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Abstract：The stochastic approach to fission is employed to analyze measured fission excitation func-

tions in the reactions 3He+197Au, 3He+208Pb and 3He+186W. A pre-saddle friction strength of about

4 × 1021 s−1 is extracted by comparing theoretical calculations with experimental data. The important

role of level-density parameters in accurately determining the strength of nuclear friction is revealed.

It is further shown that high-energy conditions can enhance the sensitivity of fission cross sections to

nuclear dissipation.
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1 Introduction

The precise determination of the magnitude of

nuclear dissipation is the focus of current theoretical

and experimental studies in the field of low-energy

nuclear physics. Nuclear dissipation affects a vari-

ety of phenomena, ranging from low-energy deep-

inelastic scattering
[1]

and decay modes of highly ex-

cited nuclei
[2]

to the evolution of matter at extremely

high densities and temperatures created in heavy-ion

collisions at ultrarelativistic energies
[3]
. Dissipation

hinders fission that considerably reduces fission prob-

ability and increases particle emission. Compared

to particle multiplicity which is emitted along the

entire fission path, fission probability is sensitive to

pre-saddle friction only. Fission excitation functions

are thus considered as the most direct and sensitive

method of probing the nuclear friction strength in-

side the fission barrier[4−5].

Systematic measurements of fission excitation

functions have been carried out by means of heavy-

ion fusion-fission reactions, and a number of model

calculations and analyses
[6–8]

have been made. In

contrast, few studies have been performed for light-

ion induced fusion-fission reactions, which populate

compound nuclei (CNs) with a low spin. This is

markedly different from that produced in heavy-

ion collisions. The angular momentum plays an

important role in the competition between fission

and evaporation. In addition, it can modify the

magnitude of level density parameter, which is a

crucial parameter in decay-type model calculations.

Thus, surveying light-ion induced fission reactions

not only reveals new information of nuclear dissipa-

tion, but also sheds new light on the widely used

stochastic model
[6–14]

. The present work is devoted

to the study of nuclear dissipation through fission

cross sections as a function of excitation energy mea-

sured in 3He+197Au, 3He+208Pb and 3He+186W

systems[15−16].

2 Theoretical model

The stochastic model
[17]

to fission dynamics of a

hot CN is adopted here. The model has been success-

fully applied to reproduce a great number of experi-

mental data on dissipative fission over a wide range

of excitation energy and fissility. The dynamic part
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of the model is expressed by entropy. We employ

the following one-dimensional overdamped Langevin

equation to perform the trajectory calculations:

dq

dt
=

T

Mβ

dS

dq
+

√
T

Mβ
Γ (t) . (1)

Here q is the dimensionless fission coordinate and

is defined as half the distance between the center of

mass of the future fission fragments divided by the ra-

dius of the CN, M is the inertia parameter, and β is

the dissipation strength. The temperature in Eq. (1)

is denoted by T and Γ (t) is a fluctuating force with

< Γ (t) > = 0 and < Γ (t)Γ (t′) > = 2δ(t− t′). The

driving force of the Langevin equation is calculated

from the entropy:

S(q,E∗)= 2
√
a(q)[E∗−V (q)] , (2)

where E∗ is the total internal energy of the sys-

tem. Eq. (2) is constructed from the Fermi-gas

expression with a potential V (q) in the {c,h,α}
parametrization

[18]
. Here c and h correspond to the

elongation and neck degrees of the freedom of the nu-

cleus, respectively. Since only symmetrical fission is

considered, the parameter describing the asymmetry

of the shape is set to α = 0. The q-dependent surface,

Coulomb, and rotation energy terms are included in

the potential V (q).

In constructing the entropy, the deformation-

dependent level-density parameter is used:

a(q)= a1A+a2A
2/3Bs(q) , (3)

where a1 and a2 are constants and their values are

taken from Ref. [18]. Bs is the dimensionless surface

area (for a sphere Bs = 1) which can be parameter-

ized by the analytical expression
[20]

Bs(q)=

 1+2.844(q−0.375)2, if q < 0.452 ,

0.983+0.439(q−0.375), if q> 0.452 .

(4)

In the model, light-particle evaporation is cou-

pled to the fission mode by a Monte Carlo procedure.

The emission widths of neutrons, protons and alpha

particles are calculated with Blan’s formula
[21]

.

For starting a Langevin trajectory an orbit an-

gular momentum value is sampled from the fusion

spin distribution, which reads

dσ(ℓ)

dℓ
=

2π

k2

2ℓ+1

1+exp

[
ℓ−ℓc
δℓ

] . (5)

The parameters ℓc and δℓ are the critical angular mo-

menta for fusion and diffuseness, respectively. For

different systems, they are found to follow a scal-

ing, which is in accordance with the surface friction

model
[22]

that describes the fusion cross sections very

well. Namely,

ℓc =

√
20.4(Ec.m.−Vc)−

1.7Ec.m.

(λ/4π)2
, (6)

where Ec.m. = ElabAT/(AT +AP), λ = 2π~(AT +

AP)/(AT

√
2APmnucElab). Elab denotes the labora-

tory energy of the projectile, mnuc is the nucleon

mass. AT and AP represent the mass number of tar-

get and projectile, respectively. For the barrier Vc =

19.51 MeV
[6]
. The diffuseness δl scales as

δl=


[
(APAT)

3/2×10−5
]
[1.5+0.02(Ec.m.−Vc−10)] for Ec.m. >Vc+10 ,[

(APAT)
3/2×10−5

]
[1.5−0.04(Ec.m.−Vc−10)] for Ec.m. <Vc+10 .

(7)

These scaling values have widely been tested by suc-

cessfully fitting particle emission
[7, 14]

, evaporation-

residue cross sections
[8]

and its spin distributions
[23]

,

etc. Finally they are constrained from the experi-

mental fusion cross sections.

3 Results

For a hot nuclear system, the driving force is not

the negative gradient of the conservative potential

but contains a thermodynamical correction
[17, 24]

.

Thus, entropy S(q,E∗, ℓ) is used in our dynamical

calculation, which is a function of angular momen-

tum ℓ. As a result, other physical quantities such as

level density parameter and its ratio at saddle (af)

to that at ground state (an), af/an, vary with ℓ.

At high ℓ, the saddle point gets closer to the

ground-state configuration. This reduces the magni-

tude of af/an, and correspondingly, affects the com-
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petition of fission with evaporation. In our model,

we calculate the ratio af/an by the following pro-

cedure. We first determine the locations of saddle

and ground state, which are defined by the station-

ary points of entropy
[17, 24]

, by comparing the mag-

nitude of S(q) at different q
[20]

. Then the magni-

tudes of level density parameter at saddle (af) and

at equilibrium shape (an) are obtained by means of

Eq. (3).

Fission probability is a sensitive function of

af/an
[8]
. Compared to heavy-ion collisions that yield

CNs with a high spin, the CN populated by light-ion

induced fusions has a low spin that leads to a larger

af/an. This considerably enhances the role of af/an

in the fission process of hot nuclei.

Apart from friction, level-density parameters

also affect the decay process of a nucleus. Disentan-

gling the two effects favors a better understanding

of the role of level-density parameters in deciding fis-

sion cross sections. To this end, standard statistical

model (SM) calculations are first performed.

Model calculations and a comparison with mea-

sured fission excitation functions of the 3He+197Au

reaction are shown in Fig. 1. The calculations are

divided into three types: (i) SM calculation and

Fig. 1 (color online) Fits to measured excitation func-

tion data of fission cross sections (denoted by cir-

cles with error bars) in the 3He+197Au system
[15]

.

Curves represent various theoretical calculations:

case (i) SM without friction but with af/an = 1 and

an = A/8 (dotted line); case (ii) SM without friction

but with af/an ̸=1 (dashed dotted line) and case (iii)

Langevin model with af/an ̸= 1 at friction strengths

β = 3 zs−1 (dashed line), 4 zs−1 (solid line) and 6

zs−1 (dashed-double dot line). The unit of β is zs−1;

1 zs = 10−21 s. The figure is taken from Ref. [24].

af/an = 1, an = A/8 MeV; (ii) SM calculation and

Ignatyuk et al.’s level-density parameter and (iii)

Langevin calculation at three friction strengths β=3

zs−1, 4 zs−1 and 6 zs−1.

One can see that the results of the first-type

calculation are below data points for large E∗. In

case (i) we assume that the value of level-density

parameters at saddle is the same as that at equilib-

rium shape. But it has been shown in a number of

studies
[19, 26–28]

that af should be larger than an due

to the increased area of nuclear shape at saddle; that

is, the ratio af/an exceeds unity.

In order to explore the role of level-density pa-

rameters in decay modes of an excited nucleus, we

further carry out SM calculation but adopt the de-

scription of Ignatyuk et al.’s deformation-dependent

level-density parameter. For this case, as a conse-

quence of a larger af/an which increases fission prob-

ability, the calculated fission cross sections (denoted

by dashed dotted line) are far higher than measured

values (Fig. 1). The result clearly reveals the signifi-

cant influence of the magnitude of af/an on fission.

In case (ii), the value of af/an is evaluated with

Eq. (3), in contrast with case (i) where af/an is

set as unity. Case (ii) predicts an evident devi-

ation from experimental data, implying the neces-

sity of explicitly accounting for friction effects in

fission
[2, 6–8, 12, 14]

. Dissipation retards fission, caus-

ing a lower fission rate that counterbalances the role

of a larger af/an in modifying the fission rate.

Now we turn to Langevin simulations. Com-

pared to SM, the Langevin model takes into account

a great many dynamical features
[17, 29]

when a CN

fissions. In our Langevin calculation a number of β

values are chosen. One can see from Fig. 1 that the

σfiss estimated at β = 3 zs−1 are smaller than those

in case (ii) but still higher than experimental values.

This suggests that while fission is hindered due to an

introduction of friction that partially offsets effects

arising from a large af/an, the role of the parameter

af/an is still predominant in determining the ampli-

tude of fission probability. As β is increased up to

6 zs−1, the theoretical σfiss are lower than the mea-

sured ones, indicating that friction has a stronger

influence on the fission probability than af/an.
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Langevin calculations at β = 3 zs−1 and 6

zs−1 display an opposite deviation from experimen-

tal data, in particular at higher energies. This im-

plies that a proper friction strength is required in

order to provide a satisfactory description of the mea-

sured fission cross sections. We notice that calcula-

tion with β=4 zs−1, as shown by solid line in Fig. 1,

reproduces the data quite well.

Further, we note a greater difference of σfiss cal-

culated at β = 3 zs−1 and β = 6 zs−1 when E∗ is

raised, showing a larger sensitivity of fission cross sec-

tions to friction with increasing energy. This stems

from an increasing difference of the number of emit-

ted pre-saddle particles at high energy. At high E∗,

af/an drops due to a shorter distance between sad-

dle and equilibrium configurations, which enhances

friction effects on neutron multiplicity. Another fac-

tor is that a longer time is required to emit particles

at a lower energy, which decreases the influence of

friction on particle evaporation. In contrast, only a

short particle evaporation time is needed under the

condition of high energy. As a result, a large friction

delays fission more strongly. This increases particle

emission at large β. The two factors contribute to a

greater particle multiplicity at high energy. The par-

ticle number emitted inside the barrier determines

whether a decaying system fissions or not, namely, it

determines the fission probability.

Shown in Fig. 2 are model calculations along

with a comparison with data measured in 3He+
208Pb. A picture like Fig. 1 is seen for the reaction.

Fig. 2 (color online) Same as Fig. 1, but for the
3He+208Pb system

[15]
.

The figure is taken from Ref. [24].

The calculation shows that the pre-saddle friction

strength of 4.5 zs−1 gives a best reproduction of the

experimental fission cross sections.

Here, we further compare Langevin calculations

with fission data of light compound systems provided

in the 3He+186W reaction. Results are displayed in

Fig. 3. It is seen that a narrow range of β, i.e.,

(3.5 ∼ 4.5) zs−1, describes the experimental data.

The friction value is similar to that obtained from

Figs. 1 and 2.

Fig. 3 (color online)Comparison between measured

excitation function data (denoted by circles with

error bars) in the 3He+186W system
[16]

with

Langevin calculations at friction strengths β = 3

zs−1 (dashed line), 3.5 zs−1 (dashed-double dot

line) and 4.5 zs−1 (solid line).

Various types of observables have been sug-

gested to probe the strength of nuclear friction.

Using the measured particle multiplicity the β ex-

tracted is (5 ∼ 8)
[30]

and 5
[31]

(zs−1). An analy-

sis of evaporation-residue cross sections reveals that

β 6 10
[32]

. Evaporation-residue spin distribution

data give a pre-saddle β of 5 zs−1[23]. A pre-saddle

β of (2 ∼ 5) zs−1 describes well the width of

fission-fragment charge distributions
[33]

. These fric-

tion strengths including ours are weaker than pre-

dicted by one-body dissipation model.

4 Summary and outlook

In summary, we have extracted the pre-saddle

friction strength of about 4 zs−1 by comparing cal-

culated and experimental fission excitation functions

in 3He+197Au (208Pb and 186W). The role of level-

density parameter in accurately constraining the fric-
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tion strength is revealed by comparing three types of

model calculations in which the magnitude of af/an

is different. This clearly demonstrates the impor-

tance of evaluating the parameter value in a realistic

and an elaborate manner. Further, it has been shown

that af/an contributes a marked difference of fission

cross sections as a function of the friction strength

at higher energies. The result suggests that raising

excitation energy of a populated CN favors a more

precise determination of nuclear friction with fission

cross sections.

In addition to He-ions induced fusion reactions,

fission excitation functions measured in energetic

proton- and antiproton-nucleus collisions have re-

cently received a wide attention
[34]

. For the latter,

the produced residual hot nuclear systems have a

distribution in its excitation energy, angular mo-

mentum, mass number and atomic number, which

can be estimated by the intranuclear cascade model

(INCL)
[35]

. A new approach that combines Langevin

description of fission of hot nuclei with INCL model

has been developed to determine the nuclear friction

strength in proton induced spallation reactions
[36]

.

Work along this direction is now underway.
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用He离子诱导的裂变激发函数探测核摩擦强度

叶 巍
1)

(东南大学物理系，南京 210096 )

摘要: 随机模型被用于分析 3He+197Au，3He+208Pb和 3He 186W反应测量的裂变激发函数。提取的鞍点前摩

擦强度约为 4×1021 s−1。揭示了能级密度参数的大小在约束核摩擦强度中的作用。计算表明，高激发条件能

能显著增强裂变截面对核耗散的敏感性。

关键词: 裂变激发函数；核摩擦；Langevin模型；能级密度参数
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