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INTRODUCTION

In 1939, Hahn and Strassman [1] performed an elaborate séries of experiments

bombarding natural Uranium with neutrons. The unexpected and startling results

indicated that Uranium nuclei irradiated with neutrons could split into fragments

of intermediate mass, that seemed to be, at that time, incompatible with already

known properties of nuclei. However, other experiments produced additional évi

dences to support their interprétation of their expérimental findings. The same year,

Meitner and Frisch [2] recognized that if a heavy nucleus divided into two fragments

of comparable mass, the mutual Coulomb repulsion of the fragments would resuit

in a total kinetic energy of about 200 MeV, an amount of energy available from the

différence in the masses of the original nucleus and the two products. The predicted

high kinetic énergies of the fragments were very quickly confirmed experimentally

by Frisch [3], who observed the very large puises produced by the fragments in an

ionization chamber.

The discovery that the capture of a thermal or low energy neutron by a heavy nucleus

resulted in the rupture of the nucleus into fragments of intermediate mass raised new

theoretical problems. Meitner and Frisch [2] were the first to suggest a theoretical

explanation on the basis of a nuclear liquid drop model. They pointed out that just

as a drop of liquid which is set into vibrations may split into two drops, so a nucleus

might divide into two smaller nuclei. Thèse authors treated the stability of nuclei in

terms of cohesive nuclear forces of short range, analogous to surface tension, and an

electrostatic energy of repulsion. They went on to estimate that nuclei with Z ~ 100

would immediately break apart. Since Uranium had only a slightly smaller charge,

they argued that this nucleus would divide into two nuclei upon receivinga moderate

amount of excitation energy supplied by the neutron binding energy. To describe

this exciting new process, Meitner and Frisch proposed the term nuclear "fission" in
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analogy to the process of division of biological cells. Six décades hâve elapsed since
. the discovery of fission and an enormous number of articles hâve been published

on the expérimental and theoretical aspects of fission. Nevertheless, still nowadays,
nuclear fission, an extremely complex reaction is not fully understood. In the fission
process we are dealing with a cataclysmic rearrangement of a single nucleus into two
nuclei. However, a better understanding of the fission process relies mainly on the
détermination of the mass, energy and angular distributions of the fission fragments
as a function of the excitation energy of the compound nucleus. Indeed, knowledge
of thèse characteristics is of interest from the point of view of acomprehensive inves
tigation of the mechanism of formation of the fragments and especially the splitting
of the nucleus. The présent work describes the évolution of thèse physical char
acteristics for the reaction 238U(n,f) as a function of the incoming neutron energy
between 1.2 and 5.8 MeV. Since this work is based on adouble energy experiment,
a particular attention has been paid to study separately the properties of both the
light and heavy fragments as a function of En. The necessary corrections applied
to the raw data are presented in détail. From an expérimental point of view, the
main working principle of the double Frisch-gridded ionization chamber is also given.

The 238U(n,f)-process is interesting for several reasons. The reaction 23sU(n,f) is
considered as a useful standard for neutron cross-section measurements in the MeV
région. The fission fragment yield data are of great importance for decay heat cal
culations, but they are scarce in literature in the case of 238U(n,f). Furthermore, the
study of the even-odd fissioning system 239U complètes the fission fragment property
investigations already accomplished at the IRMM on the odd-odd (238Np) [4] and
even-even (236U) [5] fissioning Systems. The compound nucleus 239U is even-odd and
provides a good opportunity to study the influence of the proton pairing effect on
the fission fragment properties. The présence of vibrational résonances below the
threshold in the fission cross-section makes this reaction also interesting to investi-
gate. In addition, the high intrinsic energy resolution of the double Frisch-gridded
ionization chamber (aE ~ 200 keV) given in réf. [6] permits the display of possi
ble fine effects that may occur in the behaviour of the kinetic energy of the fragments.

In parallel, expérimental mass-TKE distributions hâve been described by a fit in
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terms of fission modes and compared with theoretical calculations performed re-

cently by Oberstedt et al. [7] in the frame of the multi-modal random-neck rupture

model of Brosa et al. [8].



Chapter 1

OVERVIEW OF THE FISSION

THEORY

1.1 Basic principles

Fission is a complex process that can be described as a séquence of events starting

with the formation of the excited compound nucleus (except spontaneous fission

which occurs from the ground state of the original nucleus) and ending with the

decay of the radioactive fission products. Various approaches exist to explain this
fascinating process. The basic uniformly charged liquid drop model is of interest in
providing a first orientation of the energetics associated with the nuclear distortion
encountered in nuclear fission. Thus, the liquid drop model in its simplest form

describes the potential energy changes associated with shape déformation in terms

of the interplay between short-range charge independent nuclear forces creating a

surface tension and the répulsive Coulomb forces between protons. The first and

dominant term in the mass équation is proportional to the nuclear volume and ex

presses the fact that the nuclear binding energy is proportional to the number of
nucléons. However, this assumption supposes that the problem is treated as if the

nucleus was infinité, in which case the surface effects are negligible, which is however

not the case. Consequently, the second term (of opposite sign) in the mass équa

tion is proportional to the surface area and thus takes into account the réduction in
binding energy associated with nucléons on the nuclear surface. The third term is
the Coulomb term, proportional to Z2A"s; it describes the répulsive force between
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the protons. Its contribution will therefore decrease the binding energy of the nu
cleus. Discussing the déformation of the nucleus, volume conservation is assumed,
reflecting the saturation property of the nuclear density. Thus, the volume term is
independent of déformation, consequently, stability against déformation relies only
on the changes of the surface and Coulomb terms with déformation.
Therefore, following the liquid drop model (LDM) approach, the energy of the nu
cleus can be written as a sum of three terms:

E= £Vol + £surf + ^Coul (l.i)

In order to accurately describe distortions as large as are encountered at the top of
the fission barrier, it is convenient to express the drop's shape surface in terms of
an expansion in spherical harmonies Y(6,4>):

R(e,<f>) = i?0(l +£«a,,>a,„(0,0)) (L2)

However, for nuclei with small distortions, the drop's shape surface can be described
via:

R= #0(1 + a2P2(cos6) + a4P4(cos6)) (1.3)

In this limit the surface and Coulomb energy terms become:

2 2£surf = asAz(l + -e2) (1,4)

£coui =acZ(Z-l)A-3(l-Ie2) (L5j
where 17.8 MeV and 0.71 MeV represent the best fit values for as and ac, respec-
tively and eis the déformation parameter. Hence, the total energy changes due to
déformation reads:

A£ = (£Surf(e) - £Surf(0)) + (£Coul(e) - £c„„,(0)) (1.6)

=* AE =t\^asAi - l-acZ{Z - l)A~h) (1.7)
Then, if A£>0 the spherical shape is stable. Consequently, replacing as and ac
by their respective numerical values and assuming that Z(Z-1)~Z2, one obtains the
limit of stability: f <50. Thus, for nuclei fulfilling the former condition the spher
ical shape is stable. Hence, when adéformation starts to take place, the potential

•«••
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energy of the nucleus increases as a function of the déformation parameter, up to a

maximum value "the saddle point". If the déformation goes on increasing beyond

this saddle point, the potential energy decreases resulting in the formation of a neck

in the middle of the nucleus. The Coulomb forces acting on the already distorted

shape of the nucleus attempt to deform the liquid drop even more. Then, if the

excitation energy of the compound System is high enough to overcome the "fission

barrier", fission can finally take place. The nucleus will split into two fragments

occasionally accompanied by the émission of a light charged particle.

However, the LDM approach présents several deficiencies which resuit in discrep-

ancies between the measured data and the theoretical prédictions. First of ail the

transition states at the top of the fission barrier giving rise to channel effects are

not included in the LDM. Moreover, the spécifie nucléons properties (Dirac-Fermi

statistics) of the nuclear interior modify a number of results. They represent the

manifestations of the Pauli principle governing the occupation of the single-particle

orbitals in the nucleus, average field and the nucleonic residual interactions, pair-

ing of identical nucléons to 0+ coupled pairs. In the LDM approach, thèse spécifie
nucléon properties are not taken into account too. Therefore, the common binding

energy of the nucleus given by the LDM approach has to be revised to a more real-

istic expression, including the symmetry and pairing energy contributions.

1. The symmetry energy is governed by the Pauli principle that prevents the oc

cupation of a certain orbital by more than two identical nucléons with opposite

intrinsic spin orientations.

2. The pairing energy: due to their proximity in the nucleus, the protons and

neutrons corne under the influence of the short-range nucleon-nucleon attrac

tive force; as a conséquence, nucléons preferentially form pairs (proton pairs,

neutron pairs).

Thus, taking now into account the loss of symmetry due to the Pauli principle and
the pairing energy, leads to the following Bethe-Weizsâcker [9] mass équation:

BE(A, Z) = avA - asPà - acZ(Z - 1)A~» - aA(A - 2ZfA~l ±apA~\ (1.8)
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The values of the coefficients in eq. 1.8 hâve been determined by a fit to known
masses by Wapstra et al. [10] and are given below:

a„=15.85 MeV

as=18.34 MeV

ac=0.71 MeV

«,4=23.21 MeV

ap=12.00 MeV

40 60 80 100
NEUTRON NUMBER N

Figure 1.1: Mass différence Mexp - MLDM as a function of proton number (upp
part) and neutron number (lower part), respecively. This figure has been taken
from réf. [11].

er
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Despite thèse improvements brought to the binding energy expression of the LDM,

slight, systematic variations occur when plotting the différence (Mexp - Mldm) (see
Fig. 1.1) [11]. From thèse différences it became clear that nuclei are more bound

than the liquid drop model predicts near proton (Z) and neutron (N) number: 20,

28, 50, 82, 126. This points towards a shell structure within the nuclear single par-

ticle motion.

Furthermore, besides the discrepancies existing between expérimental data and the

oretical prédictions, other phenomena of great importance cannot be described in

the frame of the LDM. The asymmetric fragment mass distribution observed in the

case of several fissioning Systems and the sawtooth shape of the prompt neutron

number emitted as a function of fragment mass are two examples of those peculiar

phenomena. Furthermore, in the liquid drop approach, the ground state of the nu

cleus is predicted to be spherical, which is very often not the case. Consequently,

it becomes clear that single-particle motion cannot be completely replaced by a

collective approach. Hence, a quantum modification, the so-called Shell Correction

Model, has been applied to the LDM by V. Strutinsky [12]. In Fig. 1.2 the variation

of the potential energy as a function of déformation is shown for both Liquid Drop

Model (dashed Une) and Shell Correction Model (full Une) prédictions.

To obtain both the global (liquid drop model) and local (shell model) variations
in the correct way as a function of nuclear déformation, Strutinsky developed a

method to combine the properties of both nuclear approximations. Hence, following

his procédure, results in a potential energy:

with:

d:an

E = -EldM + -Eshell - -Ésheil (O)

£shell = E2n<^ (L1Q)

Éshell = 2i tg{t)dt (1.11)
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Transition states

P2 P3 P+

DEFORMATION

Figure 1.2: Potential energy as a function of déformation. Dashed line: liquid drop
model variation along a path leading to fission, solid line: the more realistic shell
model included. This figure has been taken from réf. [13], p. 14.

where ÉSheii subtracts that part of the total energy already contained in the liq
uid drop part £LDM, but leaves the shell model energy fluctuations, e„ dénotes the
eigenvalues of the Nilsson potential.

It is obvious from the former relations that the shell correction energy is largely
correlated to the level density contribution near the Fermi energy.
The parameter Àrepresents the chemical potential; it can be easily obtained when
using the conservation of the particle number:

where g(e) is the level density distribution. Starting with the expression of the real
level density:

g(e) = J25(e-e") (1.13)
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Then, replacing the Dirac function by a Gaussian, gives the "uniform" level density

distribution as:

•Eshell =

1

£(0 = -73-EexP

where the value of the width 7 is chosen to be in the order of 10 MeV.

Hence, replacing g(e) in eq. 1.11 gives:

(e - e,):

T

E Et eexp
(e - e,)2

Shell

V^7V*-°oV272 V" 27

r

272 \
2C, exP

de

(c-euf

Y

* È5heU = ^?/14(e"C")lexp
(e-e„)2

7'
de

T.-y/^lu
,iz f exp

00

(e-e„)2
r

de

^Shell = —7= 2J

V^T

exp
'(6-e,)2!

L 72 .

1 A

J —00

5>"
1/

é exp •
J—00

(e-e,)2!

72 J
de

de

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

Thus, using the condition imposed by eq. 1.12, the first term of eq. 1.18 is found

to be equal to zéro, which implies:

gives:

2 /A
£shell = ~7=~ Yj^ f eXP

\/ÏT7 v J-°°
Now, introducing a new expression to the occupation number that reflects its con-

tinuity, namely:

1 /A
n„ = —p=- î> exp

•Éshell = E 2e""y

(e - e„Y
V

(e - e,)2
de

r

de (1.19)

(1.20)

(1.21)
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Finally, the shell model correction can be written as:

SEsheW = E;Shell £sheii = Xj2ey(n„ - hu) (1.22)

From the above shell-correction description, it can be expected that a nucleus is
strongly bound ifthe level density is smaller than average. Indeed, in this case nuclé
ons can occupy strongly bound single particle orbits. Furthermore, it is well known
in quantum Systems that large degeneracies lead to a reduced stability. Hence, a
magie or closed-shell nucleus is one that is the least degenerated compared to its
neighbours. The illustration of the shell corrections, taken from réf. [14], is shown
in Fig. 1.3 for neutrons (left part) and protons (right part), respectively.

54 62 70 78 86 94

NEUTR0N-NUM8ER
102 MO 38 46 54 62

PROTON NUMBER
70

Figure 1.3: Left part: neutron shell corrections as a function of déformation and
neutron number, right part: proton shell corrections as a function of déformation
and proton number, this figure has been taken from réf. [14].

The areas where the shell corrections lower the most the liquid drop values (more
than 4MeV) are indicated in black. The white areas represent the régions where
the shell corrections increase the most the liquid drop values (more than 2MeV).
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The letters show the régions where the lowering of the potential energy surface by

the shell corrections is reaching maxima.

In brief, the shell model corrections permit:

1. the calculation of the fission barrier. Hence, one of the most important results

issued from the Strutinsky calculations is the démonstration of the présence

of a second dip in the fission barrier at a certain déformation (see Fig. 1.2).

2. the évaluation of the potential energy surface which provides a useful tool for

the study of the entire fission process from the ground state up to the scission

point.

1.2 Neutron induced fission of 238U, theory

The fission process 238U(n,f) can be written as the following séquence of events:

238U + n^239u*_,L: +H;re (1.23)
^pre ' "pre

. Lpre +H;re -* hpost +v(ALpJ +Hpost + i/(AHpJ +Ejf* +E?— (1-24)
When a neutron, with a kinetic energy En>1.2 MeV is absorbed in the 238U nucleus,
the resulting compound nucleus starts to deform, then oscillâtes and finally ruptures
into two fragments. Due to the important excess of neutrons of 239U with respect
to the line of stability N = Z, the two primary fragments are generally (3~ emitters.

Moreover, those two fragments are created in an excited state. Therefore, the de-
excitation to their ground state finds partly its expression in the prompt émission
of a certain multiplicity of neutrons, f (A), depending on the mass of the fragments.
When applying the conservation law of the total energy in the laboratory system to

the présent reaction, one can write:

En + mnc2-|-M(238U)c2 = M(239U)c2 + E*(239U) (1.25)

Considering that the expression of the binding energy of a neutron absorbed in 238U
can be written as:

Sn = (mn +M(238U) - M(239U)) c2 (1.26)
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b

a(238U)

90000 180000 110000 70000 180000 100000 80000
16300 57000 H5000 120000 240000

260000 ^tuuuu
100000

En (MeV)
Figure 1.4: Cross-section of 238U as afunction of En, the solid arrows represent the
énergies investigated and the corresponding statistics. This figure has been taken
from réf. [16].

Now, substituting eq. 1.25 in eq. 1.26, gives the following resuit:

En + Sn = E*(239U) (1.27)

Therefore, in order to evaluate the excitation energy of the compound system a
certain number of numerical data related to the neutron induced fission of 238U must
be given. Hence, according to réf. [15], the binding energy of a neutron absorbed

238U is 4.81 MeV, the inner fission barrier height is 6.46 MeV and the outer
fission barrier height is 6.16 MeV, both of them measured relative to the ground
state. Consequently, the threshold in the fission cross-section corresponds to an
incoming neutron energy of about En=1.5 MeV. In Fig 1.4 the cross-section of
238U is shown, with the solid arrows indicating the performed energy measurements
and the corresponding number of detected events.

in
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1.2.1 Kinematics of the reaction

The calculations of the fission fragment properties are done in the centre of mass

system. A schematic représentation of the kinematics of the reaction is shown in

Fig. 1.5 for both the laboratory and centre of mass Systems.

H
BS
O
fc,
H
a

LABORATORY SYSTEM

238n

O

CENTRE OF MASS SYSTEM

238U

Figure 1.5: Schematic représentation of the fission-process in the laboratory system
(left part) and in the centre of mass system (right part).

Hence, using both the conservation laws of the total energy and the momentum, one

can write:

m(238U)c2 +mnc2 +EP = m2c2 +EJ +EJ? -f mlC2 +EJ +E^, (1.28)

Pn = P1 + P2. (1.29)

where Ej. and E*, with i=l,2, are respectively the kinetic and excitation énergies of
both fragments.

Thus, after projection of eq. 1.29 onto both the X and Y-axis, and considering that
P=V/2mEfc (for more détails, see Appendix 1 "Kinematics of the reaction"), one
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obtains the following relations:

E, -Ej-2 cose\ +^-lEl (1.30)
en

mcn m2

m F,cm
mi — Eem + gem

J2

mcnEïm
m2 =

en

(1.31)

(1.32)

Ecm + Ecm (1.33)

Therefore, the simultaneous use of eq. 1.30 to eq. 1.33 allows the calculation of the
primary fragment main properties. The former term uprimary fragments" means
fission fragments at the time of scission. Unfortunately, the neutron evaporation
time is very short (< ÎO"15 s) and therefore only post neutron émission fragments
are détectable. Hence, the pre-neutron émission mass and energy distributions can
only be found through an itérative procédure. This procédure will be studied in
détail in Chapter 3, paragraph 6.

1.2.2 Fission fragment mass and kinetic energy distribu
tions

Many suggestions hâve been made to explain the origin of the asymmetric frag
ment mass distributions of the fissioning actinides. Several theoretical models hâve
been proposed to interpret thèse expérimental observations, but none of them has
been successful in bringing detailed understanding. Moreover, this phenomenon is
in complète disagreement with the well-known Liquid Drop Model approach, which
predicts only symmetric distributions. However, the remarkable stability of the
heavy fragment mass number for ail the actinides strongly suggests that shell effects
play an important rôle in determining this asymmetry which is in perfect agreement
with the observation of an increased symmetric mass yield in the case of fission of
nuclei with mass number A-260 amu. Indeed, the symmetric fragments are in this
peculiar case located close to the doubly magie Z=50 and N=82.
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80 90 100 110 120 130 KO 150 160
Fragment Mass (amu)

13

Figure 1.6: Primary fragment mass yield distributions for thermal neutron induced
fission of 229Th, 233U, 235U, 239Pu, 245Cm, 249Cf and 254Es. The picture has been

taken from réf. [17].
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Consequently, the shell effects of both fragments sum together, which results in a
strong mass yield at symmetry. The primary mass yield distributions for thermal
neutron induced fission of several isotopes are shown in Fig. 1.6 (taken from réf.
[17]). It is obvious from this figure that the heavy fragment mass peak stabilizes
around the same mass number whereas the increase in compound nucleus mass is
only visible as a shift in the light fragment mass peak.

It should be noticed, however that the degree of asymmetry of the fissioning actinide
mass distribution is decreasing as a function of the compound nucleus excitation en
ergy, Le. the Peak-to-Valley ratio, Ç decreases as a function of E*n. This points
towards a simultaneous réduction of the shell effects with a growth of the liquid
drop contribution within the potential energy of the nucleus.

The large value of the total kinetic energy of the fragments (TKË~170 MeV for
the U and Pu isotopes) is simply reflecting the strong Coulomb repulsion between
those fragments. Hence, it is obvious that, of the available energy released in fission
(Q~200 MeV), by far the largest fraction goes into the kinetic energy of the frag
ments, whereas the remaining part is shared between neutron and 7-ray émission.
As a first approach, a simple linear corrélation between the total kinetic energy and
the ratio -^ can be assumed as remarked by Terrel et al. [18]. Hence, following
his procédure, the Coulomb potential of two fragments considered as two charged
sphères in contact, can be expressed as:

ZLZHe2

with ZL and ZH being the charge number of respectively the light and the heavy
fragment and RL and RH their corresponding radii. Considering now the peculiar
case of a symmetric fission, where ZL=ZH=f and AL=AH=f and expressing the
radius as being R=r0A3 gives:

v< =Siîiféïp (L35)
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Thus, Vc oc ^ however, when replacing theconstants by their respective numerical
A3"

values, the average kinetic energy is found to be much too high. The most logical

explanation for this discrepancy is the assumption of spherical fragments. Indeed,
the former hypothesis is in disagreement with the asymmetric fragment mass yield

observed in the case of the low energy fission of the actinides, hence, the fragments

are expected to be rather deformed than spherical. Nevertheless, the linear corréla

tion between TKE and 2L has been preserved, based on expérimental results, but
A3"

modified by Viola et al. [19] in 1966 as follows:

V2
TKE = (0.1189 ± 0.0011)— + (7.3 ± 1.5) MeV (1.37)

A3

Later on, another relation has been proposed by Unik et al. [17], taking now into
account a limited range of spontaneous fission decays and thermal neutron induced

fission reactions:

TKË =(0.13323)-^r - (11.64) MeV (1.38)
As

It should be noticed that due to the compact fission configuration of the fission

fragments from the heavier Fm isotopes, their corresponding TKE is much higher
than predicted by both previous formulas. The expérimental and theoretical values
of TKË as a function of K- are plotted in Fig. 1.7 together with the fits of refs.

A3"

[17, 19].
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Figure 1.7: TKE as afunction of g. of the fissioning Systems. The circles represent
the expérimental data, whereas the lines show the fits by Viola et al. [19] (solid
line) and Unik et al. [17] (dotted line).

However, thèse two previous expressions describe the average values of the total
kinetic energy. Actually, sizeable variations are found when comparing the total
kinetic energy for différent mass splits. Thèse variations resuit in a rather broad
kinetic energy distribution (o^kb~H MeV), indicating that scission may occur at
a large variety of déformations beyond the outer barrier. Hence, aTKE reflects the
distribution of nuclear elongations at the scission point.
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1.3 The multi-modal random-neck rupture

Several theoretical descriptions of the energy and mass distributions of fission frag

ments hâve been proposed since the discovery of fission. Nevertheless, due to the

huge number of degrees of freedom involved in the fission process, the description of

this extremely complex rearrangement of a single nucleus into two nuclei is far from

being trivial. Consequently, the various attempts to describe ail the fission fragment

characteristics are still inefficient to bring us a detailed understanding. However,

despite the drastic approximations unavoidably introduced in the majority of the

theoretical approaches, ail models are in accordance on the following properties:

1. In the case of neutron induced fission, the main characteristics, such as width

and average position of the mass yield distribution are determined on the way

down from the saddle to the scission point.

2. Both macroscopic and microscopic aspects must be included when describing

the nuclear fission process.

3. The dynamical aspects of the fission reaction cannot be neglected.

The idea of a multi-modal fission is far from being new. Already in 1951 Turkevich

and Niday [20] suggested the existence of two modes in order to interpret the mass

distribution of the neutron induced fission of 232Th. This approach was then rather

successfully applied in the région of the light actinides by Britt et al. [21], assuming

a symmetric and an asymmetric fission mode. However, for heavier actinides like

e.g. 235U this bi-modal représentation of the mass distribution failed and turned out

to be too simple.

Some years ago Brosa, GroBmann and Mùller [8] introduced a new theoretical ap
proach in terms of multi-modal random neck-rupture, which allowed an interpréta

tion of the expérimental fission fragment properties from 213At to 258Fm.

The multi-modal random neck-rupture model (MM-RNR) includes shell and pair

ing corrections ofthe Strutinsky-type as well as liquid drop contributions. The shell
corrections are calculated using a Woods-Saxon single-particle potential, whereas

the liquid drop contribution is calculated according to Myers-Swiatecky [11]. Even
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though the predicted variables are given at zéro excitation energy of the com
pound system, this model cornes out to be one of the most complète microscopic-
macroscopic approaches.

Hence, the MM-RNR allows in terms of fission modes to interpret expérimental
characteristics of great importance such as e. g. the dip of about 22 MeV in the
average kinetic energy for symmetric mass-splits. Thus, for the sake of clarity, the
main guidelines of this model will be given in the following.

The nuclear shape is modeled by a five-dimensional parameter space of the gen-
eralized Lawrence shape [22] in cylindrical coordinates as follows:

N

I
71=0

p2(C) =(£2-C2)X>n(C_Z)2 (L39)

The generalized Lawrence shape of the nucleus is shown in Fig. 1.8, where £ is the
half-lenght of the nucleus. The four geometrical parameters, namely cthe curvature,
s the centre of gravity, z the asymmetry and r the radius of the neck are then used
to express the coefficients an from eq. 1.39, as detailed in réf. [8].

In this manner, the generalized Lawrence représentation of the nuclear shape has
been applied to the 239U compound nucleus by Oberstedt et al. [7].

The search of a reasonable guess value to start the energy minimization is then done
in a three-dimensional subspace (£, r and z) of the Lawrence shape parametrization.
Hence, the so-called RAYLSCAN-plots are obtained, using eq. 1.40 below with ( as
an "offset" parameter:

£= Y(r~2)-C' C= ~2,...,,3 (1.40)
However, for (=0, eq. 1.40 is reduced to the Rayleigh criterion [23].

An example of "cuts" in this three-dimensional parameter représentation is shown
in Fig. 1.9, for (=0 fm (upper part) and for (=-l fm (lower part).
In this figure the local minima in the energy landscape are indicated by stars. Thèse
minima give a direct indication of the existing fission modes and therefore define the
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Figure 1.8: Generalized Lawrence représentation of the nuclear shape.

starting parameters for the fission mode calculation. Thèse first guess values, which

apparently belong to the same fission mode are then used in the final mode calcu

lation.

Then, the three-dimensional parameter space (£, r, z) is converted into an équivalent

five-dimensional one (£, r, z, c, s) as proposed by réf. [8]. The last step is to find a
complète fission mode, calculating the minimized trajectory in the potential energy

landscape between corresponding parameter sets obtained at différent offsets £.

In this manner, more than 3800 minimized points hâve been calculated by Oberst

edt et al. [7]. The déformation energy E as a function of D, which is the distance

between the charge centra of the forming future fragments is shown in Fig. 1.10.

The gross shape of the existing fission modes in 239U as well as the typical double-
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Figure 1.9: RAYLSCAN représentation of the potential energy landscape taken at
(=0 fm (upper part) and at C=-l fm (lower part) (see eq. (1.39)). Stars mark the
location of possible fission modes.

humped structure of the barrier are already visible. However, in order to clearly
distinguish the différent fission modes several sélection criteria must be applied.
Thèse criteria are expressed in détail in réf. [7]. The results of the application of
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thèse sélection criteria are plotted in Fig. 1.11 for différent projections onto a two-

dimensional subspace E(D), r(D), z(D) and AH(D). Hence, as indicated by the inlet

in each part of the figure, six modes are theoretically predicted in the case of the

239U compound nucleus, namely SI, SX, S2, S3, SL and SLA. This labeling is partly
made according to already existing labels in the literature [4, 8]. Thus, according to
usual terminology, the labeling of the standard mode is done in the growing order

of the asymmetry of the modes. Hence, SI is the least asymmetric mode, whereas

S3 is the most asymmetric one. The mode labeled SL, which means superlong is

related to a symmetric scission of the compound nucleus. The mode labeled SLA

is called the superlong asymmetric mode, it is connected to the superlong valley.

Consequently, due to its elongated scission configuration, the corresponding TKE of

SLA is low (see Tab. 1.1). It is already visible in the left upper part of Fig. 1.11

that ail fission modes except the SLA show a common inner barrier, hence the bi

furcation of the modes takes place in the second minimum.

Fission Ah uA. o-k Zh D Dmin Umax &TKETKE

mode (amu) (amu) (amu) (fm) (fm) (fm) (MeV) (MeV)

SI 137 0.26 4.2 53 17.8 16.3 19.3 182 6

SX 139 0.22 4.8 54 17.9 16.3 19.4 181 6

S2 142 0.34 4.5 55 19.2 16.7 21.7 167 9

S3 154 0.24 3.8 59 17.4 17.1 17.7 177 1 ...

SL 120 0.08 8.7 46 21.0 18.2 23.7 160 9

SLA 136 0.14 5.7 52 20.4 19.7 21.1 162 2

Table 1.1: Characteristic parameters obtained from fission mode calculations for

239U. The labeling of the fission-modes is partially made according to already existing

labels in literature [4, 8]

This implies that except SLA ail other modes exhibit their own fission barrier. Fur

thermore, it appears that the outer barrier heights are very similar for ail standard

modes, whereas the outer barrier of SL is much higher. The main theoretically pre-



CHAPTER 1. OVERVIEW OF THE FISSION THEORY 22

>

W

1 l 1 j ' ' 1 ' 1 ' 1 ' 1 1 1 '

10 , IH

1 «.

t
v •'• •-,.•'

5

".••'• *
* * •

M *w*«

t » .

0 _ t

•

SsJfc:. '•••

-5

•10 -

•

X..,. -v:*
•15

i i 1 1 1 1 1 1

8 10 12 14 16 18 20 22 24

D(fm)
Figure 1.10: Overview of ail calculated minimized points in the potential energy
landscape. This figure has been taken from réf. [7]

dicted properties of the fission modes are given in Tab. 1.1.

In the MM-RNR scission may occur if r0<r<ff, with r0~1.2 fm being the nucleonic
radius. A strict application of the Rayleigh criterion to the calculated fission modes

reveals the existence ofseveral possible scission configurations associated to a single
mode, as shown in Fig. 1.12, when plotting the distribution of D at scission as

a function of the heavy fragment mass Ah. Consequently, a real distribution of D
and its associated total kinetic energy TKE(D) distribution is now obtained without
introducing the fiât neck représentation shown in the upper part of Fig. 1.13 as it
was done in réf. [8].

Therefore, the TKE is calculated from D which is the distance between the centre

ofcharges of both fragments, obtained from the fission mode calculation, according
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Figure 1.11: Fission modes in 239U extracted by the sélection criteria mentioned in
réf. [7]. The most striking resuit is, that ail modes, except thesuperlong-asymmetric
(SLA), branche off in the shape isomeric minimum.

to:

TKE =1.44 MeV fm^ (^) •S(q, eh) +Vnuc +E
D \rRNR/

pre (1.41)

where rMM/rRNR is the ratio between the nucléon radius used in the MM-part (rMM
= 1.2249 fm) and the RNR-part (rRNR = 1.15 fm) [8], and S(Q,eh) is a correction de-
pending on the fragment déformation q and eh [8]. The contribution ofthe nuclear
interaction between the two fragments, Vnuc, is calculated with aproximity force and
is of the order of 20 MeV. The pre-scission kinetic energy Epre is depending on the

excitation energy but always of the order of less than 10 MeV.

However, if we try to conserve D, the embedded spheroids shown in the lower part



CHAPTER 1. OVERVIEW OF THE FISSION THEORY

cm

24

23

22

21

20

19

18 -

17 -

r

\'

\

i
S

i

/

)

'1

J • '16

115 120 125 130 135 140 145 150 155 160 165

Ah (amu)

— SI

SX

S2

S3

— • SL

---SLA

J 1 L

140 t—'—i—i—i—i—i—i—r i .—|—,—r

150

> 160
O)

ŝ
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Figure 1.13: Upper part: flat neck représentation of the prescission shape, lower
part: the embedded spheroids as a new born fragments représentation.

of Fig. 1.13, with a major axis a;=D^, with i=l,2 are much too elongated which
results in a neutron multiplicity of about 1.5 neutrons too high, as well as a slightly

too low TKE. Consequently, the minor axis bx and b2 hâve been replaced by the

radius ri and r2 of the flat neck représentation. The major axis ai and a2 follow as

usual from volume conservation. Since the fragments are no longer touching, the

term Vnuc in eq. 1.41 is set to zéro. The obtained TKE(A) for each fission mode

is shown in the lower part of Fig. 1.12. A rectangular distribution of TKE has

been assumed for each fission mode, since no information on the yield rises from the

picture. The listed Gaussian équivalent width of the TKE distribution, crTKE has
therefore been calculated from the rectangular distribution shown in the lower part

of Fig. 1.12 and is indeed compatible with typical expérimental values (see chapter
5, paragraph 3). Aspread ofthe characteristic mass-split exists and is denoted as u*A.

The expérimental mass-TKE distributions can be interpreted in terms of fission
modes. In order to do so, the two-dimensional mass-TKE distribution is decom-

posed in terms of N fission mode contributions as follows:
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N

Y(A, TKE) = £ Y„(A)Yn(TKE| A) (1.42)
n=l

where a Gaussian shape is assumed for the mass distribution of each mode, labeled
n, explicitly:

Yn(A) =-^eXp JA~2A-n (143)

with w„ as a normalization factor related to the height of the Gaussian.
The expérimental mass yield distribution is then compared with:

N

Y(A) = £ ynYn(A) (1.44)
nssl

where yn represents the corresponding yield of the mode n.

The conditional kinetic energy distribution Yn(TKE|A) is more complicated and
therefore cannot be described by a superposition of Gaussians. Indeed, the max
imum TKE is governed by a cut-off due to the Q-value of the reaction and the
expérimental dsitribution shows a low energy tailing, which gives a rather skewed
TKE distribution. Consequently, Yn(TKE|A) is better caracterized using a skewed
Gaussian shape, depending on the distance d between the charge centra:

V„(TKE|A) = (|£yY (L45)
• exp (2(dmax-n ~d""n,n) _ L _ (dmaXi„ -dmin,n)2\

\ ddec,n ddeCin Lddec.n /

Lis defined as L= d- dmin. The approximated distance d between the two frag
ment charge centra is obtained considering only the Coulomb repulsion, according to:

i z^Zhe2
d= TKË (L46)
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Assuming an unchanged charge distribution, Z£ and Zh are defined as the charge

of the light and heavy fragments, respectively; e is the elementary charge; dmax is

the distance between the fragment charges at the maximum yield of the distribu

tion; dm;n is the smallest distance between the fragment charges, which coïncides

with the largest value of TKE; ddec describes the exponential decrease of the yield

with the simultaneous increase of the distance d and hn approximates the height of

the Gaussian, since 200 MeV is close to the value of TKE for ail the actinides, an

amount of energy available from the différence in the masses of the original nucleus

and the two products.

The expérimental TKE yield distribution is then compared with:

Y(TKE|A) P E ynYn(TKE|A) (1.47)
n=l

Furthermore, in the MM-RNR the main changes in the fission fragment properties

are assumed to be due to a variation of the weight of each individual fission mode

contribution. Hence, the average TKE is simply expressed via:

TKË=£ynTKËn (1.48)
n=l

The theoretical calculations of the fission mode characteristics are done at zéro

excitation energy of the compound system. Therefore, the possible changes in the

intrinsic total kinetic energy of the modes that may occur when E*n is increasing are

unpredictable in the frame of the MM-RNR model. Hence, since in a fast neutron
induced fission reaction where the incoming neutron energy is varying, E*n is also

varying, this model does not come out to be perfectly adapted to the study of this
kind of process. However, the MM-RNR is of interest in providing us a first orienta
tion of the splitting of the compound nucleus into twonuclei as well as the energetics

associated to this nuclear division. Furthermore, the MM-RNR is the only model

which provides a good tool to parametrize the two-dimensional mass-TKE distribu
tion and therefore allows a quantitative comparison to the expérimental findings.



Chapter 2

EXPERIMENTAL APPARATUS j

2.1 The Van de Graaff accélérâtor

The first attempts to accelerate charged particles took place during the thirties.
At that time, efforts were concentrated on the élaboration of electrostatic machines
with simple working principles. The protons of an hydrogenic plasma were extracted
from an ion source by a high voltage différence AV between the source and the ex
traction électrode in order to accelerate the q-charged ions. Therefore, the energy
E of thèse ions was simply expressed by:

E = qAV (2.1)

In this manner a proton beam energy greater than 100 keV was obtained by R.J.
Van de Graaff in 1931 [24]. Since that time a lot of technical progresses hâve been
made concerning the high voltages and the Van de Graaff accelerators nowadays
can provide proton beam énergies up to more than 10 MeV. However, the main
advantage of this accelerator is undoubtedly its high energy resolution which makes
it a useful précision instrument in the field of low energy physics studies.

The présent experiment was carried out at the vertical, single ended 7 MeV Van
de Graaff accelerator of the IRMM, with DC current intensities between 10 and
25 //A during more than 800 hours of data acquisition. The proton or deuteron
beams were first accelerated in the vertical and then deflected to the horizontal
plane by a 90 degrees analyzing magnet. The nuclear magnetic résonance probe

28
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frequency, vNMR of this magnet gives the energy of the particles, via:

. 2 m0E / E \

k"»« =7"(1 +w) (2-2>

with E the relativistic kinetic energy of the accelerated charged particles, m0c2 the
rest mass-energy of thèse particles and uNMR the nuclear magnetic résonance fre

quency. Its expression is obtained using the fundamental relation of the dynamics
where the Lorentz force YLorenU = qV AB plays the greater rôle. Hence, uNMR is
found to be proportional to the magnetic field in the analyzing magnet.

k is a calibration constant determined with an accuracy of about 0.1% using re
actions having very accurately known thresholds or résonances like 7Li(p,n)rBe at
1880.60 keV or 27Al(p,7)28Si at 991.90 keV.

In this manner, the mono-energetic neutrons ranging from 1.2 to 5.8 MeV were

delivered via three différent intermediate reactions adapted to the neutron énergies
used during the présent experiment. Thèse intermediate reactions are described as

neutron sources in the following paragraph.

2.2 Neutron sources

Since no single neutron source is suitable over the whole neutron energy range stud-

ied in the présent work, the use of several différent intermediate reactions for neutron

production was unavoidable. Even though certain intermediate reactions presented

satisfactory neutron energy resolution, the neutron beam is never mono-energetic.

However, for neutron énergies above the threshold in the fission cross-section (in the

plateau région) an energy dispersion of <100 keV was sufficient. On the contrary,

due to the présence of vibrational résonances below the threshold, the use of a neu

tron source with high energy resolution was necessary. Moreover, the small value of

the cross-section at thèse low neutron énergies (e.g. anj ~42 mb for En=1.2 MeV)

made it necessary to hâve the highest possible neutron yield. Considering ail the

constraints imposed by the peculiarities of the fission cross-section and by the possi

ble neutron background intensifies, three différent intermediate reactions hâve been
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chosen. In Tab. 2.1 a summary of the reactions used as a function of En is given:

E„(MeV) Reaction

1.2<E„<1.3 7Li(p,n)7Be

1.6<En<3.5 T(p,n)3He

3.8<En<5.8 D(d,n)3He

Table 2.1: Summary of the neutron sources used during the présent experiment.

In the case of the LiF target, a continuous background coming from the onset of

the break-up reaction 7Li(p,n3He)4He with a threshold corresponding to En=2 MeV
prevents the use of this neutron source in the plateau région. Furthermore, the

same phenomenon exists in the case of the TiT target. Indeed, the intensity of

background neutrons from the TiT target, coming from the possible reactions of the

protons with the 47,49'50Ti-isotopes, negligible up to En~3.6 MeV (of the order of
0.5%) increases drastically at higher neutron énergies, to reach more than 20% at
En~4 MeV.

Finally, knowing the neutron yield per second and per cm2 for each intermediate

reaction it is then possible to estimate the number of fission events of the reaction

238U(n,f) as a function of En as explained in appendix "Fission rates".

2.3 The Uranium samples

Two différent 238U-samples were used for the présent experiment. The natural

238U sample used at neutron énergies En>1.6 MeV had a thickness of86±2 ,ug/cm2
and was vacuum evaporated on a polyimidelayer of 33±0.6 //g/cm2 and covered with

a gold layer of 26 ^g/cm2 for conductivity reasons. A highly enriched 238U sample
(99.9997% of 238U) was used at the lower neutron énergies in order to minimize the
background events due to the 235U content in the natural Uranium sample. The lat-

ter Uranium sample had a thickness of 100±4 /ig/cm2 and was vacuum evaporated

on a polyimide layer of 35±0.6 ^g/cm2 and covered with a gold layer of 50 /Lfg/cm2.
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A 235U sample with a thickness of 50±1.5 //g/cm2, vacuum evaporated on a poly

imide layer of 33±0.6 //g/cm2 and covered with a gold layer of 20 //g/cm2 has served

as a référence for the absolute energy calibration via the reaction 235U(n^,f).

The fission fragment properties were measured with a double Frisch-gridded ion

ization chamber filled with 90%Ar+10%CH4 as counter gas at 1.05-105 Pa absolute

pressure. Hence, for the sake of clarity, an overview of the working principle of a

double Frisch-gridded ionization chamber is given in the following paragraph.

2.4 The ionization chamber

The main advantage of the double Frisch-gridded ionization chamber is indisputably

its high intrinsic energy resolution (cte ~200 keV) as given in réf. [6]. Moreover,

the chamber covers a ~47T solid angle which enables a relatively high count rate. It

actually consists of two ionization chamber parts, with individual anodes and grids

and a common cathode where the Uranium samples used during the présent exper

iment were mounted in the centre. A schematic représentation is given in Fig 2.1.

R is the length of the ionization track, 8 is the fission fragment émission angle

with respect to the normal of the cathode and X represents the centre of gravity of

the électron distribution along the ionized track.

The signais from the ionization chamber are used to obtain information about the

fission fragment kinetic énergies and émission angles, thèse signais are studied in the

following.

Each fission fragment created during the reaction 238U + n -» 239U* -4 X* + Y*
causes ionizing collisions with the atoms of the counter gas. Hence, the free électrons

created along the ionized track move towards the anode whereas the positive ions

move towards the cathode. The gênerai description of the génération of signais in a

ionization chamber is given in détail in réf. [25].
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Figure 2.1: Schematic view of the double Frisch gridded ionization chamber. See
text for the explanation of the symbols.

Consequently, referring to réf. [25], in the idéal case the total charge induced on the
cathode along the ionized track is given by:

Cathode = n0e • (1 - —COS0)

*% anode -n0e

(2.3)

where X=^ /(fxp(x)dx is the centre of gravity of the électron distribution along
the ionized track, n0 is the total number of ion-electron pairs, D is the cathode-
grid distance and 9 is the angle between the normal of the cathode and the fission
fragment direction.

The total charge induced on the anode is more simply given by:

(2.4)

The grid signal is more complicated than the anode and cathode signais. It results
from négative charges induced on the grid by the électrons moying towards it, and
positive charges as the électrons move away from the grid to the anode. This signal
is asymmetric and bipolar (see Fig. 2.2), and therefore hardly usable. The total
charge induced on the grid can be expressed by:
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X XQ^rid - noe - n0e •(1 - - cos 6) -4 ÇÇgrii = n0e- cos 9 (2.5)

However the signal obtained by summation of the anode and grid signais differs from

the cathode signal only in sign.

Q7Um =Q'grié +Q^ =~^ •(1 - | COS 9) (2.6)
Since this is a simple monopolar signal it is easier to use for the data analysis.

The time dependence of the charge induced on the anode, grid and the sum of the

two signais is shown in Fig. 2.2.

Ail the équations above are valid in the idéal case. Actually the grid does not

shield perfectly and hence a fraction of charges is already induced on the anode

during the passage between cathode-grid due to the grid inefficiency, cr. Referring

to Bunemann et al. [26] the grid inefficiency can be expressed by:

£ + p

where p is the anode-grid distance (0.7cm) and £ - |~-(^- - &P>). d is the distance
between the grid wires (0.1cm), g - ^ with r=0.005 cm the grid wire radius. This
gives «7=0.026.

Finally, the corrected signal of the anode reads as:

"anode = "anode ~ °~ ' "sum \"-°)

However, recombination of électrons with ions of the counter gas and non-ionizing

collisions may occur in the fission chamber. Thèse two previous phenomena are

regrouped under the term Puise Height Defect (PHD). It dépends on the detector
gas, on the energy, mass and number of protons ofthe fragment. Consequently, the
energy of the fragments is finally given by:

E = A0-(PaWe+PHD(E,Z,A)) (2.9)

where A0 is a proportionality constant found by an absolute energy calibration using
the recommended value of TKËof the 235U(nt/l,f)-reaction, namely TKE=170.5 ±0.5

MeV.
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Figure 2.2: Induced charge on the anode, grid and sum of the two signais calculated
for cos 0=0 (solid line), cos 9=0.5 (dashed line) and cos 9=1 (long dashed line),
function of time.
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Figure 2.3: The PHD as a function of fragment mass, for the reaction 238U(n,f) at

E„=1.7 MeV.

The Puise Height Defect observed during this experiment,for the reaction238U(n,f) is

represented as a function of the fragment mass in Fig. 2.3.

A schematic view of the entire expérimental setup is shown in Fig. 2.4. The voltage

on the cathode was -2.8 kV, on the grid the voltage was -1.3 kV, the anode being

at zéro voltage.
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Figure 2.4: Schematic view ofthe expérimental setup.
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2.5 Data acquisition

The data acquisition and off-line analysis were performed on a SUN workstation

cluster using the program package LISA [27].

Ail the C-programs used for the data analysis were adapted due to the fact that

the compound nucleus had an odd mass. Hence, in order to avoid format incompat-

ibilities ail the integer variables were converted into double précision déclarations.

However, the main improvement brought to the data réduction is that the correc

tion of the momentum transfer of the incoming neutron has been performed before

the energy-loss corrections. Indeed, the correction of the momentum transfer is non-

linear and dépends on the cosine of the émission angle of the fragments, which means

that considering thèse two corrections in a wrong physical order will introduce an

inconsistent behaviour of the energy-loss corrections (see chapter 3).



Chapter 3

DATA ANALYSIS

3.1 Relative calibration

Concerning the délicate question of absolute energy calibration, for each relative cal
ibration of the electronic chains, a measurement of the fission fragment properties of
the reaction 235U(ni/ierma,,f) has been performed. Therefore, the analysis of the re
action U(n(/ierma/,f) allows to fùid for each relative calibration the transformation
coefficients between Channels and MeV, as explained in paragraph 8. Therefore the
typical problem usually encountered of assembling différent runs of différent corre
sponding relative calibrations is not posed in this experiment. Consequently, before
anything else the relative calibration of the electronic set up used during this exper
iment must be done. Hence, in order to find the zéro offsets j3 and the gains a of the
différent electronic Unes of the expérimental setup, the anode and grid pre-amplifiers
are connected one after the other to a précision puise generator. The puise height
signal (P) is then varied in steps of one Volt. For each electronic chain the following
relation is obtained:

signal,- = QiP + Pi with i = 1, ...,4 (3.1)

Finally, the raw data are corrected softwarewise using the relative calibration factors
ai, Pi, via:

P = —(signal. - pi) (3.2)

38
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After the calibration of the chamber signais, the next step of the data analysis is

the calculation of the angular distribution. Before doing so the value of ^ needs
to be known, because the sum signal from which the angular distribution can be

calculated is also dépendent on g (see eq. 2.6). The détermination of —is explained
in the following paragraph.

3.2 Calculation of the angular distribution

Since the sumsignal of the grid and anode isexpressed by Psum = —n0e- (1 —g cos 9)
the détermination of the quantity ^ is of crucial importance in order to calculate the
angular distribution of the fission fragments. Hence, knowledge of this ratio allows

the calculation of the cosine of the émission angle of the fragments, expressed with

respect to the normal to the plates, since:

pcorr pcos0=£^node £sum (3.3)
pcorr . X

anode D

where Pa°r0rde represents the signal on the anode, corrected for grid inefficiency given

by:

Panode = Panode —0~ ' Psum (3.4)

This can be achieved by sorting the data into two-dimensional configurations *gs

versus the anode signal which is proportional to the energy of the fragments (see

Fig. 3.1). Sincecos 9 is varying from 0 to 1, the value g is then just the length of the

distribution on the X-axis. Hence, for each anode puise height channel a projection

of the two-dimensional distribution onto the X-axis has been performed. The lenght

of the resulting distribution, taken at the half maximum gives the value of ^.

The values of g- permit the calculation of the one-dimensional angular distribution
in the laboratory system, according to eq. 3.3. This results in the cos 9 distributions
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Figure 3.1: Anode puise height as a function of 2^«* for the backing side (left part)
and for the sample side (right part), respectively.

which are shown in Fig. 3.2.
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Figure 3.2: cosfl distribution for the reaction 235U\nth,î) (left part) and for the
reaction 238U(n,f), at En=1.7 MeV (right part), respectively

The anisotropy of the émission of the fission fragments of the reaction 238U(n,f)
is already visible in Fig. 3.2, when comparing the cos 9 distribution of the fission
fragments of the reaction 235U(n4/i,f) (left part) and of the reaction 238U(n,f), at
En=1.7 MeV (right part), respectively. Indeed, the numberof events of the reaction

:38U(n,f) shows clearly a dependence on the émission angle of the fragments, which
is not the case for the reaction 235U(nt/i,f) since this reaction is isotropic as explained
in chapter 4, paragraph 4.1.
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A simple energy dependence on X has been assumed up to now, actually X dépends
also on the mass and number of protons of the fragments. The mass dependence

will be taken into account in a later step of the data analysis when the mass of the

fragments will be known.

The cos 9 distributions on the backing side and on the sample side should be iden

tical, consequently, the resulting plot cos 9 on the sample side versus cos 9 on the
backing side should be a line at a 45 degrees angle with respect to both X and
Y-axis (see Fig. 3.3), with the index 1 and 2 referring to the backing and sample

side, respectively.

0.6

Figure 3.3: cos 9 distribution on the sample side (cos<92) versus the backing side
(cos #i).

The quality ofthe cos 9 détermination procédure is shown in Fig. 3.4, when plotting

the différence Acos#=cos#i-cos#2-

Then, the transformation of the physical quantifies such as mass, energy and cosine
of the émission angle of the fragments from the laboratory to the centre of mass

system is performed as explained in the following paragraph.
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Figure 3.4: Différence in cos6> distribution between the two chamber sides.

3.3 Incoming neutron momentum transfer

As mentioned in Chapter 1, paragraph 1.2.1, the main fission fragment properties
are calculated in the centre of mass system. However, no neutron corrections hâve
been yet applied to the raw data. Therefore the pre-neutron masses are not known
at this stage of the data analysis, hence, an approximation on the mass of the frag
ments must be introduced, using provisional quantifies. Let's call the provisional
mass of the fragment ^gov and the corresponding energy Egov, with i=l,2; using
the conservation of the mass and of the momentum, one can write:

41 +41 = mcn and ^m =„W Eg>
prov^prov (3.5)
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Then using eq. 1.32 and 1.33 from Chapter 1, but replacing E(,) by E^ov gives:

m. it'r.rnv . tn\ IHcnl-'nri-ii(l) iiicnJ-'prov i (2) ^cn-^prov /Q ~-,41 = (1) / (2) ™d 41 = (1) (2) (3-6)
i-jprov T r^prov J-^prov T J-<prov

Hence, the correction of the incoming neutron momentum transfer finds its expres

sion when applying the following transformation formulas to the provisional mass

and energy distributions.

Er . el _2yW^„ ei +. agi^ (3.7)
mcn m^n

H- =E!r +2i^!i!k cos «l +2^Ei. (3.8)
3 ' " mcn ' " m2n

In a similar way the angular distribution in the centre of mass system can be calcu

lated, according to réf. [28], by:

'•••• ncmcos 6'1 =

and:

„~„ /îcm
COS P, =

y, 1-1^(1 - cos2 9\^) (3.9)

Ez (l-cos2^2ab) (3.10)
Sf»V E2

When the values of § hâve been determined and the incoming neutron momentum
transfer has been taken into account, the angular distribution versus the anode puise

height, which is proportional to the energy can be calculated, and the resuit is shown

in Fig. 3.5.

Nicely visible at lower cos 8-values is the energy-loss of the fragments in the fi-
nite thickness of the 238U-sample and backing. This effect needs to be corrected too.
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Figure 3.5: Anode puise height as afunction of cos#, on the backing side (left part)
and on the sample side (right part), respectively.

3.4 Energy loss in the sample and the backing

Due to the finite thickness of the sample and backing, the fission fragments lose
energy on their way through the target. This energy loss, visible in Fig. 3.5 at low
cos 9channels has to be corrected too. Aschematic représentation of the 238U(n,f)
reaction is shown in Fig. 3.6.

neutron beam

cathode

Figure 3.6: Schematic représentation of the 238U(n,f) reaction. See text for the
explanation of the symbols.
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Let's call do the distance that the fragments, emitted at cos#sampie with respect to

the normal to the cathode, hâve to travel in the sample before reaching the atoms

of the counter gas. In the same manner dj is the distance that the fragments, emit

ted at cos^backing with respect to the normal to the cathode, hâve to travel in the

sample and backing before reaching the atoms of the counter gas. The thickness of

the sample and the backing are called 2t0 and ti, respectively.

Under the assumption of an émission of the fission fragments at half the thickness

of the sample, the actual thickness d0 crossed by the fragments can be expressed as

a function of t0 by:

do =—^— (3.11)
COS "sample

Furthermore, the energy loss by the fragments is found to be proportional to d0,

consequently the puise height of the fragments recorded on the sample side can be

expressed via:

fsample = lideal ' 7 yà.ïZj
COS C/sample

where Pideai represents the anode puise height in the idéal case, where the sample

would not hâve any thickness. Consequently, in order to détermine the average en

ergy loss by the fragments in the sample, the anode puise height signal has to be

plotted as a function of -i-r. In the same manner, but replacing d0=—-P by
•»• COS p '" eus i/sample

dt= ^°+tl^ which represents the distance covered by the fragments in the backing
COS^backing

side, the anode puise height signal recorded on the backing side is also plotted as a

function of -—^. For each sample the two sets ofpoints can be fitted by two straight
Unes (see Fig. 3.7). Thèse two sets of points hâve been obtained by averaging the

anode puise height over ail fission fragment masses. However, it is well known that

the energy loss of the heavy and of the light fragments are not the same. Neverthe-

less, since the thicknesses of both the sample and backing are relatively small, the

introduction of individual corrections for the light and respectively for the heavy

fragments do not bring any significant improvement, compared to corrections made

averaging over ail fission fragment masses. Thèse two straight Unes should converge

to the same point, namely Pideai-
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Figure 3.7: Anode puise height as a function of cos 9, for the reaction 235U(n,f) at
En=thermal (left part) and for the reaction 238U(n,f) at En=1.7 MeV (right part),
respectively.

Hence, it is obvious that, since the thickness of both Uranium samples is différ
ent, the energy-loss corrections hâve been performed individually for each of them.
The energy loss by the fragments is then proportional to the différence (AP) be
tween the ordinate of the expérimental point and the one of the intersection point
of the two straight Unes, AEocAP. The idéal value of the anode puise height (PcxE)
will then be given by: Pideal = Pexp + AP.

After having applied ail the mentioned corrections to the raw puise height signais
of the anode, a further quality check has been made in comparing the corrected
anode signais of both chamber sides. This comparison is shown in Fig. 3.8, for
En=1.7 MeV and demonstrates the quality of the corrections.
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Figure 3.8: Comparison of the anode puise height on the sample side (solid line) and

on the backing side (dotted line), at En=1.7 MeV, after having applied ail mentioned

corrections.

3.5 The sawtooth v(A)

Immediately after fission, the fragments are created in an excited state. Therefore

a remaining part of the available energy not appearing as kinetic energy of the frag

ments is dissipated by the émission of prompt neutrons by the fragments subséquent

to scission. Hence, the number of neutrons emitted is a conséquence of the amount of

energy stored in the nascent fragments. Consequently, the variation of the neutron

yield is of crucial importance in order to evaluate the partition of energy at scission.

Actually, it is known since 1954 that the neutron yield from fission fragments is

not simply equally divided between the light and the heavy fragment. At that time
first évidence for structure in the dependence of neutron yield on fragment mass

were obtained by Fraser et al. [29], studying the reaction 233U(nth,f). The curve
representing the multiplicity of neutrons F(A) as a function of fragment mass, due
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to its shape is called the sawtooth. In order to détermine the pre-neutron émis
sion fragment properties this curve needs to be known. Actually, for the reaction
238U(n,f) only the average value of the total number of neutrons vt for a limited
number of values of En is known. Before determining F(A), the dependence of Vt
on En has to be found. However, the différent sets of expérimental data available
for Vt as a function of En do not show a reasonable agreement with each other,
therefore the evaluated data given in réf. [16] hâve been considered to estimate the
dependence of Vt on En. Hence, the set of data given in réf. [16] and shown in Fig.
3.9 hâve been fitted by the following 2nd order polynomial:

I7t(En) = 0.024En - 0.00015E„ + 2.448 (3.13)

T 1 r-

3 -

2 -

1 -

-J 1 1—1—I I I

10° 5 6 7 8 910

En (eV)

Figure 3.9: Average number of neutrons released as a function of En. This
has been fitted by a 2nd order polynomial (see eq. 3.13).

curve
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The next step is to détermine the shape of the sawtooth F(A) for 238U. However, the

comparison of the neutron yield as a function of fragment mass for several fissioning

Systems emphasizes their similarities [30]. This observation led Terrel [30, 31] to

conclude the strong corrélation existing between the number of neutrons emitted

and the déformation of the nascent fragment of mass A. Hence, a possible way to

détermine the sawtooth F(A) for 238U could be to deduce it from the already known

ones of 233U(nth,f) and 235U(ntri,f), taken from réf. [32]. For each mass A a possible

ansatz is to make the ratio between the number of neutrons released by 235U and

233U, which results in a number close to one:

^ = 1+ p with P< 1 (3.14)
^233

The obtained ratio can be related to the différence in neutron number of the isotopes

of Uranium. Hence, for the ratio ^aa. the following relation is considered:

Em =1+lp with p=fe _i and p<1 (3.15)
^235 2 ^233

Finally:

F238 =F235 •(1 +§•(|^ - 1)) (3.16)
^ ^233

This method permits to détermine the shape of the sawtooth ï?(A) for 238U; the

resulting curve is given as a full line in Fig. 3.10.

Even though this procédure has not been driven by any underlying theory, the

peculiarities of the apparent near-universality of the sawtooth shape are preserved.

For instance, the résistance to déformation of the closed shell fragments (A~132

amu) finding its expression by a low yield ofneutrons is still présent in the obtained

curve v(A) given as a full line in Fig. 3.10.

Then, for each incoming neutron energy this shape has been multiplied by the pro

visional mass distribution, resulting in a distribution of which the mean value has
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Mass (amu)
Figure 3.10: The sawtooths of thermal fission of 239Pu and of two isotopes of Ura
nium; the one of238U has been deduced from the known ones for the thermal fission
of 233U and 235U (see text).

then been compared to the known ut as afunction of En, calculated according to eq.
3.13. This comparison allows to find a scaling factor for the sawtooth as a function
of E„. The last step is now simply to multiply the initial shape of F(A) by this
scaling factor.

An example of the sawtooth V{A) obtained in this manner is shown in Fig. 3.11,
for En=1.7 MeV (dotted line) and for En=5.5 MeV (solid line), respectively.
However, in order to check the influence of the sawtooth shape on the fission frag
ment properties the data analysis has been also performed using the sawtooth shape
of the reaction 239Pu(nth,f). Actually, it will be shown in the next Chapter that the
sawtooth shape weakly influences the kinetic energy and mass distributions of the
fragments, whereas the total number of neutrons Vt as a function of En plays the
greater rôle in determining thèse fission fragment properties.
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Figure 3.11: Comparison of the sawtooth of 238U(n,f) at En=1.7 MeV (dotted line)

and at En=5.5 MeV (solid line).

3.6 Mass and energy distributions

The main primary fission fragment properties are calculated according to eq. 1.30

to 1.33 from Chapter 1, paragraph 1.2.1. However, the neutron evaporation of the

excited primary fragments is quasi-instantaneous. Furthermore, due to the impor

tant excess of neutrons of 239U with respect to the line of stability N=Z, the two

primary fragments are generally /?" emitters. Therefore, ail experiments can only

detect post-neutron émission fission products. Hence, the pre-neutron émission mass

and energy distributions are found through an itérative procédure described in the

following.
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Let's assume that a fragment emits one neutron. This situation is shown in Fig. 3.12.
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Figure 3.12: Schematic représentation of the neutron evaporation-process in the
laboratory system (left part) and in the centre ofmass system (right part).

A is the fragment prior to neutron émission, B is the post neutron émission fragment
and G is the centre of gravity.

Using geometrical considérations, one can write:

n'A rffi • rf\ d0A d0G dGAOA = OG + GA -> —— = —-—h
dt dt dt

OB =OG +GFw^ =^+d(fB
dt dt dt

V'a = Vg+V-

Vè=VG + V|"

r? rvrt , A* dGn dOG dGn ->TOn = OG + Gn -> -r— = t-- 1- — yVL = VG 4- Vcm

v^v^ + vi"

vnL = vï +vt

(3.17)

(3.18)

»iw dt ~ dt ' dr^Vn~vuTVn (3-19)
Then, since A coïncides with the centre of mass, VAm = 0. Therefore, replacing VG
by its value, namely VG = V^ in eq. 3.18 and eq. 3.19, reads as:

(3.20)

(3.21)
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Let's now overlay the velocities and émission angles expressed in both the centre of

mass and laboratory Systems in one figure (see Fig. 3.13).

rjcm

Figure 3.13: Kinematics of the neutron evaporation-process.

Squaring eq. 3.20, gives:

(V^)2 = (V^)2 + (V^)2 + 2V^V|m cos 9 (3.22)

with 9 the angle between VA and V|m. Since the angle between Vgm and V„m is

7r, one can write: 9 + 0nm = ir. Therefore, cos 0=cos(7r - #nm)=-cos0nm. Hence, eq.

3.22, reads as:

(V^)2 = (VA)2 + (Vf1)2 - 2V\VcBm cos 0nm (3.23)

In the centre of mass system, we hâve: mnVnm =mBV|m, which gives: (Vf1)2 = (^f (Vnm)2.
Thus eq. 3.23 can be written as:

^ma(VL)2 =lE*mA(vjDa +li^l!(vr)2 - mnVkVrcos0nm (3.24)
L L ITIa ^ mB
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This équation is équivalent to:

E& =^ +̂ r-2«^cosC (3.25)
niA me y mA y

Averaging eq. 3.25 over ail events with the same mass reads as:

% ms V mA v ;

In the assumption of an isotropic émission of vneutrons in the centre of mass system,
cos 9™ is found to be equal to zéro. It is now convenient to change the labeling of
the fragment Aand B by pre and post, respectively. Thus eq. 3.26 can be written
as:

pL _ mpostpL mn
%ost - — Ve + "— ^n (3.27)

ulpre nipost

The second term on the right hand side can be neglected because Ë^m ~ 3MeV, V~3
and Sw ~8-5T0~3 for the présent experiment, hence i/-^-Ecm ~80 keV<mp03tEL
Finally, ail the remaining quantifies are expressed in the laboratory system and
linked one to the other by the following relation:

Epost = ——Epre (3.28)
rUpre

Now let's introduce eq. 1.32 and 1.33 from Chapter 1, paragraph 1.2.1, namely:

m mcnE(2)e ,_, mCnElU
< =iôi-iw^^ =iôrrik (3-29)ll-pre -h fjpre rL,pre + Epre

Hence, substituting Ege, with i=l, 2by its expression as a function of Epïst, ob
tained from eq. 3.28, gives:

and, of course:

"#1 T?(2)
,., -^T^post

Ve = m- • m..».,r ZW-1Z (3-30)ÎES.P(1) | m^ep(2)
TIF^post T —lîF^post

mp'e ut1)

mpre —mcn ~TÎ) 7~W) ~ (3.31)
(i) ^post "t" (2) -t^post
post "'post
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After simplification, eq. 3.30 and 3.31 can be respectively written as:

e(2«Lmpre = mcn ' —Jïj ~m ~ —~ (3.32)
mpre "Vat 17(1) . tt,(2)
rnr ' -iir^post + ^POSt

lp03t

and:

Now:

E(1)t
mp2rl = mcn ' — (ÎT22^ ~ ^3-33^

Z&T ' -iTT^post + ^post
•"post mpre

mPoSt nipU (mpoit + i/) •mj?it ! +

m» ml1'.

pQ3t

!(1)post

(3.34)

Since —m— <Cl with i=l,2; the following quantity —££- • -^ff can be written as 1+0

with p <.!.

Finally:

Llpre

E(2)
(1) _ m • P°Stm = mcn • -m P°s—— (3.35)pre - —en (1)

*Vst , p(2)
(1+0) T ^P°st

-g-"--ed5+Eii (3-36)
Now, assuming that mpVe = mp2re = "», with the index i=l, 2 related to both
sides of the chamber, an itérative procédure is introduced in order to find the pre-

neutron émission fragment mass and kinetic energy distributions. Then mPoSt = m^
- f (mp'oSt), with f (mPoSt) as the tabulated values of the sawtooth. The post-neutron
émission énergies can be calculated using the anode signal, P (see Chapter 3, para

graph 3.1), through: Egst = A•(P + PHD(mg,t))- Where PHD is the pulse-height
defect and A a calibration constant. Then l+P can be evaluated and the m^ values
can be found using eq. 3.35 and 3.36. The procédure is repeated starting now with

the new m^ values. The calculation is then looped until subséquent values of m|Je
reach a self consistency within | amu. When m$e, mp^st and Epl*st are determined,
E^ can be found using eq. 3.28.
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3.7 Final calculation of the angular distribution

When the neutron corrections hâve been performed, the cosine of the émission angle
of the fragments can be plotted as a function of the fragment mass and is shown in
the left part of Fig. 3.14.

Figure 3.14: Fragment mass as afunction of cos 9before correction of the dependence
of Xon the mass and charge of the fragments (left part), and after correction (right
part), respectively.

Up to now the détermination of the § values performed in paragraph 3.2 has been
done assuming a simple energy dependence of X. Actually, Xdépends mainly on
the energy of the fragments but shows also a weak dependence on their mass and
charge. This effect is displayed by the existence of two "wings" at cos 9values close
to one which can be also corrected, in the same manner as done in paragraph 3.2.
The resuit of this correction is shown in the right part of Fig. 3.14.
That the cos ^-distribution is actually only starting at cos 9=0.5 reflects the fact
that only events are considered in the final analysis with cos#>0.5. Indeed, since
the energy loss of the fragments emitted at small angles is less important than at
large angles, in the later case the nice linear behaviour of the energy loss as a func-
tion of W' encountered in paragraph 3.4 is no more preserved.
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3.8 Absolute calibration

The absolute energy calibration was based on the thermal neutron induced fission of

235U. The data analysis of the reaction 235U(nt/l,f) has been done in a similar way as
explained before. Thus, the mass and TKE distributions hâve been obtained as well

as the average values associated with thèse distributions. The conversion factors

between channels and MeV depending on the relative calibrations of the electronics

correlated with the différent runs are then easily obtained using the recommended

value of TKE for the 235U(n^,f)-reaction, namely TKE=170.5±0.5 MeV [13].



Chapter 4

EXPERIMENTAL RESULTS

AND DISCUSSION

4.1 Angular distribution

The angular distribution averaged over ail fission fragment masses has been obtained

for each incoming neutron energy investigated during the présent experiment, as ex-

plained in Chapter 3. The solution of the wave équation of the compound nucleus

236U formed in the reaction 235U(ni/l,f) is an s-wave. Furthermore neither the 235U

target, nor the thermal neutron beam are polarized. Therefore the angular distri

bution of the fission fragments of the reaction 235U(ni/l,f) is isotropic. Consequently,

the angular distribution related to each incoming neutron energy from the reaction

238U(n,f) has been first divided by the isotropic angular distribution of the reac

tion 235U(ntfe,f) (see Fig. 4.1) and then fitted with even Legendre polynomials, P2n.

Good fits (based on x2 tests) were obtained using only Po and P2, and the use of

higher order Legendre polynomials did not bring any significant improvement. Since

Po(cos0) = 1 and P2(cos0) = 3co^g~1, the data were fitted with:

W(^ =Ao-(l +A2-(3COS^~1)Y (4.1)
where Ao and A2 are fitting parameters. The anisotropy, A = W(^0A - 1 is then
given by:

58
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Figure 4.1: The measured angular distribution averaged over ail the fission fragments

for 238U(n,f) at En=2.5 MeV relative to the isotropic distribution for 235U(ni/l,f).

Due to absorption in the target and the backing, a drop in the yield is observed for

cos8 <0.2; furthermore the electronic resolution and the way of determining g (at

half height of the distribution) cause also values of cos# larger than 1. Consequently,

the data were only fitted for 0.2 <cos#< 0.95. The values of A0, A2 and A are given

in Tab. 4.1.

The results concerning the anisotropy hâve been compared with those of Shpak

[33] and Kaufmann [34] in Fig. 4.2. The agreement is rather good, even though
we could not see much improvement including the 4th order term in the Legendre

polynomials as it was done by Shpak.
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Moreover, although the statistic was poor at low incoming neutron energy (at En=1.2
and 1.3 MeV), the présent results confirm the influence of the subthreshold vibra-
tional résonances on the anisotropy already visible in the data of refs. [33, 34].

En [MeV] A0 A2 A

1.2 0.987 ±0.025 0.299 ±0.013 0.528 ±0.030

1.3 0.981 ±0.030 0.253 ±0.016 0.435 ±0.035

1.6 0.982 ±0.013 0.307 ±0.003 0.544 ±0.002

1.7 0.980 ±0.007 0.230 ±0.002 0.390 ±0.001

1.8 0.987 ±0.023 0.179 ±0.008 0.295 ±0.003

2.0 0.974 ±0.029 0.196 ±0.009 0.326 ±0.004

2.5 0.975 ±0.010 0.195 ±0.004 0.324 ±0.001

3.0 0.980 ±0.012 0.207 ±0.004 0.346 ±0.002

3.5 0.976 ±0.015 0.167 ±0.005 0.273 ±0.001

3.8 0.980 ±0.018 0.174 ±0.007 0.285 ±0.004

4.0 0.976 ±0.015 0.168 ±0.005 0.275 ±0.003

4.5 0.982 ±0.015 0.151 ±0.005 0.245 ±0.003

5.0 0.977 ±0.016 0.159 ±0.006 0.260 ±0.004

5.5 0.980 ±0.007 0.168 ±0.002 0.275 ±0.001

5.8 0.983 ±0.011 0.231 ±0.007 0.379 ±0.005

Table 4.1: Parameters for the angular distribution averaged over ail masses.
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Figure 4.2: Anisotropy as a function of En, averaged over ail masses compared with

the results of refs. [33, 34].

4.2 Mass distribution

The introduction of shell and pairing corrections within the potential energy of the

nucleus has mainly permitted to explain the observed asymmetric fragment mass

distributions for the fissioning actinides. Furthermore, it is well known in literature

that for ail the actinides the light fragment mass peak shifts whereas the heavy

fragment mass peak stays constant (see Fig. 1.6). This remarkable stability of the

heavy fragment mass number is due to the stabilization of the spherical N=82 and

deformed N=88 neutron shells.

Hence, the latter expérimental observation is nicely confirmed when comparing

the data of the présent experiment of the mass yield distribution of 238U(n,f) at

En=1.7 MeV (solid Une) and the one of 235U(n^,f) (dotted line) in Fig. 4.3. The

shape of the mass distribution however changes drastically as already observed in a
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Figure 4.3: Comparison of the mass yield of235U at En = thermal (dotted line) and
238 U at En=1.7 MeV (solid line).

systematic study of several spontaneously fissioning Pu-isotopes [35].

Actually, mainly two effects are responsible for thèse changes. The proton odd-even
effect présent in both sets of fissioning isotopes Plutonium and Uranium tends to

enhance the number of fragments with an even number of protons, and therefore

plays a rôle in determining the shape of the mass yield distribution. Furthermore,
the liquid drop term maintains the ratio | of the new born fragments close to the
ratio jr of the compound nucleus, and again influences the shape of the mass dis

tribution. In the case of the 239U compound nucleus, the | ratio is 1.598, which
means that heavy fragments with a number of neutrons located close to the spher
ical neutron shell N=82, preferably should hold a number of protons between 51
and 52, instead of the spherical proton shell number Z=50. Combining this resuit
with the tendency to prefer fragments with an even number of protons, leads to
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an expected enhancement of the yield around mass number A=134 amu. With the

same argument, an enhancement of the yield around mass number A=144 is also

expected since this mass number corresponds to the N=88 deformed neutron shell,

together with a combination ofthe conservation ofthe ratio S to 1.598 and the even
proton number of the fragment.

However, when the excitation energy of the compound nucleus is increasing, the

shell and pairing effects are partly washed out. Furthermore the liquid drop contri

bution increases with increasing E*n. Therefore, an increase of the symmetric fission

fragment yield should be expected, together with a broadening of the asymmetric

fragment mass distribution.

In Fig. 4.4, where the mass distributions for En=1.7 MeV (left part) and En=5.5

MeV (right part) are compared, the above mentioned effects are not very well visi

ble. This can be partly explained by the fact that in the case of the neutron induced

fission of 238U even at En=5.5 MeV, which corresponds to a compound nucleus exci

tation energy of about ~10.3 MeV, shells effects are still dominating in determining

the fragment mass distribution.
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Figure 4.4: Fragment mass yield of the reaction 238U(n,f) at En=1.7 MeV (left part)
and at E=5.5 MeV (right part), respectively.

The average values of the light and heavy fragment peaks are respectively ML~99.4
amu and Mh~139.6 amu. Even though the average values do not change drasti

cally over the neutron energy range studied, a change in behaviour is already visible
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around En~3 MeV (see Fig. 4.5), which means that something happens around a
compound nucleus excitation energy of about E*n~8 MeV. However, the explanation
of this change in the behaviour of the mean values of the light and heavy fragments
is far from being trivial, and will be tackled later by combining ail expérimental
results. It is also interesting to note that, as expected, the width of the fragment
mass yield distribution is increasing as a function of the compound nucleus excita
tion energy, which simply reflects the growth of the liquid drop contribution within
the potential energy of the nucleus. Furthermore, the decreasing tendency of the
mean heavy fragment mass with the simultaneous increase of the mean light frag
ment mass respectively as a function of E*n, hâve been already observed by Siegler
et al. [4] in the case of the 238Np compound nucleus and by Stnede et al. [5] in the
case of the 236U compound nucleus.
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5: Upper part: mean light fragment mass (left part) and mean heavy
mass (right part) as a function of En, respectively. Lower part: width of
distribution for both the light and the heavy fragments as a function of
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4.2.1 Changes in the mass yield distribution

Combining ail the expérimental observations mentioned previously, it is obvious

that the mass distribution is undergoing changes with the compound nucleus exci

tation energy. In order to see this in a more detailed manner the différences in mass

yield between En=1.6 MeV (energy référence, chosen to be close to the barrier) and

En hâve been calculated and are drawn in the next figures (see Fig. 4.6 to 4.8).
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Figure 4.6: Différences in yield between En=1.6 MeV and En=1.2 MeV (left upper

part), En=1.3 MeV (right upper part), E„=L7 MeV (left lower part) and En=1.8

MeV (right lower part), respectively.
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Figure 4.7: Différences in yield between En=1.6 MeV and E„=2.0 MeV (left upper
part), E„=2.5 MeV (right upper part), E„=3.0 MeV (left middle part) En=3.5 MeV
(right middle part), En=3.8 MeV (left lower part) and En=4.0 MeV (right lower
part), respectively.
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Figure 4.8: Différences in yield between En=1.6 MeV and En=4.5 MeV (left upper

part), En=5.0 MeV (right upper part), En=5.5 MeV (left lower part) and En=5.8
MeV (right lower part), respectively.

Below the barrier, in the région of the vibrational résonance, although the large error

bars mask partly the phenomenon, a decrease in yield of events with mass around

130 amu is clearly perceptible. Hence, as already observed by Wagemans et al. [36]

when comparing the mass distribution of fissioning Systems above and below the

threshold, it is also clear hère that the mass distribution obtained at En=1.2 MeV is

sharper than the one obtained at En=1.6 MeV. This observation is reflecting the

lower number of degrees of freedom involved in the case of fission below than above

the threshold combined with the présence of the vibrational résonance. At higher

incident neutron energy a clear signature is visible that the yield of fragments with

mass number around A=135 amu is drastically decreasing with increasing excitation

energy of the compound system. For instance, the différence in yield for the asym-
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metric part of the fragment mass distribution between En=1.6 MeV and En=5.5

MeV reaches about 0.8% over a total of 6%, which means a decrease in yield of the
order of13%, in this région ofasymmetric masses. This phenomenon is simply con-
firming the decrease of the shell effects with the increase of the compound nucleus
excitation energy. Furthermore, the symmetric part of the fragment mass distribu
tion shows also important changes as a function of E*n. Due to the increase of the
liquid drop part within the potential energy of the nucleus with increasing E*n, the
expected enhancement of fragments at symmetry is nicely visible at high incoming
neutron energy. However, at first glance, the amount of changes occurring in the

symmetric part seems to be less important than the amount of changes occurring
in the asymmetric part. The évolution of the contribution of the liquid drop part
with respect to the shell effects to the observed changes in the mass distribution

as a function of En can be quantitatively evaluated using the peak-to-valley ratio
(Ç) which is shown in Fig. 4.9. The values hâve been obtained dividing the sum
of events for the mass-splits ML/MH =1Û2/137 and 101/138 by the sum of events
corresponding to the symmetric part, namely for the mass-splits ML/MH=119/120
and 118/121.

It should be noticed that since below the threshold no events were recorded at

symmetry, the values of | at E„=1.2 and 1.3 MeV hâve not been obtained, and
therefore do not appear in Fig. 4.9.

Thèse changes in the mass distribution will obviously influence the mean total ki-

netic energy, since the events at symmetry hâve a différent déformation than the far

asymmetric events and therefore, do not hâve the same kinetic energy. Hence, the

results presented up to now will be used to interpret the changes in the mean total

kinetic energy, which will be done in the following sections.
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Figure 4.9: Peak-to valley ratio P/V as a function of En.

4.3 Fission fragment kinetic energy

4.3.1 Average total kinetic energy as a function of En

Of the available energy released in fission by far the largest fraction goes into the

total kinetic energy of the fragments TKE, which is the sum ofboth the light and the

heavy fragment kinetic énergies, expressed in the centre of mass system. The term

TKE is related to the mean value of this distribution. However, the relationship be
tween changes in the excitation energy of the compound nucleus and the TKE is still

poorly known. Furthermore, no systematic behaviour can be attributed to TKE as

a function of E*n, since, depending on the compound nucleus, TKE is found either to

decrease [4] or increase [37] or even to stay constant [38]. The reaction 238U(n,f) at
incident neutron énergies up to 5.8 MeV provides a good opportunity to study the

influence of the proton pairing effect and of the vibrational résonances in the vicinity
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Figure 4.10: TKE as a function of En (for the explanation of the symbols see text).
The error bars show only statistical uncertainties.

of the fission threshold on the behaviour of TKE. The TKE has been measured for

each incoming neutron energy and is compared in Fig. 4.10 with existing data in
literature.

The présent results (circles) of the TKE show a différent dependence as a function
of En than the data of Vorobeva et al. [39] (squares). An increase of TKE with a
sudden drop by 0.4 MeV at En=3.8 MeV is visible and then TKË increases again
as a function of En. A decrease of TKE in the région of the vibrational résonance,
namely at about En~1.2 MeV, already observed by Goverdovsky et al. [40], is also
clearly visible hère. However, as already mentioned by Lam et al. [41], it is obvious
from Fig. 4.10 that the TKE weakly dépends on En, since the observed amount
of variation of the mean total kinetic energy is less than 0.5 MeV over the whole
neutron energy range investigated. On the contrary, the data of réf. [39] show a
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significant decreasing trend over the whole energy range studied. This dependency
could only be reproduced by the présent data-set using the sawtooth of 239Pu for

the neutron correction as done in réf. [39], but keeping Vt constant to the thermal

value of 2.88 for 239Pu over the whole neutron energy range, as shown by the trian
gles in Fig. 4.10. In addition, the TKE obtained with the sawtooth of 239Pu, but
taking now into account the energy dependence of J7t, is presented by stars. This

clearly shows that the behaviour of TKE does not dépend on the neutron correction

using either the sawtooth shape of 239Pu or the deduced one from the 233U and 235U

sawtooths, but only if the changing Ft as a function of En is taken into account too.

With the barrier located at about En=1.5 MeV, the surplus excitation energy of
the compound system up to the sudden drop at E„=3.8 MeV is in the order of

2.3 MeV. This value is close to the energy of twice the proton pairing gap. As

established by Môller et al. [42] the average proton pairing gap is given by:

r R A-2/3
d = ^, ;„ , with B F/dS (4.3)

0 Jbp Zi/3 ' s " 47rr|

The relative surface energy Bs is the ratio of the surface area of the nucleus at the

actual shape to the surface area of the nucleus at the spherical shape and rmac is

the average pairing-gap constant, rmac=4.8 MeV. Since the excitation energy of the

compound system is only in the order of 8 MeV and assuming that the actual shape

of the nucleus is not extremely deformed gives in first approximation Bs?al. Conse-

quently, the average proton pairing gap can be estimated to:

Ap *92^ ~XMeV" <44)

Considering a pair of protons, the pairing energy is then Epair«2 MeVi

Furthermore, similar drastic changes in e.g. the odd-even effect hâve been observed

in 238U(7,f) [43] and 232Th(7,f) [37] at excitation énergies of about 2.2 MeV above

the barrier, and hâve also been attributed to pair-breaking. However, in the case

of 238U(7,f), the compound nucleus is even-even, which means that a neutron pair-
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En [MeV] TKE(238U sawtooth) TKE(239Pu sawtooth)

1.2 169.81 ±0.12 169.83 ±0.12

1.3 169.82 ±0.17 169.83 ±0.17

1.6 170.08 ±0.06 170.09 ±0.05

1.7 170.08 ±0.03 170.16 ±0.05

1.8 170.15 ±0.07 170.23 ±0.06

2.0 170.11 ±0.06 170.13 ±0.05

2.5 170.17 ±0.05 170.18 ±0.04

3.0 170.22 ±0.05 170.24 ±0.05

3.5 170.31 ±0.05 170.33 ±0.04

3.8 169.85 ±0.05 169.85 ±0.06

4.0 169.98 ±0.05 170.00 ±0.05

. 4.5 170.09 ±0.04 170.12 ±0.04

5.0 170.13 ±0.07 170.16 ±0.05

5.5 170.24 ±0.07 170.27 ±0.03

5.8 170.24 ±0.04 170.26 ±0.05
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Table 4.2: TKE as a function of En, obtained by using the deduced sawtooth of 238U
and the one of 239Pu. Errors are only due to statistical uncertainties.

breaking could also occur, and again could influence the behaviour of TKE, which
is not the case for the 239U compound system. The numerical data of TKE as a

function of En are given in Tab. 4.2, obtained by using the deduced 238U sawtooth
and the sawtooth of 239Pu.

A comparison with the data of Strœde et al. [5] concerning the 235U(n,f)-process
can be made taking into account the différent uranium isotope barrier heights. For
the 236U compound nucleus the TKE is constant within the errors in the energy
range 0<En<1.5 MeV, and then drops by ~0.4 MeV between En=1.5 MeV and

En=2.5 MeV. Considering that En=1.5 MeV leads to a compound nucleus excita

tion of roughly 2.5 MeV above the barrier, this drop in TKE could also be due to
the onset of pair breaking.
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Figure 4.11: TKE(A) for En =1.6 MeV (triangles) and for En=5.5 MeV (squares).

However, besides the évolution of TKE as a function of En, sizeable variations of

the total kinetic energy are found for différent mass splits, which resuit in a rather

broad total kinetic energy distribution. Thèse variations are displayed in Fig. 4.11

when plotting TKE(A) for En=1.6 MeV (triangles) and En=5.5 MeV (squares).

Hence, it is clear from this figure that the more deformed the fragments are the

lower TKE they will hâve. Indeed, due to the compact form of the events close

to the doubly magie shell closure (N=82, Z=50), the corresponding TKE is much

higher than for far asymmetric events having large déformation. However, it is al

ready visible that the TKE(A) distribution changes with the excitation energy of

the compound nucleus. In order to display more clearly thèse changes, the différ

ence between TKE(A) at the référence neutron energy En=1.6 MeV and the other

neutron énergies studied hâve been calculated and are presented in the following

paragraph.
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4.3.2 Changes in the TKE(A) distribution

The latter expérimental observations show that obviously the TKË(A) distribution
is undergoing changes as a function of the compound nucleus excitation energy. In
order to see in a more detailed manner thèse TKE(A) distribution changes, the dif
férence in TKE(A) between En=1.6 MeV (energy référence, chosen to be close to
the barrier) and En hâve been studied and are drawn in the next figures (see Fig.
4.12 to4.14).
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(left

and

At about En~1.2 MeV, the influence of the vibrational résonance is clearly visible,
where a decrease in TKE(A) is observed for the fragments with mass A=135 to 145
amu. The well known odd-even structure every five mass units (see réf. [13], chap-
ter 8), hidden in the TKE(A) distribution due to the larger scale is visible hère at
low excitation energy (see e.g. the lower part of Fig. 4.12). However, as expected,
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Figure 4.13: Différences in TKE(A) between En=1.6 MeV and En=2.0 MeV (left

upper part), En=2.5MeV (right upper part), En=3.0 MeV (leftmiddlepart), En=3.5

MeV (right middle part), En=3.8 MeV (left lower part) and En=4.0 MeV (right lower
part), respectively.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 76

>

2
H

^v^^T-.

130 135 140 145 150

Mass (amu)

130 135 140 145 150

Mass (amu)

>
tu

H

>

H

2
H

130 135 140 145 150

Mass (amu)

• • . ^ï!
130 135 140 145 150

Mass (amu)

Figure 4.14: Différences in TKE(A) between E„=1.6 MeV and En=4.5 MeV (left
upper part), En=5.0 MeV (right upper part), En=5.5 MeV (left lower part), and
En=5.8 MeV (right lower part), respectively.

this structure, partly washed out when E*n is increasing, tends to disappear as a
function ofEn. Furthermore, it is clear that the kinetic energy of the fragments with
mass number A>135 amu is increasing whereas the kinetic energy of the fragments
with mass number close to symmetry is decreasing. Again, due to their proximity
to the doubly magie shell closure, the fragments with mass number between 130

and 135 amu come under the influence of the shell effects of both the neutrons and

the protons, and therefore do not show large changes in their corresponding kinetic
energy.
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4.3.3 Total kinetic energy as a function of mass-split and En

In order to give a more précise view of the évolution of the kinetic energy for dif
férent mass splits from symmetry to far asymmetry, the différences in the TKË(A)
distribution expressed in MeV between E„=1.6 MeV and the other higher incident
neutron énergies hâve been calculated for mass-split ML/MH =119/120 up to mass
split Ml/Mh=84/155 and are shown in the next figures (see Fig. 4.15 to 4.21).
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The présence of the large error bars below the threshold hâve prevented the use of
this procédure at neutron energy smaller than En=1.6 MeV.
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Figure 4.19: Différences in TKE(A) between En=1.6 MeV and En, for mass-split
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Figure 4.20: Différences in TKË(A) between En=1.6 MeV and E„, for mass-split
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89/150 (left middle part), for mass-split 88/151 (right middle part),for mass-split
87/152 (left lower part) and for mass-split 86/153 (right lower part), respectively.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION

05 ' 1 r—I , 1 ' 1 ' 1 ! 1 , 1 •—1 i 1 05

0.0

1ML/M„rf5/154

u H

a II
... a

te -05
us -05

H
-1.0

I
1

[] M H
•1.0

« «
e* ,JJ

a -1,5 C] a -1 5

H

C3 us
•2.0 -2.0

-25 , 1 • 1 , , 1 ,

n

, t , i ,

I) Cl

I • I . I

83

1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0

En (MeV)
1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0

En(MeV)

Figure 4.21: Différences in TKE(A) between En=1.6 MeV and E„, for mass-split
85/154 (left part) and for mass-split 84/155 (right part), respectively.

Thèse figures confirm that the kinetic energy associated with low asymmetric mass

splits tends to decrease (for A<133). Moreover, the kinetic energy associated to

highly deformed fragments with mass number A>138 is found to increase over the

whole neutron energy range studied. Even though up to Ah=133 amu the TKE is

continuously decreasing, the pair breaking is visible in the majority of the mass-

splits investigated.

Obviously the changes in the TKE(A) distribution as well as the changes in the

mass yield will affect the changes in the mean total kinetic energy, as will be dis-

cussed in the following section.

4.3.4 Study of the changes in TKE in terms of changes in

the mass-yield distribution and changes in TKE(A)

In order to détermine how much of the observed changes in TKE are due to changes

in the mass yield distribution and how much of thèse changes are due to changes

in the TKE(A) distribution the procédure already used in refs. [4, 5, 44] has been

applied to the présent data.
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Hence, the observed changes in TKE can be written as a sum of two terms, related

to the contribution of the changes in the mass yield (ATKEA) and in the TKE(A)
distribution (ATKETke):

ATKE = ATKEa + ATKEtke (4.5)

with:

ATKËA =i •BY(A.),6 - Y(A)E„). (TKE(A),, +TKE(A)EJ^

and:

ATKËtke =\•E(TKË(A)1.6 - TKË(A)EJ •AY(A)i.e +Y(A)En)\ (4J)

The resuit of the previous procédure is shown in Fig. 4.22.
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Figure 4.22: ATKE as a function of En (for the explanation of the symbols see text).
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It should be noticed however that only statistical errors hâve been included in the

procédure, which explains the relatively small error bars on the expérimental data

shown in Fig. 4.22.

It is obvious that both the changes in the TKE(A) (circles and dotted line) and in the

mass distribution (squares and dashed line) çontribute to the observed fluctuations

in TKE (triangles and solid line). Thèse two effects work in an opposite direction,

causing only small changes in the mean total kinetic energy. Above the barrier,

the changes in the mass yield tend to decrease the TKE whereas the changes in the

TKE(A) distribution tend to increase it, simultaneously. On the contrary, below the

barrier at around En~1.2 MeV, in the région of the vibrational résonance the situa

tion is just the opposite, the changes in TKE(A) tend to decrease the TKE whereas

the change in the mass yield tend to increase it, simultaneously.
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This behaviour is différent from the behaviour observed in the case of the reac

tion 232Th(7,f) [37] (see Fig. 4.23) where it has been found that both the changes
in the mass yield. and in the TKE(A) distribution contribute to the observed in

crease of the mean total kinetic energy. Moreover, the sudden drop in the TKË at
E„=3.8 MeV apparently originates only from changes in the kinetic energy distri
bution TKE(A) itself as already observed by Pommé et al. [43] (see the upper part
ofFig. 4.24) and is not at ail due to shifts in the mass distribution. However, in the
case of the 238U(7,f) and 235U(n,f) reactions, the possible neutron pair-breaking that
could occur in the 238U compound nucleus masks partly the proton pair-breaking
phenomenon.

Each mass unit consists of several charges, even as well as odd charges. Conse
quently, the fact that the apparent origin of the sudden drop of TKË is only due
to a change in the kinetic energy distribution as a function of mass, TKË(A), is
another indication for the hypothesis of pair-breaking.

In the case of the 235U(n,f) reaction, up to En=4 MeV, a constant compétition
between changes in TKE(A) and in the mass yield takes place, which results in only
small variations in the TKE (see the lower part of Fig. 4.24). Indeed, the changes
in the mass yield tend to decrease the TKE whereas, the changes in the TKË(A)
tend to increase it, simultaneously. Rememberring that En=4 MeV corresponds to
a compound nucleus excitation energy of about 10.5 MeV, this behaviour of TKË is

close to the behaviour of TKE in the 238U(n,f)-reaction, since in the présent ex
periment an incoming neutron energy of 5.5 MeV corresponds to a 239U compound
nucleus of E*n~10.3 MeV.

Furthermore, in ail fissioning Systems 235U(n,f), 238U(7,f) and 238U(n,f), for a com
pound nucleus excitation energy above the barrier, the changes in the mass yield
distribution tend to decrease the TKE distribution. This reflects the fact that
the amount of changes in the symmetric part of the mass yield distribution and the
amount of changes occuring around the mass A~135 amu do not balance each other.

Hence, the growth of the liquid drop contribution does not seem to compensate the
decrease of the shell effects.
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Therefore, the increasing or decreasing trend of TKË(A) drives the behaviour of
TKE, since, as just mentioned, the changes in the mass yield distribution work in
the same direction for ail the fissioning Uranium isotopes. An explanation of the
later phenomenon will be attempted in the last chapter in terms of barrier height
and penetrability of fission modes.

The explanation of the peculiar tendency of the changes in the mass yield distribu
tion to increase the TKË for the reaction 232Th(7,f) [37] is much more complicated,
since in that case the compound nucleus 232Th has a triple-humped fission barrier
as proposed by Bj0rnholm et al. [15]. This, of course, should influence the fission
fragment properties, and therefore the mass yield and TKË(A) distributions.
Not only the TKE as a function of E„ can be determined, but also the évolution of
the mean light and heavy fragment kinetic énergies as a function of E„. The results
are presented in the next paragraph.

4.3.5 Mean kinetic energy of both the light and the heavy
fragment as a function of En

In the centre of mass system one can write:

PL + PH = 0 =» PL = -PH (4.8)

with L, H for the light and heavy fragment, respectively.
Simultaneously squaring eq. 4.5 and dividing it by 2mLmH gives:

Then replacing ^-P2 and ^P2, by EL and EH, respectively gives, finally:

EL = ^-EH and EH = —•EL (4.10)
mi, mH v '

Hence, the mean kinetic energy of both the light and the heavy fragment, is respec
tively given by:

^i.|J.eS> (,n)
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and:

_ 1 N m(i) (0E (4.12)
i=i mH'

with N being the number of events.

In this way the mean kinetic énergies of both the light and the heavy fragment hâve

been obtained as a function of En and are plotted in Fig. 4.25.

Hence, it is obvious that again the results do not dépend on the sawtooth used dur

ing the neutron correction (stars and dotted line: 239Pu; circle and solid line: 238U).

It is interesting to note that the behaviour of TKE shows the same trend as the

behaviour of the mean kinetic energy of the light fragments, whereas the heavy

fragment mean kinetic energy stays constant within the error bars. This similarity

in the behaviour of TKE and El can be understood studying the contributions of

the changes in the mass yield (AKEA) and in the kinetic energy as a function of

mass (AKËke) to the changes in the kinetic energy of both the light and the heavy

fragments:

AKE = AKEA + AKEKE (4.13)
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with for the light fragments:

AKE* =i•g(Y(A),e -Y(A)E,). p^i^S^}) (4.14)
and:

105

90

AKEKE a.|(EE(A),6_KE(A)Ej.(iiwH+i(^) (4,5)

respectively, for the heavy fragments:

AKE. =i•|,Y(A),6 -Y(A)E.). (ffi^i+SAkl) ^
and:

159AKEke =\•g(KË(A),e -KË(A)EJ •((Y(A)l'6 +Y(A)e"}) (4.17)

The resuit of the previous procédure is shown in Fig. 4.26, for the light fragments
(upper part) and for the heavy fragments (lower part).

In the case of the heavy fragments the opposite effects of the contributions of the
changes in the mass yield and in the AÏŒ(A) to the changes in the kinetic energy
lead to an almost balance which results in a quasi constancy of the AKË for the
heavy fragment group (see the lower part of Fig. 4.26). The situation is completely
différent for the light fragments, where the contribution of the changes in the mass
yield to the observed changes in AKË is apparently negligible (see the upper part of
Fig. 4.26). This phenomenon can be explained looking at the shape of the kinetic
energy as a function offragment mass which is shown in Fig. 4.27 for En=1.7 MeV
(dotted line) and for En=5.5 MeV (solid line).

As it is obvious from Fig. 4.27, changes in the mass yield in the light fragment
group will weakly affect their corresponding kinetic energy since AKË(A) is almost
independent on the mass of the light fragment, whereas a large effect is expected in
the case of the heavy fragment group since, in this case AKË(A) strongly dépends
on the mass of the heavy fragments. Furthermore due to momentum conservation
any changes in AKË(A) lead to changes in the individual kinetic énergies of both
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the light and the heavy fragment.

The widths of the kinetic energy of both the light and the heavy fragments hâve

been obtained too and are plotted in Fig. 4.28, as a function of En, respectively.

From this figure, it is obvious that <jEl increases whereas ctEh stays constant within
the error bars as a function of En, respectively. Actually, it is well known that crE

expresses the number ofpossible elongations ofthe nucleus. Consequently, since <tEl
increases as a function of En it can be deduced that the range of possible déforma
tions of the light fragment increases with the compound nucleus excitation energy.
Reciprocally, since <7Eh stays constant within the error bars in the whole neutron

energy range studied, the range of possible déformations of the heavy fragment is
found to stay the same as a function of En.
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Chapter 5

PARAMETRISATION OF THE

| TWO-DIMENSIONAL
MASS-TKE DISTRIBUTIONS

The two-dimensional mass-TKE distributions hâve been compared by means of a
fit, with theoretical calculations performed recently [7] in the frame of the multi-
modal random neck-rupture model [8]. However, since the theoretical calculations
of the fission mode characteristics hâve been done at zéro excitation energy of the
compound system the possible changes in the intrinsic properties of the mode that
may occur when E*cn is increasing are unpredictable in the frame of the random-
neck rupture-model. Actually, two solutions are possible, indeed, a good fit could
be achieved assuming either two or three Gaussians for the asymmetric part and
one Gaussian for the symmetric part of the mass yield distribution. Although the
solution including three Gaussians seems to be more in line with the theoretical pré
dictions given in chapter 1, paragraph 3, it will be shown that only the solution with
two Gaussians for the asymmetric part of the mass distribution leads to meaningful
physical interprétation in terms of shells influences.

94
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5.1 Results obtained when using two Gaussians

for the asymmetric part of the mass distribu

tion

As mentioned before, the two-dimensional mass-TKE distributions for each incoming

neutron energy hâve been fitted as common practice assuming Gaussian distribu
tions for the mass yield and skewed Gaussians for the TKE distribution (see Chapter

1, paragraph 1.3, for more détails).
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An example of the quality of the fits to the two-dimensional mass-TKE distributions
is shown in Fig. 5.1 for E„=1.7 MeV (left part) and E„=5.5 MeV (right part).
According to usual terminology, the labeling of the standard modes has been done in
the growing order of the asymmetry of the modes. Hence, Si is the least asymmetric
mode, whereas S2 is the most asymmetric one. The mode labeled SL which means
superlong is related to symmetric scission of the compound nucleus.
At first sight, it seems that the main intrinsic properties of the modes, such as the
TKE and mass distributions are undergoing changes as afunction of E*n. Further
more, it is clear from this figure that the yield associated to the différent modes is
changing as a function of the compound nucleus excitation energy.
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Figure 5.2: Comparison of the expérimental data (symbols) to the fit of the TKË(A)
(left upper part), the aTKE (right upper part) and the dissymmetry of the TKE
distribution (lower part) at En=5.5 MeV, respectively.
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Also the higher moments of the mass-TKE distribution, the TKE(A), the width,

ctke, and the dissymmetry of the TKE distribution as a function of mass hâve been

compared to the fit to demonstrate its quality (see Fig. 5.2).

The agreement is very good except maybe a discrepancy between the expérimental

cttke and its associated fit at around mass A~133 amu. An improvement, however,

is possible by adding a third assymmetric mode, as will be discussed in paragraph

5.2. Nevertheless, it is obvious that the larger the number of Gaussians used in

the fitting procédure, the better the quality of the fits to the expérimental data will

be. However, the fitting procédure should be driven by physical relevance. Although

the solution including three asymmetric modes has been studied (see paragraph 5.2)

and is more in line with the theoretical prédictions, much effort has been devoted

to expound the solution with only two Gaussians for the asymmetric part of the

mass distribution. Furthermore, for other fissioning Systems, such as e.g. 238Np [4]

or 236U [5] the mass distribution has been usually described using two Gaussians,

which resulted in meaningful physical interprétations in terms of shell effect influ

ences. Therefore, in the last Chapter of the présent work the expérimental findings

will be interpreted using only two fission modes for the asymmetric part of the mass

distribution.

Hence, the main properties of the modes hâve been extracted from the fits with

two Gaussians for the asymmetric part of the mass distribution, to the expéri

mental two-dimensional mass-TKE distributions of each measured neutron energy

investigated.

5.1.1 Main properties of the standard fission modes

The intrinsic TKE and yield of the standard I (SI) (left part) and standard II (S2)

(right part) fission modes as a function of En, respectively, are shown in Fig. 5.3.

Looking at the yield ofeach mode, the one of SI drops drastically up to En~2 MeV,
stays nearly constant up to En~4 MeV and drops again. The yield of S2 shows just

the opposite behaviour. Therefore, the yields of SI and S2 do not behave linearly
as a function of En as it was the case in the reaction 237Np(n,f) [4]. Besides the
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fission modes standard I (Si) (left part) and standard II (S2) (right part) as a
function of En, respectively.

yield, also the TKE of each mode is undergoing changes. For Si, TKE increases up
to En~2 MeV, stays constant with a slight dip at En~3.8 MeV and increases again
above En~4 MeV.

The TKE for S2 continuously increases except two dips at En~1.6 MeV and En~3.8 MeV.
Hence, the dip in the expérimental TKË around En~3.8 MeV, is also visible in the
parameters of the fits, which again provides another évidence for the hypothesis of
pair-breaking. Indeed, before relating thèse results to the Brosa prédictions, the
"fission modes" obtained by fitting the expérimental distributions include even as
well as odd charges, which could still mean that a proton pair breaking should hâve
an influence on the behaviour of the intrinsic TKË of the modes.
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En (MeV) TKEsi (MeV) TKES2 (MeV) Yieldsi (%) YieldS2 (%)

1.2 178.39 ±0.6 164.96 ±0.6 41.56 ±1.0 58.44 ±1.0

1.3 178.30 ±0.8 165.11 ±0.8 45.02 ±1.5 54.98 ±1.5

1.6 180.2 ±0.2 164.99 ±0.07 34.31 ±0.015 65.35 ±0.322

1.7 179.98 ±0.09 164.78 ±0.04 34.92 ±0.008 64.8 ±0.181

1.8 180.58 ±0.32 165.3 ±0.11 32.81 ±0.013 66.59 ±0.431

2.0 181.16 ±0.2 165.35 ±0.07 31.72 ±0.004 67.84 ±0.331

2.5 180.86 ±0.13 165.5 ±0.04 31.15 ±0.018 68.47 ±0.246

3.0 180.74 ±0.19 165.7 ±0.06 31.12 ±0.03 68.34 ±0.323

3.5 180.94 ±0.17 165.85 ±0.06 31.0 ±0.024 68.25 ±0.306

3.8 180.29 ±0.25 165.45 ±0.09 30.95 ±0.022 68.1 ±0.380

4.0 180.50 ±0.18 165.64 ±0.06 30.6 ±0.031 68.6 ±0.324

4.5 181.33 ±0.14 166.09 ±0.04 27.32 ±0.044 71.77 ±0.264

5.0 181.05 ±0.21 166.37 ±0.06 27.43 ±0.062 71.56 ±0.357

5.5 181.72 ±0.12 166.61 ±0.03 25.49 ±0.046 73.32 ±0.228

5.8 181.92 ±0.20 166.63 ±0.05 25.57 ±0.067 73.1 ±0.344

Table 5.1: TKE and relative yield of SI and S2 as a function of E„, respectively.

The numerical values of the yield and TKE of SI and S2 are given in Tab. 5.1.

The width of the intrinsic total kinetic energy of each mode has been obtained and

is shown in Fig. 5.4.

It is obvious from this figure that ctTKeS2 tends to increase whereas ctTkeSi stays
constant within the error bars. Combining ail the results obtained so far, it is clear

that the TKE distribution of S2 is more influenced by the surplus of excitation

energy brought by the incident neutron than the one of Si, which is again unpre
dictable in the frame of the MM-RNR-model. In order to attempt an interprétation

of this phenomenon the mean masses of SI and S2 and their respective widths hâve
been deduced from the fits to the expérimental data and are shown in Fig. 5.5.
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From this figure, a clear decreasing tendency can be attributed to the mean mass
of S2, which is not the case for the mean mass of Si. Indeed, ASi stays roughly
constant over the whole neutron energy range studied. Concerning the width of
the mass distribution, again aAsi stabilizes around the same value, whereas <jAs2 is
increasing as a function of En.

The least asymmetric mode Si, with a mean mass located at ASi~135 amu, can
be related to the doubly magie shell closure Z=50 and N=82, and therefore cornes
under the stabilizing influence of both the proton and neutron shells. The most
asymmetric mode S2, with AS2~141.5 amu can be related to the deformed neu
tron shell N=88, whereas there is apparently no corresponding proton shell around
Z=53-54.

Consequently, the fact that ail the main characteristics of Si, such as the mean
mass, TKE, aA and aTKE, stay constant over the whole neutron energy range stud
ied could be attributed to the influence of the strong doubly magie shell closure,
which is not the case for S2. Furthermore, the liquid drop contribution is increasing
as a function of the compound nucleus excitation energy, and tends to maintain the
fratio of the new born fragments close to the f ratio of the compound nucleus.
For the présent fissioning system, (^=1.598, therefore, in order to calculate the
z-ratio of the standard modes, the mean charges associated to Si and S2 need to
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be known. The charge distribution has been deduced using the fission yield data of

the reaction 238U(n,f) at En=0.4 MeV, taken from ref. [45]. Consequently, a first

idea of the location of the mean charges of the two standard modes can be obtained

by fitting this charge distribution using Gaussian fonctions. The resuit of this fit is

shown in Fig. 5.6.

Hence, the mean charges of SI and S2, extracted from the fit, are Zsi~51.5 and

Zs2~54.2. Furthermore, the proton pairing effect is visible in Fig. 5.6, showing two

peaks in the light fragment charge distribution around Zl=38 and Zl=40, and in

the complementary heavy fragment charge distribution (Zh=54 and Zh=52).
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ion

Assuming that the mean charge of the two standard modes does not change as
a function of En, the g-ratios of Si and S2 hâve been calculated using the parame
ters of the fits Asi and AS2 shown in Fig. 5.5. The obtained resuit is given in Fig.
5.7.

The ^-ratio of Si stays roughly constant over the whole neutron energy range stud
ied, whereas the g-ratio of S2 tends to decrease towards the g-ratio of the compound
nucleus. Actually, in the range of compound nucleus excitation energy investigated
in the présent experiment, a compétition between the shell and liquid drop contri
butions is expected. Consequently, since the characteristics of S2 are less influenced
by the shell effects than the characteristics of Si, it could be deduced that in the
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case of S2, even though shell and liquid drop compete together in determining the

properties of this mode, the increasing effect of the liquid drop tends to dominate

the decreasing effect of the neutron deformed shell N=88, when E*n is increasing.

Up to now no explanation has been given to understand why the yield of S2 is larger

than the yield of SI. Actually, the intriguing question of the population of the fission

modes will be treated in a spécial subsection at the end of this paragraph, using the

différent barrier height and penetrability of the fission modes.

The main properties of the symmetric superlong mode (SL) hâve been obtained too

and are presented in the next subsection.
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5.1.2 Main properties of the superlong fission mode

The study of the properties of the SL fission mode is much more complicated than
the study of the characteristics of the two standard modes, since the yield of SL is
only of the order of less than 2%. Hence, to avoid divergence in the fitting program
the mean mass and width of SL hâve been fixed to 119.5 amu and 13 amu, respec
tively. The TKESL, aTKE and yield hâve been treated as free fit parameters, and
are shown as a function of En in Fig. 5.8.
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Figure 5.8: TKE (left upper part), aTKE (right upper part), and yield of SL (lower
part) as a function of En, respectively.

Although the error bars are rather large an increasing tendency of TKËSL is visible
in the left upper part of Fig. 5.8. Besides the TKË, the <7TKE shows a peculiar be
haviour, indeed, it is increasing up to En=3.8 MeV and then decreasing drastically
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by about 30% at higher incoming neutron energy. The yield in contrast shows a

continuously increasing trend. A likely explanation of this increase of the yield of

SL would be the growth of the liquid drop contribution within the potential energy

of the compound nucleus. However, as we will see in the next chapter, also another

competing explanation might be possible.

5.1.3 Height and penetrability of the fission mode barriers

In order to investigate the individual contribution of each fission mode to the ex

périmental fission cross-section, <rf (En) has been weighted with the individual, fitted

mode intensifies, which leads to the data sets labeled Cf,si; <?i,$2 and Cf.sL (see

Fig. 5.9).

It is obvious from this figure that the shapes of SI and S2 are really similar, with

the well-known threshold around En=1.5 MeV. For the SL mode, the situation is

completely différent. Indeed, in the case of the SL the neutron energy range studied

corresponds just to the ascend of the fission barrier and is apparently far off the

threshold value of this symmetric mode, which is consistent with the fact that the

outer barrier of SL is much higher than the outer barrier of the standard modes (see

chapter 1, paragraph 1.3).

This observation strongly supports the theoretical finding of a seperate outer bar

rier through which the symmetric SL-mode proceeds. In contrast to the common

analysis of <7f(En), from ref. [15], the présent dataset could possibly lead to a more

detailed picture of the fission-barrier shape.

However, considering the theoretical results of the fission mode calculation (see

chapter 1, paragraph 1.3), which showed the bifurcation of the standard mode to

lie in the second minimum of the double humped fission barrier, an improvement

would be possible by actually taking into account the double humped structure as

well as individual barriers.

This has been done but assuming that ail modes proceed through the same inner

barrier, characterized by its height, EA, and width, h.uA, and through individual

outer barriers, Eb,ï and hwe.i, with i=Sl, S2 and SL. In this assumption, a simul-
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Figure 5.9: Cross-section weighted yield for the Si (upper part), S2 (middle part)
and SL (lower part) fission-mode (circles). The full line is a simultaneous fit within
the Hill-Wheeler approach (eq. 5.2). The dashed line is obtained by fitting <rt,si
and o-f',82 only up to En= 4.0 MeV. The dotted line is obtained assuming a common
outer standard barrier for Si and S2.
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taneous analysis of the fission-mode weighted cross-section data has been done in

terms of an extended approximation taken from ref. [15, 46]. In this approach the

total transmission coefficient can be expressed by:

<ri =J£ <7o,iTATB,i/(TA +TB,0 with i=Si, S2 and SL, (5.1)
i

where the transmission T through each individual barrier,Tx with X=A, B, is cal

culated with the well-known Hill-Wheeler approximation assuming fission through

inverted parabola segments [47] :

Tx(En) = [1 + exp(27r •(Ex - En - S^/nu*)]-1 with X= A, B, (5.2)

where Sn=4.81 MeV is the neutron binding energy in the case of the 239U compound

nucleus, taken from ref. [15].

In order to simplify the analysis and keep the number of free parameters reasonable,

the same density of transition states has been assumed for ail individual fission bar

riers.

The results of the fit are shown by the Unes in Fig. 5.9.

The numerical values of the parameters of the fit are given in Tab. 5.2.

The fitting has been made twice, first of ail taking into account the whole data set

(up to En=5.8 MeV) and secondly, taking the data only up to En=4 MeV. Although

the number of data points around the fission threshold for SI and S2 is small due to

the low fission cross-section in conjunction with a limited beam time, the following

observations can be drawn:

1. The higher outer barrier for S2, Eb,S2 compared to the one of SI, Eb,si5 is com-

pensated by a corresponding slightly higher penetrability for S2, Uu;b,S2 than

for SI, hwB.si- The higher penetrability of the outer barrier of S2, compared

to the one of Si could give a good arguement to interpret the higher yield

of S2, obtained by the fits to the expérimental two-dimensional mass-TKE

distributions (see Fig. 5.3). The large error bars still prevent to prove the



CHAPTER 5. TWO-DIMENSIONAL MASS-TKE DISTRIBUTIONS 108

Fission El EA huA T? *
li<B EB huB c0

mode (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (barn)

SI 6.3 6.0±2.4 0.8±1.5 10.2 6.3±2.1 0.4±1.7 0.32±0.3S

S2 6.3 6.0±2.4 0.8±1.5 8.9 6.4±0.8 0.8±0.5 0.76±0.2

SL 6.3 6.0±2.4 0.8±1.5 12.3 9.5±3.9 7.5±4.1 0.02±2.78

SI 6.3 6.0±1.8 0.8±1.1 10.2 6.3±1.9 0.6±1.3 0.33±0.26

S2 6.3 6.0±1.8 0.8±1.1 8.9 6.4±1.0 0.7±0.5 0.73±0.22

SL 6.3 6.0±1.8 0.8±1.1 12.3 9.5±1.7 7.5±1.8 0.02±1.13

Table 5.2: Upper part: fission barrier parameters extracted from a multi-dimensional
fit to the fission-mode weighted fission cross-section data a{ (solid line in Fig. 5.9).
The asterix indicates the theoretically predicted barrier heights obtained from the
MM-RNR calculations [7]. Lower part: fission barrier parameters obtained from the
simultaneous fit of a(iSl and crf,S2 only up to En=4.0 MeV (dashed line in Fig. 5.9).

existence of individual,outer standard barriers. However, the assumption of
a common outer standard barrier does not well reproduced the slope of crf,Sl
(dotted line in Fig. 5.9).

2. The common inner barrier of the modes, EA cornes out to be lower than each
individual outer barrier and is slightly more transparent as expected from
systematics (see e. g. [15], p. 878).

3. The SL mode clearly exhibits its own separate outer barrier, Eb,sl, much
higher than the outer barriers of the standard modes, but also more transpar
ent (hcjB,SL=7.5 MeV) as it is the case for the standard barriers. The lowering
effect of a high Eb,sl on the number of symmetric events is compensated by
the higher transparency of the outer barrier of SL.

It is well admitted, that the washing out of the shell effects with higher excitation
energy of the compound nucleus is leading to an increased relevance of the liquid
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drop part within the potential energy of the nucleus with its préférence for sym

metric fission. Actually, at least in the investigated excitation energy range of the

compound system, it can be deduced from the former observations that symmetric

fission, can also be due to the pénétration through the separate fission barrier of

the superlong fission mode. This resuit would support calculations expecting the

disappearance of the shell effects only at nuclear excitation énergies higher than «

50 MeV [48].

5.1.4 Study of the changes in TKE in terms of changes in

the mass-yield distribution and changes in TKE(A)

The average expérimental TKE, can be expressed as a function of the individual

kinetic energy and respective yield of the modes, via:

TTŒ =f>nTKË„ (5.3)
n=l

where yn and TKEn are the yield and intrinsic TKE of the mode labeled n.

In the MM-RNR model, the main changes in the mean fission fragment kinetic

energy are assumed to be due to a variation of the weight of each individual fis

sion mode contribution, which was confirmed by Siegler et al. [4], for the reaction

237Np(n,f). However, in the case of the reaction 238U(n,f), looking at Tab. 5.1, it

is obvious that not only the yield of the modes are undergoing changes with the

excitation energy of the compound nucleus, but also their corresponding mean in

trinsic TKE is varying. Consequently, the observed expérimental TKË changes are

not adequately described just by variations of the relative yields of the fission modes

as already remarked by Pommé et al. [43], but the évolution of the average kinetic

énergies of the modes has to be taken into account too. The decreasing yield of Si

(high intrinsic TKE) and increasing yield of S2 (low intrinsic TKE) would imply a
decreasing mean fragment total kinetic energy, if the TKE of the individual modes

would stay constant as a function of En, which is not the case.

However, the contributions to the expérimental TKE variations can be qualitatively

calculated in a similar way as done in chapter 4, paragraph 4.3.5, but taking now



CHAPTER 5. TWO-DIMENSIONAL MASS-TKE DISTRIBUTIONS 110

instead of the expérimental data the results of the fission mode analysis. Hence,
the observed changes in TKE can be written as a sum of two terms, related to the
contribution of the changes in the mass yield (ATKËA) and in the TKË(A) distri
bution (ATKETke) as following:

ATKE = ATKEa + ATKEtke (5.4)
with:

ATKË. =i.ètf^-Y(„)E.) •((TKE(n),6 +TKE(n)E,)j ^
and:

ATKEtke =\•E(TKË(n)1.6 -TKË(n)EJ •(gfekS-± Y^A (5.6)

where the label n is related to the modes, n=Sl, S2, SL.

The former procédure has to be taken cautiously since, due to the fact that now
averaged values are used in the formula, corrélations between thèse average values
are expected, which should modify the results, as shown in Fig. 5.10.

In this figure, the différences in the expérimental TKE(En) are represented by the
full line with triangles, the corresponding contributions ATKEtke by the dotted
line with circles and ATKEA by the dashed line with squares from the fission mode
analysis. Therefore, except the différent scale due to the fact that now average val
ues for the yield and TKE of the différent modes are used as mentioned previously,
both Fig. 4.24 and Fig. 5.10 show the same dependency. The compétition between
the changes in the mass yield and the TKE of the différent modes show opposite
effects resulting in minor changes in the mean total kinetic energy. The sudden
drop in the TKE at E„=3.8 MeV is also visible hère, and only followed by a drastic
change in ATKEtke, whereas the ATKEA shows the same smooth behaviour as
observed earlier (see Fig. 4.24).
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Figure 5.10: ATKE as a function of En (for the explanation of the symbols see text).

5.2 Results obtained when using three Gaussians

for the asymmetric part of the mass distribu

tion

Taking into account the theoretical prédictions that signified a third asymmetric

fission mode SX leads to a second solution of the fits to the expérimental data. Ac

tually, this solution has to be taken cautiously, since the expérimental data do not

show clear évidence for the existence of the SX-mode. However, in a similar manner

as done in the former section, the main properties of the three asymmetric modes

and of the symmetric mode hâve been obtained and are presented in the following.
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In order to give an interprétation of the expérimental results in terms of fission
modes, the two-dimensional mass-TKE distributions for each incoming neutron en
ergy hâve been fitted as explained in the previous paragraph assuming Gaussian
distributions for the mass yield and skewed Gaussians for the TKË distribution as
proposed by Brosa and Knitter [49], see Chapter 1, paragraph 1.3.

70 80 90 100 110 120 130 140 150 160

Mass (amu)

Mass (amu)

120 125 130 135 140 145 150 155 160 165 170

Mass (amu)

160 165

Mass (amu)

Figure 5.11: Comparison of the expérimental data (squares) to a fit to the mass
yield (left upper part), the TKË(A) (right upper part), the <tTke (left lower part)
and the dissymmetry of the TKE distribution (right lower part), at E„=5.5 MeV,
respectively. For the explanation of the symbols see text.

An example of the quality of the fits to the two-dimensional mass-TKE distributions
is given in Fig. 5.11 for En=5.5 MeV showing the mass yield, the TKE(A), the <7Tke
and the dissymmetry of the TKE distribution as a function of mass.
As for the first solution, the labeling of the standard modes has been done in grow-
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ing order of the asymmetry of the modes. Hence, SI is the least asymmetric mode,

whereas S2 is the most asymmetric one. The mode labeled SL is again related to a

symmetric scission of the compound nucleus.

As expected, it is obvious from this figure that the agreement is slightly better

than in the previous fitting solution including two asymmetric fission modes. For

instance, the former existing discrepancy between the expérimental <ttke and the

fit, at mass around A~133 amu has disappeared after adding a third assymmetric

mode at about A~133 amu.
i

Again, also the main properties of the modes hâve been extracted from the fits

to the expérimental two-dimensional mass-TKE distributions for ail measured neu

tron énergies.

5.2.1 Main properties of the fission modes

The intrinsic TKE and yield of the Si (upper part), SX (middle part) and S2 (lower

part) fission modes as a function of En, respectively, are shown in Fig. 5.12.

Looking at the yield of each mode, the one of Si is continuously decreasing whereas

the yield of S2, except a strong dip around En=3.8 MeV shows just the opposite

behaviour. The yield of SX decreases up to En=3.5 MeV and increases at higher in

coming neutron energy. Besides the yield, also the TKE of each mode is undergoing

changes. For S2, TKE shows the same trend as TKEs2 obtained with the solution

including two asymmetric modes. For SI, the TKE decreases up to En=3.5 MeV

and then increases at higher incoming neutron energy, the TKE of SX showing just

the opposite behaviour. However, the dip in TKE around En~3.8 MeV is again

visible in the fitting parameters. The properties of the superlong fission mode, such

as TKE and yield are close to the results given in paragraph 5.1.2. Hence, the in

terprétation holds also hère.

The mean masses of the three asymmetric modes hâve been obtained too and are

shown in Fig. 5.13.
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X (SX) (middle part) and standard II (S2) (lower part) fission modes as a function
of En, respectively.
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Figure 5.13: Mean mass of the standard I (Si) (left upper part), standard X (SX)

(right upper part) and standard II (S2) (lower part) fission modes as a function of

En, respectively.

From this figure, it is clear that the mean masses of SX and S2 stay constant, whereas

A-si is strongly fluctuating over the whole neutron energy range studied. Since SI

could be related to the influence of the doubly magie shell closure, and therefore

cornes under the stabilizing influence of the shells of both protons and neutrons, the

observed strong fluctuations of Asi are obviously inconsistent. Consequently, the

introduction of the theoretically predicted SX seems to point more to a mathemat-

ical problem rather than to any physical origin. Actually, in re-analysing in terms

of fission modes the expérimental data of the reactions 235U(n,f) and 237Np(n,f) a

similar solution of three Gaussians has been found to describe the two-dimensional

mass-TKE distribution. So the interprétation of the expérimental findings will be

done, in the following section considering only two asymmetric modes in the fitting

of the two dimensional mass-TKE distributions.
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5.3 Comparison with theoretical prédictions

A comparison of the expérimental results to the theoretical prédictions performed
recently in ref. [7] is given inTab. 5.3, for the two possible fitting approaches. Since
it has been shown that the mean intrinsic properties of the modes are undergoing
changes with the compound nucleus excitation energy, it was unavoidable to chose a
set of parameters obtained by fitting the distribution of one neutron energy having
the highest measured statistics especially in the symmetric mass région, namely,
at En=5.5 MeV. It is obvious from this table that both approaches lead to com-
parably good agreement to the theoretical prédictions. However, the inclusion of
the theoretically predicted intermediate standard mode SX is more in line with the

theoretical calculations, but as it has been shown, seems to point more to a mathe-
matical problem than to any physical origin.

The further inclusion of the theoretically predicted fission modes such as e. g. the
previously reported S3-mode [50] or the newly found superlong asymmetric mode
(SLA) leads to diverging results, which means that for 238U(n,f) they seem not to
be of any physical relevance.

•M
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Theory

TKE

(MeV)

CTKE

(MeV)

A

(amu)

o-A

(amu)

Standard I 182 ±5 6 ± 1 137 ±3 4.2 ± 1.0

Standard X 181 ± 5 6 ± 1 139 ±3 4.8 ± 1.0

Standard II 167 ± 5 9 ± 1 142 ± 3 4.5 ± 1.0

Super-long 160 ±5 9 ± 1 120 ± 3 8.7 ± 1.0

Experiment

TKE

(MeV)

ctke

(MeV)

A

(amu)

o-A

(amu)

(approach 1)

Standard I 181.7 ± 0.1 7.2 ± 0.1 135.2 ± 0.1 3.4 ±0.1

Standard II 166.6 ± 0.1 8.4 ± 0.1 141.3 ± 0.1 6.2 ± 0.1

Super-long 155.7 ± 0.1 7.6 ± 0.1 119.5* ± 3.0 13* ± 3.4

(approach 2)

Standard I 180.8 ± 0.1 10.9 ± 0.1 133.7 ± 0.1 .2.7 ± 0.1

Standard X 178.9 ± 0.1 6.4 ± 0.1 137.1 ± 0.1 4.1 ± 0.1

Standard II 165.7 ± 0.1 8.2 ± 0.1 141.9 ± 0.1 6.2 ± 0.1

Super-long 157.0 ± 0.9 7.6 ± 0.3 119.5* ± 3.0 13* ± 3.4
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Table 5.3: Comparison of the theoretical parameters of the fission modes with results

from a fit to the expérimental data at En=5.5 MeV. The values indicated (*) hâve

been kept fixed to avoid divergence.
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CONCLUSION

From the investigation of the reaction 238U(n,f), at incoming neutron énergies up to
the second chance fission, the following conclusions can be drawn:

1. Even at En=5.5 MeV, which corresponds to E*n -10.3 MeV, the shell effects
are still dominating in determining thefission fragment properties, such as the
mass and TKE distributions, and their respective mean values.

2. The observed changes in TKE as a function of En can be attributed to a com

pétition between changes in the mass and in the TKE(A) distributions.

3. The sudden drop in TKE at En=3.8 MeV could be attributed to the onset of
pair breaking.

4. The influence of the vibrational résonance on the anisotropy, TKË, mass
yield and TKE(A) distributions of the fission fragments is confirmed by the
présent data.

5. A fit to the two dimensional mass-TKE distribution results in two solutions.
However, only one of thèse solutions leads to meaningful physical interpréta
tion in terms of shells influences, the other solution pointing more to a mathe-
matical problem rather than to any physical origin. The parameters ofthe fits
are well reproducing the expérimental findings, e.g. the pair breaking is also
visible in the individual kinetic energy of the modes. Furthermore, it cornes
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out from the theoretical calculations that symmetric fission, at low excitation

energy of the compound nucleus, could also be explained by a pénétration

through the separate fission barrier of the superlong fission mode, which could

lead to a clearer view of the increase of the yield of this mode.

6. Although, the parametrization of the two-dimensional mass-TKE distribution

in terms of fission modes leads to a rather good agreement with theoretical

calculations, an improvement needs to be brought to the model, including the

excitation energy of the compound system. Indeed, since the theoretical cal

culations of the fission mode characteristics are done at zéro excitation energy

of the compound system, the existing changes in the intrinsic total kinetic

energy of the modes observed in the présent experiment, occurring when E*n

is increasing are unpredictable in the frame of the multi-modal random-neck

rupture-model.



Appendix A

KINEMATICS OF THE

REACTION

As already mentioned in Chapter 1, the calculations of the fission fragment prop
erties are done in the centre of mass system. A schematic représentation of the
kinetics of the reaction is shown in Fig. A.l for both the laboratory and centre of
mass Systems.

Hence, using both the conservation laws of the total energy and the momentum, one
can write:

mAc2 +mnc2 +E[n) = m2c2 +E^ +E<2) +mlC2 +E* +E<x), (A.l)

Pn = Pi + P2. (A.2)

• Projection onto the X-axis of eq. A.2 :

Pn = -P2cos(92 + Picos6>i (A.3)

• Projection onto the Y-axis of eq. A.2:

0 = -P2sin6>2 + Pjsiné»! (A.4)

I. Before scission:

—* —* _*

rfr, n7 , n , dUn d0G dGn ,-rUn = OG + Gn -4 —-— = — \- y yL = Vr 4- Vcm (A 5)
dt dt dt n G n { 0)
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Figure A.l: Schematic représentation of the fission-process in the laboratory system

(left part) and in the centre of mass system (right part).

^Vcm = vL_yG)

«-a rO, r?K d°A dQG dG"A wLOA = OG + GA ->• ^— = -r— + -— j- V^ = VG + V
dt dt

vr = -vG.

dt
a- vG-t-vr

(A.6)

(A.7)

(A.8)

In the centre of mass system, the total momentum is equal to zéro, therefore one

can write:

with VcAm

pcm + pcm = 0 ^ mnVcm + ^ycm = ^

-VG and Vnm = V^ - VG , we obtain:

(A.9)

VG = m" •V^; Vlm = ^— •V^ and Vnm = _^A_ .tfL (A.10)
mn + mA n A mn + mA mn + mA
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II. After scission:

pcm + pcm = p^cm + ^cm = Q

• Projection onto the X-axis of eq. A.ll:

-P^cos^"1 + ?lmcos8lm = 0

• Projection onto the Y-axis of eq. A.ll:

-Plmsm8c2m + Pïmsin0ïm = 0

This permits to deduce the following results:

flcm _ ^cm. pcm = pcm and pcm = pcm

Using the same notation as in eq. A.7, one can write:

knowing that VG = "" •V£, one obtains:

Finally:

VJ
mr

mn + mA
yL + yçB

-L mn • mi -L
miVi = - VJ; + ini •Vr,

•g + p;m

mn + mA

mi
=» P^ =

mn + mA

• Projection onto the X-axis of eq. A.18:

Plmcos9lm = ?\cos9\ - - mi dLpi,
1 n>

Projection onto the Y-axis of eq. A.18:
mn + mA
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(A.ll)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

P^sin^ = P;msin^ïm- (A.20)
Adding the square of eq. A.19 and the one of eq. A.20 and replacing mn + mA by
mcn gives:

P?(cm) =P2(L) - 2^pLPncOS0L +flPa(L) (A.21)
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^ rfcjO =PJJL, _«„,, + n^p2
2mi 2rni mcn 2m2.n

The kinetic energy can be expressed as: E = ~- =>• P = v2mE, the latter applied

to eq. A.22 gives:

\/mimnEiJE^ T mnmi T
Eîm = E\ - 2V * acos6\ + =^E^ (A.23)

mCn mcn '

Using the same notation as in eq. A.15, one can write:

02 =OG +G2^^ =^ +^^V^ =VG +Vr (A.24)
dt dt dt

with VG = -^- •VnL,
mn+mA

=> V2L = m" •V^ +VT (A.25)
mn + mA

m2V2L = 3LJ£L •V^ + m2 •Vr, (A.26)
mn + mA

^ pL = ™i pL + pcm (A27)
mn + mA

• Projection onto the X-axis of eq. A.27:

?c2mcos8c2m = -P£cos0£ + —— P^, (A.28)
mn + mA

• Projection onto the Y-axis of eq. A.27:

P^sin^ = P^msin^m. (A.29)

Adding the square of eq. A.28 and the one of eq. A.29 and replacing mn + mA by

mcn gives:

P2(cm) =P2(L) +2iBlpLpLcosflL +i4P2(L) (A.30)
en

Pj(cm) = P|(L) P^ L m, p2
2m2 2m2 mcn 2 2m2n nV ; v ;

The kinetic energy can be express as: E = ~j =» P = V2mE, the latter applied to
eq. A.31 gives:

ESm = Et + 2
ym^nE^^n^ ^

mc„ m2n "
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Finally:

Er=E^2v™i^cos«L+.2ï2îEt.
mrn m?_ n

Furthermore, using eq.A .11, one can write:

Finally:

pcm = _pcm with g = £_
2 2m

mxE;m = m2E*m, with mcn = nu + m2

mi

m2 =

racnE^"1
E^m + E^m

racnEr
Ecm + pcm
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(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)



Appendix B

FISSION RATES

In this appendix an estimation of the fission rates is given, using the expérimental

data related to the 238U sample as well as the neutron yield of each neutron source.

• Target thickness: (86 ± 10) Mg/cra2 of UF4

• Composition of the target:

99.275 % of 238U

0.720 % of 235U

0.005 %of234U

• Radius of the target: r=1.5 cm

• Mass of 238U présent in the target: 0.99275 (86 ± 10)t(1.5)2

=> m^zsu = (603.49 ± 70) fig

• Emission angle 6 = 0°

• Number of fissions per second N = N0ct.e„Ni

anj is the cross section, expressed in cm2
No is the number of nuclei in the target: N0 = (mA/')/A

Ni is the number of neutrons per second and per cm2: Ni = (YnIO )/s

Yn is the yield of neutrons per /iC and per Steradian.

n is the solid angle; O = (7rr247r)/(47rD2) = 7rr2/(D2)

D is the distance between the target and the beam.

s is the surface of the target, s = 7rr2

=>. Ni = (YnI)/(D2) I is in fiA; D and r are in cm.

Number of events per second: N = (m A/'crYnI)/(AD2)

Time for 50000 events: t = (50000AD2)/(mA/VYJ)
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Hence, for A = 238 amu; m ~ 603,49-10~6 g ; D = 7 cm and N ~ 6,023.1023 the
values of N and t are given in the following tables:

En(MeV) 1.2 1.3 1.6 1.7

reaction LiF(p,n)7Be LiF(p,n)7Be T(p,n)3He T(p,n)3He
thickness 0.619 0.619 1.907 1.907

( mg/cm2)

AE (keV) 60 58.3 163.1 158.6

Ion beam current 10 10 10 10

(M)
Neutrons on target 4.227 4.051 13.489 14.017

(106cm-2s-1)
fissions/sec. 0.06 0.08 1.78 1.99

time for 50000 fissions 10.5d 7d 8h 7h

E„(MeV)

reaction

thickness

( mg/cm2)

AE (keV)

Ion beam current

(M)
Neutrons on target

(lO^m-V1)

fissions/sec.

time for 50000 fissions

1.8

T(p,n)3He

1.907

154.1

10

14.982

2.25

6h

2.0

T(P,n)3He

1.907

146.4

10

16.181

2.65

5h

2.5

T(p,n)3He

1.907

130.1

10

16.249

2.68

5h

3.0

T(p,n)3He

1.907

117.6

10

14.73

2.37

6h
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En(MeV) 3.5 3.8 4.0 4.5

reaction T(p,n)3He D(d,n)3He D(d,n)3He D(d,n)3He

thickness 1.907 2.0 2.0 2.0

( mg/cm2)

AE (keV) 107.4 417.3 485.7 426.2

Ion beam current 10 10 10 10

(M)
Neutrons on target 12.367 3.088 3.749 5.058

(106cm-2s-1)

fissions/sec. 2.04 0.52 0.64 0.87

time for 50000 fissions 7h 27h 22h 16h

En(MeV) 5.0 5.5 5.8

reaction D(d, n)3He D(d,n)3He D(d,n)3He

thickness 2.0 2.0 2.0

( mg/cm2)

AE (keV) 343.9 290.6 265.6

Ion beam current L0 10 10

(M)
Neutrons on target 6.056 6.954 7.471

(lO^m-V1)

fissions/sec. 1.02 1.19 1.33

time for 50000 fissions 14h 12h 10.5h
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Mesure des propriétés des fragments de fission de la réaction 238U(n,f) à
des énergies de neutrons incidents jusqu'à 5.8 MeV

La réaction 238U(n,f) a été étudiée à différentes énergies de neutrons incidents de En=1.2 a 5.8
MeV. Il est démontré dans ce travail que la présence de résonnances vibrationelles dans la région
du seuil de la section efficace, ainsi que l'effet de parité des protons induisent des variations dans
les propriétés des fragments de fission. La masse, l'énergie cinétique totale (TKE) et la distribution
angulaire des fragments ont été obtenus grâce à l'utilisation d'une double chambre à ionisation. Il a
été observé que TKE croit jusqu'à En=3.5 MeV, puis chute brusquement de 0.4 MeV, pour croître
de^nouveau au-delà de En=4 MeV. Cette décroissance de TKE aux environs de En=3.8 MeV a
été attribuée à une cassure de paire de protons. Les changements dans les distributions en masse
et en énergie cinétique en fonction de là masse, ainsi que leurs respectives contributions dans les
variations de TKE ont été également étudiés. Les ajustements des distributions bi-dimensionnelles
masse-TKE ont été comparés aux calculs théoriques récemment effectués suivant le model " multi-
modal random neck-rupture". Il ressort de ces ajustements que deux solutions sont possible, en
utilisant deux ou bien trois courbes de Gauss pour la partie asymétrique de la distribution en
masse. Néanmoins, seule une de ces solutions amène à une interprétation physique significative
en termes d'effets de couches. Bien qu'étant plus en accord avec les prédictions théoriques, la
solution incluant trois courbes de Gauss semble relever plus d'un problème d'ordre mathématique
que physique. Dans les deux cas de figure, le mode symétrique adu être indu dans les ajustements,
afin d'expliquer la large décroissance de TKE au voisinage de la symétrie.

Mots clefs: Réactions nucléaires 338U(n,f), En =1.2 - 5.8 MeV; Anisotropie; Distribution en masse;
Distribution en énergie cinétique en fonction de la masse; Energie cinétique totale (TKE) en
fonction de En; Cassure de paire de protons; Model Multi-modal random neck-rupture.

Investigation of the fission fragment properties of the
reaction238U(n,f) at incident neutron énergies up to 5.8 MeV

The reaction 238U(n,f) has been studied, at différent incident neutron énergies ranging from En =1.2
to 5.8 MeV. In this work, it is shown that the vibrational résonances in the région ofthe threshold
of the fission cross-section and the proton pairing effect induce variations in the fission fragment
properties. The fission fragment mass, mean total kinetic energy (TKË) and angular distribu
tions hâve been investigated with a double Frisch-gridded ionization chamber. The TKË shows
an increasing trend up tp En=3.5 MeV with a sudden drop at roughly E„=3.8 MeV which has
been attributed to the onset of pair breaking. Above En=3.8 MeV TKË is again continuously
increasing. The changes in the mass yield and TKE(A) distributions hâve been studied as a func
tion of the compound nucleus excitation energy and their contribution to the observed variations
in the TKE hâve been also determined. The two-dimensional mass-TKE distributions hâve been
compared by means of a fit with theoretical calculations performed recently in the frame of the
multi-modal random neck-rupture model. Actually, two solutions are possible with assuming either
two or three Gaussians for the asymmetric part of the mass distribution. However, only one of
thèse solutions leads to meaningful physical interprétation in terms of shells influences. Although
being more in line with the theoretical prédictions, the other solution with three Gaussians seems
to point more to amathematical problem rather than to any physical origin. In any case the super
long symmetric mode has been included, in order to explain the dip in TKË close to symmetry.

Keywords: Nuclear reactions 238U(n,f), En =1.2 - 5.8 MeV; Anisotropy; Mass Distribution; Ki
netic energy distribution vs mass; Mean total kinetic energy (TKË) vs En; Pair Breaking; Multi-
modal random neck-rupture model.
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