouter

(59

If the contribution of the temperature-dependent width can
be neglected and the collective enhancement due to t
change in the nuclear moment of inertia from the grounak
state to the saddle point is not taken into account, both ap-e
proacheg51) and(53) are equivalent. The use of the ground-
state level density has the advantage that it is better known F. Prescission shapes
from experiments than the saddle-point level density. The Figyres 19 and 20 display the evolution of the nuclear
disadvantage is the lack of the collective enhancement in thighape petween the ground state and the various prescission
treatment. However, since only relative contributions of theshapes foR28U and 2°%Pb. 238U starts in a deformed ground
fission modes will be determined in this manner, not thestate and elongates further on its way to scission. The char-
collective enhancement with respect to the ground state igcteristic neck of the prescission shapes appears shortly after
discarded but the collective enhancement with respect tghe outer barrier. The superlong mode does its name credit
saddle points of other fission modes. This effect is muchyith its shape that is more elongated than any other fission
smaller. _ _ mode. Furthermore, it results in a symmetric mass division.
Instead of one single-humped barrier, the outcomes of ther the asymmetric modes standard | and standard 11 the
channel calculations show double-humped barriers. If th§eft-hand side contains the heaviest of the two preformed
transmission of the first barrier is denoted by, Bnd that of  fragments. From the picture it is clear that fission fragments
the second barrier by g1 the total transmission coefficient that remain after breaking of the neck will be strongly de-

ith Trs|_outer the transmission coefficient corresponding to
e outer superlong barrier evaluated with E8B). Equiva-
nt expressions are valid for ST | and ST Il

is given by[41] formed. The results for%Pb are fairly similar. The only
Tr. Tr difference is the spherical ground state.
rF:L. (58) The parameters that determine the prescission shapes
Tra+Trg emerging at the end of the fission paths are input for the
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ground state first barrier  second minimum s SLL « STI o STII
SL
ST
second barrier scission
superlong

— | D C ="

™D
— | | D | (=D

standard
5 ) . 5
0 4 6 8 0 4 8
r [fm] r [fm]
FIG. 20. The evolution of the nuclear shapes%Pb starting in FIG. 22. Half length of the nucleus for SL, ST I, and ST Il as a
the ground state. In the second minimum the fission path bifurcateg,nction of the neck radius r. The nuclides considered Zfac,
into two channels: superlong and standard. 2Iac, 228, and 22&U. Note that the fission direction in each plot is

_ o from the right to the left.
RNRM (see Sec. Il ¢ which calculates the fission-fragment

properties. These input parameters are the average heavy .
fragment masg\,,, the half length of the nucleusand the Again the superlong mode turns out to be the most elongated
potential energy of the prescission shape with respect to th&0de.
ground state. Figures 21 and 22 show results¥fipand| as According to Brosa[12] the neck becomes unstable
a function of the neck radius for the three fission modes irf9ainst random neck rupture at the Rayleigh criterion, which
2177¢, Blac, 229y, and 28U. The symmetric mode stays has already been formulated in E@5). All the deforma-
aroundA,~3A between ground state and scission. In thetions beyond this point may therefore contribute to the fis-
second minimum around~6 fm, the standard modes Sion process. The Brosa model gives no clear recipe for the
branch off and wander to higher values Af. For the determination of the scission point. It must be situated some-
neutron-deficient nuclide$'’Ac and 2?®U the difference be- where between the Rayleigh point and 1.2 fm, which cor-
tween ST | and ST Il is very pronounced, whereas for the'esponds to a neck size of one nuclegnin order to deter-
stable nuclides the differences are only a few mass unitgnine the prescission shapes, an assumption must be made
From 238U to 228 and from 23!Ac to 2Y7Ac, the ST | mode about the exact location of the rupture point in deformation
ends at much lower asymmetries, while ST Il drops only aspace. Comparison of the model predictions for the mass
few mass units. From Fig. 22 it can be concluded that ST Histributions with several prescission shapes should give the
has a slightly more compact prescission shape than ST |answer. It turns out that the best description is obtained for
the standard modes if the prescission shape is chosen at the

~ SL « STI o STII maximum asymmetry betweeg=<r=<2r,. For the SL mode
140 - \ \ 140 \ \ \ an average value is computed of thgandl values obtained
o | 0 | M Blae] in the channel search fogp<r=1.5 fm, which belongs to a
- thinner neck.
<107 TE T @%&; ] In Figs. 23 and 24 théy, and| values are plottzegclj as a
110 | 110 - ] function of temperature, again for the nuclidééac, *'Ac,
. | | | | 228, and 2%8. The melting of the fission modes is nicely
00, 2 4. 6 s 100, 2 4. 6 8 visible. For higher temperatures the SL mode becomes
r [Im r [Im H
150 . ‘ ‘ 15 slightly more compact.
2y
140 - %gﬁf%zo 1 uor G. Random neck-rupture model
F1or e, %, €800 An elaborative description of the RNRM may be found in
120 | \'\, 120 | Ref. [12]. This section merely attempts to communicate its
: ‘ ‘ ‘ main ideas. In this model, the fission process is regarded as a
uog 2 6 P 2 6 8 series of instabilities. After the passage over the barriers, a

4 4
r [fm] r [fm]

neck starts to form. If this neck becomes flat its rupture may
FIG. 21. The average heavy fragment mass for SL, ST I, and Shappen anywhere, which means that the point of future con-
Il as a function of the neck radius r. The nuclides considered arétriction can shift over the neck. This motion of the dent is
2ac, 23IAc, 228y, and 2. Note that the fission direction in each called the shift instability. The instant that the Rayleigh in-
plot is from the right to the left. stability starts to deepen the dent, the position of the asym-
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FIG. 25. The upper part illustrates the flat-neck representation.
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FIG. 23. The average heavy fragment mass of the prescissio-tqhe semilength, the neck radius, the positiore of the dent,

shape as a function of temperature. The nuclides considered af¥'d the curvature are familiar from Eq.(5). The new pa-
207pc 2317 228 and 23, rameters are: the extension of the nexkthe radii of the

spherical heads; andr,, and the transitional points;, and
. By requiring continuity and differentiability of the shape,
lume conservation, and a minimal value ofor a really
at neck, only {, r, z) remain as independent parameters.
Subsequently, the neck radius is eliminated by the Rayleigh
1. Mass distributions criterion. The value ok can be transformed intdy, by Eq.

. . . (6). The actual values o4, andl originate from the channel
In order for the shift instability to do its work, a perfectly searches, as mentioned in the previous section.
flat neck is required. The Lawrence parametrization does not The |ast ingredient missing for the computation of the
meet this need. Hence a new parametrization, the flat-ne(:[lﬁaSS distribution is the surface tension:
representation, is introducédee Fig. 2k

metry is frozen and rupture is taking place. The RNRM¢2
translates the effects of both mechanisms into measurab
guantities.

_ Nen—Zen|? 2
(ri_é,z)l/z —rl$§< gl ’y0—0.951‘{1—1.782§{A—CN) MeV fm™~.
(62)
p({)=1 r+a’c|cos fzl-n -1 Os{={
a This is taken from the LDM by Myers and Swiated28].

Fluctuations amplified by the shift instability alter the
shape slightly and enable the rupture of the nucleus to take
place at another point than the most probable painin
(60)  order to determine the fission-fragment mass distribution, the
probability of cutting the neck at an arbitrary positipnhas

[r3—(2l—ry—r,— )22 L={=2l-ry.

a—=s SL woa §TT  o=——o0 STII to be calculated. This probability is given by the change in

2 2 potential energy fronz, to z E(z,)— E(2). This is replaced

ol Whel wl Blael by the energy to _cut the nucleus a; the two positions:
R N AT Ecul(z) —Ecul2), with Ecy(z;) =2myop*(z;). The rupture
Esl > E18 - . probability is now proportional to the Boltzmann factor:

». . o . SN o]
Pt [ G * —2myolpX(2:) = p*(2)]
u ‘ ‘ » ‘ ‘ W(A)ocexp{ T . (62
0 1 2 3 0 1 2 3
T [MeV] T [MeV]

2 ‘ - 2 ‘ - The fragment mass numb@rcan be computed according to

.l "y ] 20 | ’ *u ] the analog of Eq(6):
E 18 w\ﬁ\ﬂ\; E 18 a ’ T 3A b4
= = SN . CN T s

6 mcn® [ A ] A= [ (63)

14 14 . B . . - . .

0 v 2 3 0 ! ev 2 3 The theoretical yield is finally determined with the following
relation:

FIG. 24. The prescission shape half length as a function of tem-

perature. The nuclides considered &&c, 2*'Ac, 2%, and Z%U. Y(A)=W(A)+W(Acn—A). (64)
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In Eqg. (62 the temperature of the scissioning nucleus , 3 (%, , 3 (2,
must be provided. All calculations of the PES and the cross- bi=——| p°dl, b= — p°d{. (68
. . . . 4a,) 4a, ),
ing of the fission barriers have been isothermal. However, for 1 '
the RNRM the loss and gain of excitation energy in crossin
the barrier is taken into account into a new excitation ener
and temperature at scission:

9rhe energy difference of the spheroidally deformed and the
g3épherica| fragmenk yef fragmen{A) IS given by

* —

scission E;.s.+ F et scission- (65) Egeffragmen{ A, €) = E:ﬁ?f(A)

arcsirie) + e(1- €32 )

26(1_ 62)1/6
The new excitation energy has two components: the original

L : _ 2\13
excitation energy in the ground ste ¢ and the deforma- +ESPN (A) (1-€) In( 1+e -1
tion energy at SCiSSIO gefscission Fdefscission IS POSitive Coul 2¢ 1—¢ '
for actinides and becomes negative in the subactinide region. (69)

The new excitation energy is related to a new temperature
Tscission Via the level density parameter through E&6).  The eccentricity is defined as
However, a new prescission temperature corresponds to a
different prescission shape with a somewhat different value
for Fgetscission Therefore the temperatuiigissionhas to be €=
determined in a self-consistent manner together with the final

prescission shape. If a prescission shape has a high tempergy Ezﬁff(A) and EE%T”(A) represent the surface and the

ture or a very long neck, the mass distribution will be broad.q,jomb energy of a spherical nucleus.
Low temperatures and short necks result in a narrow mass The neutron multiplicityv(A) for a fragment with mass A

21172

b
: (70)

q;

1—

distribution. is now derived by finding the root of the following relation:
2. Post-scission neutron multiplicities v(A)
The mass distribution calculated above belongs to the pri- ?ragmenKA):ngl (Sht 7)) +E,. (72)

mary fission fragments. Most fragments, however, are highly

excited directly after their creation. They take their share ofry,o separation energ$, is calculated from the mass for-
the total excitation energy available at scission given b_y Edmula [29]. The average kinetic energy of the neutrons is
(65). Moreover, they are strongly deformesee, €.9., Fig. ayen to bel times the fragment temperature, and the energy

19), which manifests |tse!f in an extrg amount of excitation carried off by raysE., is approximately half the separation
energy set free when this deformation relaxes towards th@nergy of the first noﬁevaporated neutron.

ground-state deformation of the fragments by the strong sur-
face tension. The superfluous excitation energy is released o _ .
during the process of postscission neutron and gamma emisH- Mass distributions in low-energy neutron-induced fission
sion. The neutron emission is responsible for a shift of the With the inclusion of temperature effects in the Brosa

preneutron emission mass distribution to somewhat smallenodel, it is now possible to calculate the fission-fragment

masses. mass distribution given the excitation energy and the fission-
The total excitation energy in a newly created fragmenting system. After the calculation of the relative contributions
with massA results from of the three dominant fission modes SL, ST I, and ST I, the

mass distributions for all fission modes are determined with
% (A)=Eqetiraamen(A)+ —EX. o (66) the RNRM and, subsequently, added with the_ proper weight.
fragmen ‘rag Agy scission In the case of low-energy neutron-induced fission the out-
come of the model can be compared to experimental data. In
Eqerfragmen(A) denotes the deformation energy of the frag-this case, the excitation energy is precisely known. It is given
ment, and the second term contains the portion of the thermaly the neutron separation energy of the compound system
energy at scission of the whole fissioning system picked uplus the incoming neutron energy. The influence of multi-
by the fragment. The assumption is that the fragment reehance fission, i.e., the competition with other reaction chan-
ceives a share proportional to its mass. nels like particle evaporation, can safely be neglected.
For the calculation OEyeffragmen{A) another shape pa- Figure 26 shows preneutron emission mass distributions
rametrization is employed: the embedded sphersds Fig.  for low-energy neutron reactions dti’Th, 23U, and *%U.
25). The newborn fragments are modeled as two contactinghe experimental data are taken from Réf&&—47). For all
spheroids with major axes; anda,, which are linked to 2 nuclides the ST | mode is the strongest in the predictions. In
andz, by the case of3%, it even determines the mass yield curve all
by itself. There are three criteria that a predicted mass distri-
bution has to fulfill. First of all th6asymmetri¢ peaks have
a1=§(r1+zr), =1 E(r1+zf)' 67 {0 be at the right position. The calca/lated pea?( positions for
232Th underestimates the experimental value, but in the case
The minor axe$, andb, follow from volume conservation: of uranium targets the calculations do very well. Further-
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more, the widths have to be correct. The outer wings of thgyredictions made fof*Pu and?**Am do not agree with the
experimental distributions are almost reproduced, but the inexperimental data in the right hump. The widths are too large
ner wings are not. This may be due to a wrong width. An-and the peak positions are shifted too much to heavy masses.
other possible explanation is a failure in the third criterion:On the other hand, the left wing of th&'Am curve looks
the model has to predict the correct relative share of eacbomewhat better.
fission mode. In the case of 5.5 MeV neutrons 0fUJ, the In conclusion, the theoretical mass vyield curves for the
symmetric fission portion is clearly overestimated. Probablylighter actinides agree well with experimental data, espe-
the competition with neutron evaporation can no longer beially in the asymmetric peak area and the outer wings. In
discarded at this incoming energy. This would lower thethe case of minor actinides, the predictive power is slightly
relative contribution of the symmetric fission component aswveaker. The overall quality of the prediction of these exclu-
well as the width. sive fission channels is good enough to justify the implemen-
In Fig. 27 some more results are plotted for the heavietation of the temperature-dependent Brosa model in analyses
nuclides 2Np, 2*Pu, and?*!Am [48-51. In general, the at higher energies where only inclusive data are available. To
reactions or*’Np are described nicely with the model, ex- this end, in the next section the process of multichance fis-
cept the fine structure in the right peak around mass 135. Theion in the nuclear reaction code ALICE-91 is treated in

1.0 MeV n + “'Np
T T T T
10' | i 10" b 1
® 10"} =10k :
= =
] =
>-10—1 | _>-10-1 L i
Odata
10'2 1 1 | 1 10‘2 1 1 L 1 sum o . .
70 90 110 130 150 170 70 9% 110 130 150 170 SL FIG. 27. Preneutron emission mass distribu-
A sop A tions for low-energy neutrons of*'Np, 24%Pu,
1.0MeVn + thermaln + " Am ——- STI 241
. : ; ‘ . , — and “~Am.
10 ¢ 10 ¢
® 10" 10"
= =
] =
107 L 107" L
107 ' N
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A
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.. Elastic Emission !
Fission 1
1 low-E hump
1
1 . —_
Compound ™= - FIG. 28. The role of direct, pre-equilibrium,
Projectile ' and compound processes in the description of
Multiple ' a nuclear reaction and the outgoing-particle
Pre-Eq. = spectra.
Emission :
1 high-E tail
]
Reaction Pre-Eq.  E=—
]
1
]
1
]
1
Direct . discrete peaks
]
1

detail. This forms the preparation of Sec. IV, in which the Compound mechanisms govern nuclear reactions with inci-
connection between ALICE-91 and the temperature-dent energies below 10 MeV. . . .
dependent Brosa model is described together with a compari- The properties of pre-equilibrium reactions are situated in

son with experimental data on intermediate-energy fission. between those of direct and compound processes. Histori-
cally, it comprises one step nonelastic scattering reactions to
the continuum as well as multistep emissions from partially
equilibrated systems. This occurs if most of the excitation
A. Nuclear reactions energy is accumulated on one or a few excited particles. The
: : . : 18

It is generally accepted that three different nuclear reacgsso_clated time sca_les range from i:bs to typically 10°

s. With each extra intranuclear collision, the system gradu-

tion mechanisms can be distinguished in light partlcle-a”y loses more of its memory regarding the initial state.

|r|1duc_?_d rfact|()]cnti: direct, pr:e-e_qumbrlumk,) and ?Ompodund‘t'%rimary pre-equilibrium emission plays an important role
classilication ot these mechanisms can bé periormed on ove 10 MeV. For incident energies above 50 MeV, includ-

basis of the reaction time or, equivalently, the number ofi,, m iinje pre-equilibrium into the description of any re-
mtranucl_ear collisions |n5|de the r)uclegs pefore emission. 4ction is crucial. It profoundly marks the feeding of the nu-
The time scale of direct reactions is linked to the timecjijes which lose the rest of their energy in the subsequent
needed for the projectile to traverse the target nucleus, Whlceompound stage of the reactigwith the possibility to fis-
amounts to roughly 1072 s. Only one collision of the pro- sion).
jectile with a nucleon inside the target precedes the emission. Figure 28 explains the role of these distinct reaction
Consequently, a strong correlation between the initial angnechanisms during an arbitrary nucleon-induced reaction in
final state exists. The term direct reactions include processes schematic manner. If a projectile collides with an atomic
like inelastic scattering to a discrete state in the nucleuspucleus it may scatter elastically, leaving the nucleus in its
charge exchange, knock-out, and transfer reactions. Abovground state, or it can induce a reaction. In the case of a
an incident energy of about 10 MeV, almost all discretereaction, the direct, pre-equilibrium, and compound mecha-
states of the remaining nucleus with a simple structure are@isms start to compete in the description of the first emission.
excited by direct processes. At this stage, the compound process has also a contribution
The characteristics of compound reactions are in manyo the elastic channel. If after the first emission enough ex-
aspects opposite to those associated with direct mechanisndtation energy remains inside the new nucleus, secondary
Before emission, a lot of intranuclear collisions take placeor, in general, multiple emission will follow. Depending on
which distribute the available excitation energy of the com-the progress towards equilibration, this emission will be due
pound system homogeneously over all nucleons. In thiso compound processes or to multiple pre-equilibrium fol-
equilibrated nucleus there is, subsequently, a probability fotowed by compound emission. Fission is a slow and com-
a single nucleon to collect in several collisions enough enpound process, since it involves a large deformation of the
ergy to escape the nucleus. Naturally, this process is mucivhole nucleus. Hence it will compete with compound emis-
slower. Time scales vary with incident energy between'?0 sion, as indicated in Fig. 28. First-chance fission occurs in
s and 10'° s. These intermediate collisions are responsiblecompetition with the primary compound emission. Multi-
for the loss of memory about the details of the initial statechance fission stems from the competition with particle
(apart from energy and angular momentum conservationemission in the multiple compound process.

Ill. MULTICHANCE FISSION
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of this assumption to describe a reaction from the initial

PoApZp By, ApZy | channela with energye to the outgoing channet’ with
P g energy e’. The cross section for this reaction can be ex-
OMP pressed in terms of a product of the formation cross section
of the compound nucleus,,(€) and the probabilityP . (e
Oreaction —e€')de’ that it will decay into the outgoing channel’
Multiple l,re_Equﬂimlm| with energy betweer’ ande’+de’:
GDH O uo (€€ )de' =0, (€)P,(e—€')de’
Multiple Compound, - Fa/(6—>€’)par(U')d6’
omp | Joverse Weisskopf- /,/ =0¢,(€) - .
Oreaction Ew’”g,«’ J’ Ip(e—€)p(U")de”
Fission Fermi- ',(’: Fission o JO0
RLDM - gas .- Competition
Barriers ,»" Bohr-Wheeler (72)
""""""" t“““i’““““““ Ty I, (e—¢€") is the width for the decay of the compound sys-
a, CAZ, E*) Particle Spectra tem with energye to a state with emitted energy in chan-

nel «’. The residual nucleus with excitation enerigy =€
FIG. 29. Basic nuclear models implemented in ALICE-91. User— €’ — B (B is the binding energy of the emitted particteas
input is indicated by a dotted box. a level densityp,.(U"). The Q value of the reaction from
: : channela to a” is given byQ”.
B. Reaction models in ALICE-91 . d . .
With the help of the reciprocity theorem, the cross section

The nuclear reaction code ALICE-938] has been rather to the outgoing channel is linked to that of the inverse reac-
successful in describing nuclear reactions above about 1fyn:

MeV [52]. Figure 29 gives the main ingredients of the reac-

tion models implemented in ALICE-91. Since no discrete 1 ,

levels are taken into account in the calculations, the direct oaa,z——2|saa,|2:om—a, (73
reactions are treated effectively by the pre-equilibrium stage. 9a K, I

This approximation of the discrete part of the high-energy

tail in the spectrum by a continuous spectrum does not alter 1 = o

significantly the prediction for reactions that take place Ua'a=——2|5a/a|2=0m'T- (74)

above about 20 MeV. Below these energies the validity of 9ar Koy

this assumption is questionable. An optical model subroutine . . o
(OMP) provides the(inverss reaction cross sections needed With K. the wave number. Reciprocity implies,,
for the overall normalization of all computed cross sections™ Sa’a - Hence the Weisskopf-Ewing formula arises:
and for the Weisskopf-Ewing compound mod&VE). A
rotating-liquid-drop mode{RLDM) provides the fission bar-
riers that are needed in the Bohr-Wheeler approach to com-

pute the competition between compound edmissic)m[ ar}d fis- =0.,(€)
sion. The geometry-dependent hybrid mod€DH) [53 -Q ., " o
describes precompound emission. User input like projectile E ga”ma"fo €"0cqr(€)par(U")de
and target specifications as well as level density parameters “

is indicated with a dotted box. Of course, a code like (75
ALICE-91 has more options to choose between reaction

models or to change basic values, but only the models anqIth ga:z'a+1, the statistical we|gh:]of'channal and Ma
the input parameters relevant to this work are treated herd€ corresponding reduced mass. The inverse reaction cross

The output of ALICE-91 includes information on the Section for formation of the compound nucleus starting from
outgoing-particle spectra and the total fission cross sectioghannela’ is identified with the absorption cross section in
or. Furthermore, ALICE-91 is modified to give also the channele’ resulting from an optical model calculation. The
fission cross section per excitation energy bin of a fissioningVE approach neglects the spin dependence and is not appli-
nucleusoe(A,Z,E*). The total fission cross section is com- cable to reactions to discrete states.

pared to experimental results further on in this section. The The level densities taken in the WE calculations are of a
quantity o(A,Z,E*) is treated at the end of this section, Fermi-gas type:

because it provides the link with the temperature-dependent

Brosa model. The physics behind the fission competition exp(2+\/aE)
with compound decay can be found in the next section. p(E)= =2

O oo (€,€")de’

garmarf,UCal(é,)par(U,)df,

(76)

1. Compound decay with fission competition The level density parameter, that will be used throughout

In compound decay, the formation and the emission prothe evaporation chain has to be given in the input as a con-
cess are completely independent. The WE model makes us¢ant:ald=A/a,. This implies, that the chosen parameter
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has to describe in an effective way the expected changes i1 1250 '

the level density parameter both with excitation energy and / ~

with isotope. Furthermore, as already explained in Sec. Il E, g AN

the level density in general is constructed from an intrinsic ~ 1000 | /

part and rotational plus vibrational factors. By adjusting the

level density parametea,, these collective factors may be

effectively taken into account in the intrinsic part given by = 70

Eq. (76).
With an expression for the fission probability, the calcu- &

lation of the competition between compound emission and

fission becomes straightforward in the WE formalism. Fis-

sion can be simply added as an extra possible outgoing char

[mb]

500

nel. Bohr and Wheeldi54] consider the rate of passage over > _ OdatabySheherhakov 7
the single classical fission saddle point. In their approach the ——- RFRM

fission probabilityP+ission IS given by the total state density 0 ‘ ‘

over all partitions of excitation energy over potential and 100 150 200
kinetic energy: E,, [MeV]

e Bp FIG. 30. Experimental fission cross section data for neutron-
Pfission(e)ocf pr(e—Bg—k)dxk. (77)  induced fission on**?Th [5]. ALICE-91 results with the RFRM
0 (dashed lingand the RLDM(solid line) are plotted for comparison.

The level density at the saddle point is denotedoby In @ ity the RFRM and the RLDM. The value for the ground-
classical approach tunneling through the barrier is imposgiate jevel density in ALICE-91 has a default valueaf

sible. Therefore the _cal_culated fi;sion cross sectior_1 S“d‘?'enu A/9. There are indications that at high excitation energies
drops 1o zero at excitation energies below. th? barrier .h?'ghtthis value changes to an asymptotic valueagf A/13 [57]
Equatlon(77) is equivalent to the transmission coe_fflc!ent due to the disappearance of collective effects. Figure 31
expression through a temperature-independent barrier in Egy, s the effective values assumed in all calculations to be
(51), assuming that the penetrability equals 0 éetBr and (5, in this work as a function of incoming projectile en-

equals 1 fore>Bg. An important quantity in Eq(77) is the gy Both calculations are carried out with the ground-state
level density parametea; at the saddle point, which is (4 gaqdle-point level density ratio of 1.00, although the ex-
needed to evaluaier . At the saddle-point deformation the hacieq value of this ratio is larger than 1.00. The outcome of

level density parameter is expected to be larger than thg,e RFRM overpredicts the experimental data dramatically at
ground-state valua,, due to the stronger collective effects as higher energies even witly /a, = 1.0. A larger level density

well as a larger intrinsic level density paramet85].  ratig will only enhance this overprediction, and there is no
ALICE-91 requires that the user provides the ralida, as  pope 10 arrive at a good description of the data by choosing

an input. Once more, this value is kept constant throughoUje right level density parameters. The results of the RLDM
the whole evaporation chain. Hence the value given has to

represent the effect averaged over all excitation energies and 1
isotopes encountered in the calculation.

In ALICE-91 fission barrier heights and ground-state en-
ergies may be supplied by the RLDM by Cohetral.[56] or 13 f
by the rotating finite range modéRFRM) by Sierk [33].
The RLDM is preferred for the calculations, since it provides
a good description for the total fission cross sectsse next
section. In Fig. 10 the results of this RLDM for beta-stable
nuclides is compared to the values obtained with the LDM% 1} .
incorporated in the Brosa model. Barrier heights evaluated in
both approaches agree very well. In ALICE-91, the angular
momentum dependence of the barrier heights is taken intc
account. Above a critical value of the angular momentum,
the fission barrier vanishes. Moreover, the emitted particles ¢ i
are assumed to decrease the angular momentum.

10 b

C. Predictions of fission cross sections 0 50 100 150 200

. . . E, [MeV]
The choice between RLDM and RFRM in the fission cal-

culations is based on results plotted in Fig. 30. The experi- FIG. 31. Values of the ground-state level density parameter
mental cross sections for neutron-induced fissiorf8fih as = A/ald used in all calculations as a function of incoming projec-
a function of energy5] are compared to predictions obtained tile energy.
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200 40 e 5 ———— :
O (o, Eismont Data O (n,h) Eismont Data — - (p,H) Eismont Fit
| — - (p,h Eismont Fit 1 | @@ ilsiléoélt ;)lnta | — (p,f) ALICE-91
150 - 23’2 ALICE 91 o 0 ::ﬁ ALICE-91
7/ FIG. 32. Experimental fission
= = = cross section data compared to
.E, 100 .E 20 E ALICE-91 calculations for subac-
23 e} %3 tinide targets. All data stem from
] measurements or from fits to data
50 10 compilations made by Eismont
et al.[3,4,58.
0 2 0 1 !
0 50 100 150 200 0 50 100 150 200 150 175 200
E, . [MeV] E,_ . [MeV] E, . [MeV]

are too low, but with a higher value @f;/a,, a correct an- proton-induced reaction, the average fissioning systems have
swer may be obtained for the fission cross section. This ia slightly higher charge than in a neutron-induced reaction.
illustrated next in this section. Consequently, the corresponding total fission cross section is
The first step in describing fission-fragment mass yields idarger.
a satisfactory way consists of predicting the overall normal- Comparable results for actinides can be found in Fig. 33.
ization. This means that the model should be able to reprofhe experimental data on neutron-induced fission are taken
duce the total fission cross section. With the RLDM and thefrom Ref.[5], and the proton data originate from fits to data
ground-state level densities as depicted in Fig. 31 as basiompilationg[58]. By adjusting the level-density ratio to the
ingredients, it is possible to tune the level density ratio infission cross section an overall agreement of 10% or better
such a way that the code reproduces both the proton and tlwan be achieved. For the nuclidé€Th and 23U a second
neutron-induced fission cross section. calculation is included. These results are obtained by fitting
Figure 32 shows results for the subactinide fission crosshe level-density ratio to reproduce the shape of the mass
sections as a function of incoming energy. The experimentadistribution instead of the fission cross section. This is fur-
fission cross sections are obtained from measurements atiter elucidated in Sec. IV. The outcome of these other cal-
data compilationg3,4,58. The theoretical outcome agrees culations lies still within 10% of the proton-induced fission
with the experimental values within 15% fé%Bi and 1°’Au  cross section, but overestimates the neutron data with 20 and
above 50 MeV in the case of the neutron-induced reactionsl5% for 2*2Th and 22U, respectively.
Proton-induced fission cross sections may differ by 50% at A comparison of the proton and neutron-induced reac-
energies below 70 MeV. The results féf'Ta deviate by tions in Fig. 33 teaches that, in the actinide region, the
about 50%, but the cross sections are one order of magnitudeutron-induced fission cross section is higher than the
lower than those of®’Au. Two related trends are visible in proton-induced fission cross section at low energies. At
Fig. 32. First, the fission cross section decreases rapidly withigher energies the situation reverses. Proton reactions pos-
a smaller charge value. Second, the proton-induced fissiosess a threshold around an incoming energy of 10 MeV,
cross section exceeds the neutron-induced value systemaltiecause of the Coulomb barrier. Therefore the reaction cross
cally. This feature is connected to the first observation. In aection and thus the fission cross section vanish at incoming

1200 . -
FIG. 33. Experimental fission
1000 :
- 300 cross section data compared to
'g 00 ALICE-91 calculations for ac-
= tinide targets. The neutron-
o 400 R induced fission cross sections, de-
200 ‘ Pu(n,h) noted by circles, are taken from
% 0 Ref. [5] and the proton-induced
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 ~el. a € proton-induce
E,_ [meV] E, . [meV] E, [meV] fission cross sections, denoted by
the dot-dashed lines, come from
2000 2000 —— . -
AR~ o (n,f) Shcherbakov fits to data compilations[58].
_ 1500 / =3 — (n,f) ALICE-91, O Solid lines correspond to calcula-
-g / — — (n,f) ALICE-91, Mass Yield tions tuned to the experimental
= 1000 \ i : ;
- r — - (p,f) Eismont FIT ESSIr?nd It?ross sectlt?n_s, dWhI‘Ieh
500 . 500 . (0,f) ALICE-91, 5, ashed lines are o _tame_ wit
) "Th(p,f) 5 *Up,D —— (p,f) ALICE-91, Mass Yield Ibevel-den5|ty ratios \;]vhlch give thteI
0 50 100 150 200 0 50 100 150 200 est ag.rete.g'etm wit gXpeT\Ten a
E, [meV] E, [meV] mass distributions in Sec. IV.
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FIG. 34. The saddle-point to ground-state level density ratios FIG. 35. The saddle-point to ground-state level density ratios
a;/a, as a function of incoming energy. These values are used ta;/a, as a function of incoming energy f&#?Th and 2*%. Both
closely describe the experimental data in Figs. 32 and 33. the results tuned to the fission cross sections and those tuned to

reproduce the shape of the mass distribution are shown.
energies below this threshold. Neutron-induced reactions are
not hampered and exhibit already at low energies a sizable
fission cross section. At higher energies, this effect no longer
plays a role. Here, the difference is again merely determined
by the higher charge content in a proton-induced reaction 10" [ ' ' ' ' '
resulting in a larger cross section. This mechanism is exactly
the same as in the subactinide region.

The saddle-point to ground-state level density ratios E
as/a, resulting from the fit to the experimental fission cross o
sections are plotted in Fig. 34 as a function of incoming 10™ [
energy. In general, the ratio decreases with increasing ener
gies. This is consistent with the picture that at low energies 10 0
both the collective enhancement and the shell effects, re
sponsible for a change in the intrinsic level density from

100 120

ground state to saddle point, are strongest. At high excitatior ¢! [ ' ' ' ' ]
energies, roughly above 100 MeV, shell effects wash out anc a,/a, = 1.00:
collective effects disappear. Nevertheless, the ratio does nc_ 10° A=227
approach 1.0 around 100 MeV incoming energy. This is ex- E i ] A=23
plained by the fact that the ratio represents an average valug "’ T A
which describes effectively all contributions from a variety — 10” | e A=239
of fissioning systems at different excitation energisse 4 .:
next section Figure 35 contains the level density ratios for 10 0 20 40 60 80 100
232Th and 2% reproducing the experimental fission cross E [MeV]
section as well as the ratios describing the mass distributior
shapes. The prediction of the mass distribution requires ¢ 1o [ ' ' ' ' ]
larger value ofa; /a,,. The implications of this can be found Th ] o/ =10s:
in the next section. = 10° 3 A=227
E o | 1---- A=233
D. Excitation energy of fissioning systems g , . i:iig
The role of different saddle-point to ground-state level ] 3T A
density ratios is investigated by looking at the excitation en- 107
ergy distributions of the fissioning systems. A small modifi- 0 20 o, 6 80 100

cation in ALICE-91 makes it possible to extract, apart from
the total fission cross section, also the fission cross section as F|G. 36. Excitation energy distributions of the fissioning sys-
a function of the fissioning isotope and the excitation energytems in 100 MeV neutron-induced fission &fU. The calculation
Figure 36 contains these excitation energy distributions fors repeated for two values of the saddle-point to ground-state level
several isotopes of uranium, protactinium, and thorium indensity ratio:a;/a,=1.00 and 1.05.
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100-MeV neutron-induced fission f%U. The calculation is A .Z .E A LZ

performed twice; once witka;/a,=1.00, which belongs to PP inc T

the best prediction of the fission cross section, and once witf
a;/a,=1.05, which gives the best description of the shape of %lifons[ﬁi
the fission-fragment mass distribution. From Fig. 36 several ! I :
conclusions can be drawn. First of all, fission takes place ai
all possible excitation energies between the maximum exci—-:z-z-zzzfzzoozzzzzn-y / \
tation energy of the original compound nucleus and the bar-i L\%CEZ?) A r=em— Te——
rier energy. In addition, due to the use of Bohr-Wheeler,: o R R - LAgT |1
fission at subbarrier energies does not contribute, which re: b :
sults in a clearly visible sudden drop at the left-hand sides of i [, [ mutiple

Fig. 36. Moreover, fission of isotopes lying further away ] Compound T

RLDM)| * Fission

from the original compound system is characterized by ai'— - _L——=J__| _ :
lower maximal excitation energy coupled to the preceded: % it oot Hielelelele e e A

v v v

neutron .evaporation. Finally, the gontributions from ele- GAZE AZE" [ Hill- Wheeler RNRM
ments with a lower charge drop rapidly. : v v
! C AZE) M_(AZE,A )

The role ofas /a, also becomes clear by studying Fig. 36. FE
It influences the moment where fission starts predominating l l .

particle evaporation. A_ hi_gh value of _this ratio means a M(Aﬁ)zz GAZE) > CAZE) M_AZE.A )
strong preference for fission over particle evaporation. As! ALE FM=SL, STL ST
can be concluded from Fig. 36, in the caseagfa,=1.05 ! ALICE-91 + BROSA On line

fission happens earlier in the chain than in the case of ¢

as/a,=1.00. This is equivalent to more fission events at
higher excitation energies and less fission from very neutron-
deficient isotopes. Fission Fragment Mass Distribution: M(AFF)
The link with the temperature-dependent Brosa model is FIG. 37. Sch _ iow il . h i ¢
provided by the excitation energy distribution of the fission- - 37, Schematic overview llustrating the coupling o

: - g - LICE-91 and the temperature-dependent Brosa model. The sub-
ing systems. Splitting the total fission cross section into thé:\cript FM denotes the three dominant fission modes SL, ST I, and

contribution per exc!tatlon energy bm. per fl$S|on|ng |sotopes.|. Il. Mgy is the mass yield curve of a specific fission mode and
enables the calculation of the mass distribution for the speciz_ - . -
: N . . o Fv it relative contribution.
fied nucleus A,Z,E*) with the correct weight. This will be

demonstrated in the next section. o . . o
Projectile, incoming energy, and target specifications

form the main inputdotted box in top left corngrof these
on-line calculations together with the ALICE-91 level den-
A. Coupling of temperature-dependent Brosa model sity input parametersa, and as/a,, the role of which has
with ALICE been already highlighted in the previous section. The calcu-
dé?tion starts with an ALICE-91 run, which is indicated in the
Spicture by a simplified version of Fig. 29 inside the dot-

described in Sec. Il enable the prediction of preneutrorfjaShEd frame. In this run, ALICE-91 keeps track of the flux

emission as well as postneutron emission mass yields igoing into fission for each individual isotope per excitation

intermediate-energy light particle-induced fission reactionsC €9y bin encountered in the Weisskopf-Ewing evaporation

After the determination in ALICE-91 of all contributions to St2d€. Besides the normal output of the particle spectra and

the fission cross section by excited evaporation residue%he total fission cross section, the fission cross section per
which are characterized byg(A,Z,E*), the temperature- Issioning isotope and excitation energy hip(A,Z,E*) is

dependent Brosa model computes for each configuratiohs'[eoI at the end.

; o ; For each configurationA,Z,E*) the program, subse-
A,Z,E*) th d f -f t Id ) . - .
E:urve |I’)l thee e%%rre;lr?ﬁeéggCJrSVSéZnarrgg;B?nnmergavsv‘ic'thy![ﬁeiguently, calls a subroutine of which the task is twofold. First
prope.r weight givén byre(A,Z,E¥) of all the relative contribution€gy(A,Z,E*) of the three

Figure 37 illustrates the coupling between thepredominant fission modes SL, ST I, and ST Il are deter-
temperature-dependent Brosa model and ALICE-91. Part ined ac_cor_ding to the rec;ipe pro_vided in Sec.lll E. This
the contents from Sec. Il is grouped in a dashed box situate appens inside the box, which carries the label Hill-Wheeler

in the upper right corner of the figure. These fission-modeand uses the fission barrier parameters as input. The second

calculations are performed only once to construct files conEaSk comprises the calculation of the mass yield curve

taining the fission barrier parameters and prescission shap®rm(A,Z,E* ,Agg) with the help of the RNRM based on

of the investigated nuclides as indicated in Fig. 8. This in-the fission mode, the configuratiorA,(Z,E*') and the
formation serves as input for the on-line mass distributionprescission shape parameters. Here, the loss and gain of ex-
calculations. citation energy in crossing the barrier is taken into account

IV. PREDICTIONS OF FISSION-PRODUCT MASS YIELDS

In combination, the temperature-dependent Brosa mo
from Sec. Il and the nuclear reaction code ALICE-91 a
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2 4L 12 4t ] FIG. 39. Postneutron emission mass yields in proton-induced
5L 17 5t b ] fission of "W, 1%7Au, "Pb, and?*®Pb at 190 MeV obtained from
0 L L e ol L L d Ref. [61]. The triangles denote the experimental data. The dashed
60 80 100 120 140 60 80 100 120 140 line originates from the fit of a single Gaussian made by the authors

and the solid line belongs to the calculation.
FIG. 38. Normalized preneutron emission mass yields for the . . -
reactions specified in each graph. The experimental data are takeﬂ The expgrlmental data mCIUd,e(_j In F,'g', 38 are taken from
from Refs.[59,60. The lines correspond to the calculations. the extensive work on subactinide f'SS'On by Iﬂes_al.
[59,60. Examples of proton and alpha-induced fission be-
into a new excitation energ§* " at scission. This is the tween 29 and 50 MeV are given. In general, the agreement
procedure from Sec. Il G. The Computed preneutron emis\N|th the calculations is very gOOd both for the pOSItIOﬂ of the
sion mass distribution is, subsequently, corrected for thénost probable mass and the width of the distribution. In the
postscission neutron multiplicitigSec. Il G 2. In this man- ~ case of the 29-MeV proton-induced reactions, the calcula-
ner, the postneutron emission mass yields are constructe#ons deviate at most 15% from the experimental values, but
The final fissionfragmentmass distributioM (Ag¢) is sim- ~ On average the agreement is much better. The assumption
ply obtained by adding all separate preneutron emissiofhat for these nuclides asymmetric fission can be neglected

mass yieldsM ey (A,Z,E* " Arr) with the relative contribu- Se?l'?: ViaelIlgsfc;rréhr?cf?mzrlliiregdles{herefore also the uncertaint
tions Cgu(A,Z,E*) and the fission cross sections . y ¥ y

o+(A,Z,E*) as weights. Obviously, a completely equivalent!n the prediction of the overall fission cross section has to be

approach gives rise to the final fissipnoduct mass distri- incorporated. The calculations are performed with the level

. density parameters from Sec. Il C. These values stem from a
bution M(Arp). . , . fit to the experimental neutron and proton-induced fission
In the next sections predicted mass yields are compared 0

; 09n; 197 i i
experimental data for subactinide and actinide fission belf0ss sections fof*Bi and *’Au. The basic assumption

wieen 15 and 200 Mev. Moreover,an ivestgaon s n"20¢ % 1At e slenont 0 gounse by
cluded regarding the transition between asymmetric ané{ y y P

0 203,205 [in i 09R ;i 197
symmetric fission in going from the line of stability towards Ttht;_ and Tl lie Irt]' betvyeet;]]_those_ of g?'tr‘?ndh ?u.f
neutron-deficient nuclides in the actinide region. € hission cross seclions n this region ot the chart of nu-

clides can be predicted with an accuracy of 10%. This has to
be added to the uncertainty in the prediction of the normal-
ized yields.

The results from the ALICE-91 plus temperature- The predictions in Fig. 39 for the production cross sec-
dependent Brosa model calculations for light particle-tions of fission-product masses in 190-MeV proton-induced
induced fission reactions in subactinide targets are shown ifission of "W, %7Au, "¥Pb, and?%®Pb are less satisfactory.
Figs. 38 and 39. In the case of subactinide targets it is nothe experimental data have been obtained from F&].
possible to calculate the competition between symmetric anfligure 39 contains, apart from the experimental data and the
asymmetric fission modes. In Sec. Il, results of the fissiorcalculation (solid line), also a Gaussiafdashed ling that
channel search irf%Pb exhibit rather broad and strangely originates from a fit to the data and is given by the authors.
shaped outer barriers, which makes a fit of these barrier§he calculation does a fairly good job in the description of
with a parabola impossible. Hence the Hill-Wheeler ap-the left wings and of the top, but in right wings the experi-
proach cannot be applied. In all calculations in this sectiormental yields are underestimated by one order of magnitude.
the asymmetric fission modes are discarded. Only the symFhe huge discrepancy for heavier masses is mainly the result
metric superlong mode is taken into account for subactinidesof a too small predicted width. In addition, the predicted

B. Mass yields in subactinide fission
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0.08 | ' ' ' ' | TABLE Ill. Proton-induced subactinide fission cross sections
: — E = 50 MeV (pre) obtained from experimerit61] and from ALICE-91 calculations.
— E =200 MeV (pre) . . .
—— E'= 50 MeV (post) For comparison also the values stemming from the data compilation
—— E =200 MeV (post) by Eismontet al.[58] are included.
= 0.06 - 1
-;:) naW 197Au natpb 208Pb
=
@
= 004 | a£*P (mb) 45+5 32833 94-9  88+8
£ ofHCE (mb) 3.7 31.2 83.6 76.4
s aEsmont (mb) 3.7 88 74
0.02
. width of the mass distribution. Whether the overprediction of
0.00 =z : ' : S o LT ]
70 0 110 30 P 70 thel pospsussmn neutron muIt|pI|C|tyl|s ponnected to an over-
A estimation of the temperature at scission or to an underesti-

mation of the energy required for the emission of a neutron

FIG. 40. Preneutron emission and postneutron emission magsy the fragments cannot be concluded from these data. The
yield curves for the superlong mode in 4% nucleus with an  next section will shed some more light on this question.
excitation energy at scission of 50 and of 200 MeV. Table 11l shows the fission cross sections resulting from
. ) . experimen{61], the calculations, and the Eismagital.[58]
mean mass is shifted to lighter masses compared to the meg, compilations. ALICE-91 tends to underestimate the fis-
surgd value. A lighter mean mass is related to an overestision cross section with 10—15%.
mation of the total number of evaporated mass units. This
may indicate an underprediction of the energy carried away
by the emitted particles prior to or after scission. A possible
explanation of the first effect lies in the calculation of the In the case of actinide fission the full competition between
postscission neutron multiplicities. With the temperature-the symmetric and asymmetric fission modes is taken into
dependent Brosa model as described in Sec. Il the neutrorccount. With these modes it becomes possible to describe a
evaporation between the saddle and scission points is n&ariety of shapes, which is needed to cover the whole range
glected. This results in an excitation energy of the fragmentof intermediate energy fission between several MeV and 200
which is too high. Since the division of the excitation energyMeV. Preneutron emission mass yields in neutron-induced
available at scission between the two fragments goes propofission of 233U for various different projectile energies are
tional to the fragment mass, the heavy fragment will have glotted in Fig. 41. The experimental data come from the
relatively higher postscission neutron multiplicity. Thereforework by Zdler et al. [62]. At an average incident neutron
it will shift more towards lower masses than the light frag- energy of approximately 13 MeV the mass distribution ex-
ment, thereby reducing the width of the mass distribution. Ahibits a pronounced asymmetric behavior. This asymmetric
similar situation of a higher scission temperature occurs itharacter persists up to an average neutron incident energy of
the energy carried away by the prescission neutrons is tomwughly 100 MeV. Above this energy a broad mass yield
small. An overestimation of the postscission neutron multi-curve remains, which still betrays some asymmetric compo-
plicity can also be caused by an underprediction of the ennents by its broad and flat top. What happens is that with
ergy required for the emission of neutrons by the fragmentsincreasing excitation energy the symmetric valley from low-
The last two assumptions would simultaneously explain thenergy fission fills up due to a stronger symmet8¢t) con-
smaller predicted mean mass, as already mentioned abovetribution. This forms the main contribution. Another much

A higher excitation energy at scission is linked to a highersmaller effect is the widening of the asymmetric contribu-
scission temperature, and this also influences the width. Thions.
prescission shape half length is smaller at higher tempera- The calculations of Fig. 41 show that almost everywhere
tures(see Fig. 2% A more compact shape results in a nar-the agreement is within 10% or even better. Figure 42 con-
rower mass distribution. On the other hand, an increase dhins the same data and calculational results but on a loga-
the temperature in E462) enlarges the width. A comparison rithmic scale. This is done to enable a better comparison of
of the two effects shows that the latter is stronger. Figure 40he experimental data and the calculations in the tails of the
contains the preneutron emission and postneutron emissiafistributions. At very high energie@round 200 MeV, the
mass yield curves of the superlong mode fof*® nucleus  predictions and data start to deviate at extremely asymmetric
with an excitation energy of 50 and 200 MeV at scission.yields by one order of magnitude. This is a similar effect as
The preneutron emission yield curve at 200 MeV is broadein the subactinide postneutron emission yields at 190 MeV of
than the preneutron emission yield curve at 50 MeV, althe previous section, but it is less strong. A possible expla-
though the prescission shape is shorter around 200 MeV. Thaation is that the predicted prescission shapes are too com-
postneutron emission yield distribution at 200 MeV becomegact. The fact that the mean mass, the width, and the relative
narrower than the one around 50 MeV. This observation supasymmetric and symmetric contributions come so close to
ports the explanation given above that the inclusion ofthe results found experimentally indicates that neither the
postscission neutron emission in its present form reduces thealculated temperature at scission can be much too high nor

C. Mass yields in actinide fission
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FIG. 42. Same as Fig. 41 but on a logarithmic scale. Data are
FIG. 41. Preneutron emission mass yields in neutron-inducedaken from Ref[62].
fission reactions orf>®U with the neutron incoming energy range

specified in the graphs. The saddle-point to ground-state level den-

sity ratios are fitted to reproduce the shape of the mass yield curv@sywImemc .Conm.bu.tlon.s are overestimated. This is l.mder_
Data are taken from Ref62]. standable, since fission is preceded by more evaporation and

takes place at lower excitation energies with a smaller value
the calculated prescission neutron multiplicity can be muchof the ratio. The discrepancies with the experimental mass
too low. This observation agrees with the supposition thayield curves amount to 30%.
the calculated postscission neutron multiplicity may be too Figure 44 is included to illustrate the effect of taking a
high due to a wrong estimation of the energy required for thelifferent prescission shape in the calculation. According to
emission of neutrons by the fragments and not due to a scis8rosa, the neck becomes unstable against rupture at the Ray-
ion temperature that is too high. leigh criterion. The results in Fig. 44 are obtained by assum-
The predictions for these normalized yields are obtainedng that scission already takes place at the Rayleigh criterion.
by adjusting the saddle-point to ground-state level densitylhis corresponds to more compact prescission shapes and
ratios to reproduce the experimental mass yields. In Sec. Ilhence to shorter necks. The consequence is obvious: the neck
the influence on the prediction of the total fission cross secean break at less locations with equal probability. This
tion has already been examined. It turns out that the fissionauses the peaks to be narrower and the widths of the distri-
cross section in the reactions under study is overestimated Hyutions are completely off.
approximately 15%. The influence of this level density ratio Besides neutron-induced reactions, also proton-induced
is rather profound as can be concluded from Fig. 43. Thidission is investigated. In Fig. 45 the results are plotted for
figure shows the results of the mass yield calculations basgareneutron emission mass yields in proton-induced fission of
on the level density ratios which perfectly describe the fis-2?Th at three different energies. The experimental data are
sion cross sectiorisee Sec. Il ¢. These ratios are lower taken from Ref[63]. For 13 and 20 MeV the agreement is
than the ones used in Fig. 41. For low energies the differencagain quite goodwithin 10%). The reaction at an incident
is rather small(up to 30 MeVj, but at higher energies the energy of 53 MeV shows a wrong relative contribution of
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FIG. 43. Preneutron emission mass yields in neutron-induced % 4 L .
fission reactions orf*U. The saddle-point to ground-state level ~ 2 [ ]
density ratios are fitted to reproduce the total fission cross section. 0/ ' ]
Data are taken from Ref62]. 070 120 170

asymmetric and symmetric fission. As will be further ex- A
plained in the last section, thorium lies on the edge of the FIG. 44. Preneutron emission mass yields in neutron-induced
actinide region and is subject to a transition to symmetridission reactions orf*® with the prescission shapes taken at the
fission which occurs much earlier than in the case of uraRayleigh criterion. Data are taken from RE82].
nium. Apparently, the ALICE-91 plus temperature-
dependent Brosa model is not able to predict this transition Postneutron emission mass yields can be found in Figs. 47
accurately. Up to 50 MeV, the prediction of the fission crossand 48. Figure 47 displays postneutron emission mass yields
section ends up within 10% of the experimental values.  in neutron-induced fission of*®U [62]. The same incident
Figure 46 shows preneutron emission mass yields imenergy ranges are chosen as for the preneutron emission
proton-induced fission of?Ra and?*®U [64,65. In the case vyields. The agreement for the 13- and 28-MeV incident en-
of 13-MeV protons on??Ra the prediction gives a triple- ergies is excellent. At higher energies the effect from the
humped distribution in accordance with experimental obserexcessive postscission neutron evaporation is present. The
vations. Unfortunately, the relative contributions of the fis-underprediction of the width of the preneutron emission
sion modes are incorrect. Furthermore, the position of thenass yield curve is enhanced by the postscission neutron
asymmetric peak does not agree with the experimental datavaporation. This has already been encountered and ex-
This is due to the fact that the ST | mode is predominant inplained in the previous section and further elucidated in the
the calculation, while from the experimental data the peakbeginning of this section. The heavy fragments lose too
around mass 140 indicates a strong contribution of the ST linany neutrons, which leads to an underprediction in the
mode. The first problem resembles the underprediction ofight wing of the distribution and to an overprediction on the
symmetric fission in 53-MeV proton-induced reactions inleft-hand side. Especially the mass yield curve around 200
232Th as mentioned in the previous paragraph. The outcombleV suffers from this effect to the same extent as the sub-
of the calculations forr*®U at 20 and 60 MeV incident en- actinides in proton-induced reactions at 190 M@¥y. 39.
ergies is acceptable. On top of the 10% uncertainty in the Unfortunately, the experimental data for other nuclides
normalized mass yields, an additional uncertainty of 15% irare limited to neutron energies around 14 MeV. Figure 48
the total fission cross section enters. includes data for four different nuclide$3?Th, 233U, 24%pu,
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= 2 7 FIG. 47. Postneutron emission mass yields in neutron-induced
N <= fission reactions orf*®U. The neutron incident energy ranges are
0 L L 1 L | L | - .
60 80 100A120 140 160 denoted in the graphs. Data are taken from R&Z].
E— and ?Am [66—69. At the corresponding excitation ener-
6 238 gies the postscission neutron evaporation does not yet spoil
—_ 20MeVp+—U o . )
< - the outcomes. The prediction in the wings of the mass dis-
= 4 r 7 tributions deviates from experiment with maximally 30% for
3 5| ] 2321, 24%py, and?’Am. However, in the case of*U the
s I right tail is underpredicted by a factor of 10. On the top of
0 R the distribution and in the symmetric valley the agreement is
70 90 110A 130 150 170 within 20%, except in some mass regions’®Th where the
calculated yields lack the small symmetric hump.
T T T T T T T
6 r 238 -
< | 60MeVp+~U D. Transition from symmetric to asymmetric fission
E 4 | ) From all mass yield curves seen so far in the previous two
2 sections, it can be concluded that somewhere at the edge of
2 A s . -,
I the actinide region a transition takes place between symmet-
0 N S ric and mixed(symmetric plus asymmetpidission. More-
70 90 110A130 150 170 over, observations by Schmiét al. [11] suggest a change

towards symmetric fission in the neutron-deficient part of the

FIG. 46. Preneutron emission mass yields in proton-induced fisactinide region. In addition, an increase in symmetric fission
sion reactions orf?®Ra and?*®U for the incident energies given in is observed with increasing excitation energy. The question
the graphs. Data are taken from Rgf4,65.

arises whether this last effect is mainly due to the vanishing
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170 FIG. 49. Mass distributions of various isotopes labeled by the
element name and neutron number. The calculations are performed
) at a fixed excitation energy of 10 MeV. The thick solid line con-
‘s 1 ] nects isotopes for which the symmetric hump exceeds the asymmet-
= E ric humps for the first time starting from stability and going towards
=1 3 neutron-poor nuclides. The dotted line is obtained in an equivalent
& ] manner from charge distributions measured by Schetidt. [11].
e 1 : The dot-dashed line represents the condition by Chung and Hogan
170 [70,71] and the dashed line corresponds to a calculation bilevlo
_ R [72].
£10" | 148Mevn+*'Am |
< E : stability. The line originating from the ALICE-91 plus
; temperature-dependent Brosa model calculations, however,
> 1072 L ) is perpendicular to these lines. This completely different be-
e N havior is also observed by Schmiett al. [11] in the charge
70 120 170 distributions of the same fissioning isotopes at excitation en-
A ergies peaked around 11 MeV. Here the transition marked by

the dotted line also tends to occur along a line perpendicular

FIG. 48. Postneutron emission mass yields in neutron-inducedo the Mdler line. The prediction by the ALICE-91 plus
fission reactions as_specifie_d in the graphs. Data are taken fromemperature-dependent Brosa model exhibit therefore the
Refs.[66-69. The triangles in the upper graph correspond to datasame tendency as experimentally observed. In conclusion, at
read from a table, whereas the circles are read from a figure. low energies the transition seems to take place at less

of asymmetric fission modes with increasing excitation en_n_eutron-poor nuclides for thorium and actinium than for ura-

ergy or to the contributions of more and more neutron-poop'u_lr_nh' _ i and i« fission depend
isotopes with an intrinsic symmetric behavior. € portion symmetric and asymmetric fission depends

Figure 49 shows mass distributions of various isotope?n the excitation energy. Therefore similar calculations are
garried out for an excitation energy of 20 Me¥ig. 50.

between actinium and uranium labeled by the element namB th itati i Il ab the bari I
and neutron number. The calculations are carried out for nu2€c2USe the excitation energy lies well above the barrers, a

clides with an excitation energy of 10 MeV. The gradualfiSSion modes present have a reasonable contribution. This

change from asymmetric and mixed to symmetric fission i€XPlains the mixed mass yields visible in all graphs. Appar-

clearly visible. Near the valley of stability, at the right-hand
side of the plot, fissioning isotopes tend to produce mass
distributions with a strong asymmetric signature. At the left- U
hand side the resulting mass yields are entirely symmetric ol
possess at least a large symmetric share. A solid line conp,
nects the isotopes for which the symmetric hump exceeds thi /U\
asymmetric humps for the first time in going towards
neutron-poor nuclides starting from stability. This is taken asTh
a crude measure for the transition. The dot-dashed line rep |/ "\
resents a condition by Chung and Hod&0,71] which also
marks the transition from symmetric to asymmetriaixed) Ac
fissioning isotopes. The dashed line corresponds to a calcu
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lation by Mdler [72] who determined the stability of the 134 135 136 N‘37t ‘18 139 M 141
saddle-point configuration against asymmetric deformations.
The lines belonging to Chung and Hogan andllgtohave in FIG. 50. Same as Fig. 49 but for an excitation energy of 20

common that they run more or less parallel to the line ofMeV.
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ently, only at considerably low energies, symmetric fission is TABLE IV. Accuracies obtained from comparing the predic-
preferred by the neutron-deficient isotopes as well as by mogions with experimental data for incident energies between 15 and
actinium isotopes at the edge of the actinide region. Since the00 MeV and isotopes as treated in Sec. IV. The relative uncertain-
melting of fission modes happens in beta-stable and ver993 in the proton and neutron-induced fission cross sections as well
neutron-deficient nuclides at a comparable ratee, e.g., @S in the preneutron and postneutron emission mass yields are
Sec. Il B, the situation of Fig. 50 persists up to a certain9'Ven:

excitation energy, above which an overall and gradual tran=

sition to symmetry occurs simultaneously for all isotopes. Subactinide region Actinide region
Hence in the calculations presented here the increase of sym- Z<84 Z<91  Uranum Z>93
metric fission at high energies is fed more by the disappear; _(p f) 10—100 % 10-20 % 10%
ance of the asymmetric fission modes due to the vanishing OJF(n,f) 10-15% 10-20%  10-15% 20%
shell effects and less by a larger contribution of neutron
deficient nuclides due toythe prgceding neutron evaporatiorzpre(A) 10-15% 10-50% 10%

pos(A) 50-1000 % 10-1000%  30%

In the previous section a systematic underprediction of the
symmetric component in the description of intermediate-

energy fission of thorium and radium has been observecheck of the scissioning nucleus into the preneutron and post-
Two effects may be responsible for this. The increase of th@yeutron emission mass yield curve. Linking this result with
symmetric component in these elements may be too slowe fission cross section contributions by all possible fission-
with excitation energy or, gqgivalently, the asymmetric fis—ing systems Acn.Zcn E&y) as computed by ALICE-91
sion modes do not vanish in time. The alternative possibility 3g) the total preneutron emission and postneutron emission
is a lack of symmetric fission in neutron-poor nuclides due tgy,555 yields may be determined for any imaginable light
wrong barrier parameters resulting in an overestimation Of)article-induced fission reaction from 15 up to roughly 200
asymmetric fission at higher energies, or due to an OVerpryey, |n this way, the competition with all other outgoing
diction of the excitation energy in these nuclides. Based oRpannels is automatically taken into account. By separating
the comparisons between calculations and experimental rgne calculation of the fission cross section from the fission
sults shown here it is not possible to draw a final conclusmnfragmem properties, the final uncertainty in the prediction is

Perhaps that the future will brin_g other experimental _d_ataa superposition of the uncertainties stemming from both
that will help to solve the question on how the transition gieps.

between symmetric and asymmetric fission takes place. Actinide nuclides turn out to have three dominant fission
modes: the symmetric superlong mo@d.), and the asym-
V. SUMMARY AND OUTLOOK metric modes standard (ST 1), and standard (ST 1),
A. Summary whereas subactinides possess only one asymmetric mode ST

) ) o ) ) in addition to SL in the Brosa calculations. For subactinides,

In intermediate-energy fission studies the keyword is mulasymmetric fission is completely neglected in the present
tichance fission. The evolution of an entirely equilibratedcalculations. The outer barrier is not described well with a
nucleus from its ground-state shape to the scission point isarabola, which disenables the determination of the relative
thought to proceed at a pace comparable to the emission @ksjon mode weights by a Hill-Wheeler approach. The fis-
light particles. The process of sequential particle evaporatioBion barrier heights resulting from the channel searches in
populates many intermediate nuclides characterized byhe PES agree very well with experimental values for the
(Acn,Zcn,EEn)- Each nuclide in each excitation energy bin inner barriers. The outer barriers, however, are much too
makes a decision: to fission or to evaporate further. Hence ifigh. From the final mass distributions it can be concluded,
the description of fission two main ingredients can be distinnevertheless, that these outer barriers suffice to determine
guished: a model to determine the fission cross sections faforrectly the relative weights of the fission modes in most
all fissioning systems as a function of their excitation enercases.
giesor(Acn,Zcen,Egy) and a model to predict the fission- Mass yields can be predicted with a proper choice of both
fragment and fission-product yields for each set ofthe ground-state to saddle-point level density parameter ratio
(Acn,ZenSEEN)- as/a, and the prescission shapes. The prescission shapes are

The original Brosa moddll2] has been extended in vari- fixed by applying the same recipe to all nuclei. This leaves
ous ways. First of all, the temperature is added to the calcua;/a,, as the only parameter which is tuned to reproduce at
lation of the potential energy landscape of the nucleus. Ibest both the fission cross section and the mass yield curve
this manner, the incorporated melting of the shell effectdor a given reaction. The obtainable accuracy depends in
naturally gives rise to the vanishing of asymmetric fissiongeneral on the incident energy as well as on the isotope in-
modes ST | and ST Il with increasing excitation energiesvestigated. Table IV contains a summary of the uncertainties.
Second, the relative contributions of the different fissionThey are extracted from comparing the predictions for the
modes are evaluated with the Hill-Wheeler penetrabilitytotal fission cross sections as well as for the preneutron and
through inverted parabolic barriers using ground-state levgbostneutron emission mass yields with experimental data.
densities and temperature-dependent barrier parameters. Thbe incident nucleon energies range from 15 to 200 MeV
classic random neck-rupture model, subsequently, translatesd the isotopes are either subactinides or actinides. In Table
the rupture probability as a function of the position at thelV the actinide region is subdivided ini@) the nuclides on
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the edge marking the transition to low-energy symmetric fis-culation of the charge distribution does not follow from the
sion, (b) uranium for which a large amount of data is avail- RNRM. Here another model, possibly the scission point
able, and(c) the heavier actinides. The predictive power model by Wilkinset al. [6], has to be introduced. The neu-
changes drastically with observable, nuclide, and excitatiotron emission from saddle point to scission point may be
energy. taken into account in some effective way by assuming that

The prediction of the total fission cross section is fairly part of the available excitation energy is transformed into
accurate. Only in the case of the subactinides, for which thaeutrons emitted from the fissioning system before scission
probabilities become very small, deviations up to 100% cariakes place.
occur. The determination of preneutron emission mass yields Ingredients in the temperature-dependent Brosa model it-
is satisfactory. The good agreement for uranium at energieself also might lead to further refinements. The parametriza-
as high as 200 MeV suggests that the temperature-dependéditn of the deforming nucleus may require more than the five
LDM does not break down above a temperature of 2.0 MeVparameters which are presently used. The addition of some
This value has been given as the validity boundary as merextra parameters will allow the nucleus more freedom in the
tioned in Sec. Il C. Only in fission of?®Ra and?3?Th the  choice of its shapes and hence in the fission channel. This
model cannot correctly describe the experimentally observethay result in a better agreement between the experimentally
transition to symmetric fission. Asymmetric fission persistsdetermined outer barrier heights and the calculated values.
up to too high incident energies. This leads to deviationdMoreover, the fact that only the shell effects of the complete
between 10% at low energies and 50% at high energies in thigssioning nucleus are computed can possibly account for
fission-fragment mass yields. Whether this stems from toa@eviations observed in the predicted average heavy fragment
slowly vanishing asymmetric fission with increasing excita-mass. The inclusion of shell effects in the fragments may
tion energies or from a lack of symmetric fission contribu-turn out to be indispensable for an even more reliable pre-
tions from neutron-deficient nuclides could not be concludedliction of this quantity. Another refinement may originate
from the results in this work. In general, the calculated postfrom the inclusion of the collective enhancement in the cal-
neutron emission mass yields are too narrow: the light wingulation of the transmission through the different outer bar-
and the top are reproduced within 50% or better, whereas théers in order to determine the relative weights of the fission
heavy wing is underestimated by one order of magnitudemodes. For this purpose, a calculation of the moments of
This is probably related to an overestimation of the postscisinertia at each of the saddle points will be necessary. In this
sion neutron multiplicity. The model neglects the neutronwork, the ground-state level density is used in combination
evaporation between the saddle point and the scission poinkith temperature-dependent barriers disregarding the change
This leaves too much excitation energy in the fission frag-in collective effects between the ground state and the various
ments. Consequently, the heavier fragment, which receives@uter saddles.
larger portion of the excitation energy of the fissioning sys- Improvements are also achievable in the description of the
tem, evaporates absolutely more neutrons than the lightenultichance fission process. This may be connected either to
fragment. This reduces the width of the final mass distributhe replacement of the Bohr-Wheeler approach for a single-
tion. Since, however, the calculated mean mass of the prssumped barrier, as used in ALICE-91, by a more sophisti-
neutron emission mass yield curves agrees very well with theated treatment, or to a better understanding of the other
experimental values, the prescission neutron multiplicityreaction channels which influence indirectly the fission out-
which momentarily excludes neutron evaporation betweemomes through their competition with the fission process.
the saddle point and the scission point, cannot be completely The research presented in this manuscript merely forms a
wrong. Furthermore, the temperature of the fissioning systerstep in the process of acquiring a deeper understanding of the
cannot be far too high, because of the correctly reproducefission process at intermediate energies. The combination of
relative contributions of the different fission modes in thefuture refinements in the calculations and the appropriate ad-
calculated preneutron emission mass Yyield distributionsditional experiments might in the end provide an answer to
Therefore a more likely explanation is provided by the sup-the still open question about the true nature of the observed
position that the fragments evaporate too many neutrons benergy and mass-dependent transition between asymmetric
cause of an underestimation of the energy required for thand symmetric fission.
emission of particles.
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the fission-fragment properties. Three major extensions pos-
sible in the calculation of the fission-fragment properties

consist of including the charge distribution, the TKE, and the

neutron emission between the saddle point and scission
point. The addition of the TKE requires only a minor effort,  If the transmission of the first barrier is denoted by Tr
since this is already computed by the RNRM. It only requiresand that of the second barrier bygTrthe total transmission
implementation into the coupling with ALICE-91. The cal- coefficient is given by:

APPENDIX: WEIGHTS OF FISSION MODES
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through the outer barriers. The separate total transmission
(Al)  coefficients of the three dominant fission modes SL, ST |,
and ST Il have the following form:

- TraTrg
T Trg

This is the same as E@58) in Sec. Il. This expression is
only valid if at least one of the barriers is lower than the
excitation energy, and hence one of the single transmission
coefficients is close to unity or greater. For all nuclides con-
sidered in this work, the theoretical inner barrier is always
much lower than the theoretical outer barrier. ThereforeThe weightW of the superlong mode becomesxpressions
Trinner is much larger than the transmission coefficientsfor the other fission modes are completely equivalent

Tre = TrSL,outerTrinner
SL— .
TrSL,outer+ Trinner

(A2)

TrgL 1
W= et Tremn T T T T T T ' (A3)
s sTi st IsTiouter ITsiLouter linner IsTiouter ITsiouter linner
TrSL,outer TrSTI,outer+Trinner TrSL,outer TrSTII,outer+Trinner
[
which may be approximated as follows: Trsi outer™ Trinner
’ ~1. (A5)

Tr +Tr;
TrSL,outer STlouter inner

Wsy (A4)

- Trsioutert TrsTiouter™ TTsTiouter . .
o ot ot Another way to arrive at the same result for the weight of the

fission modes is to neglect the first barrier completely from
the beginning.

This last step is valid if Thoe™Trsiouters  Tlinner
>TrSTI,outera and Trnner>TrSTll,outerv I.e.,
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