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1. Introduction

1.1 Fission. Historical notes.

The phenomenon of nuclear fission was discovered in 1938, when Otto Hahn

and Fritz Strassmann irradiated uranium nuclei with neutrons [1] and found
that one of the products of the nuclear reaction was barium. In the same year,
Lise Meitner and Otto Frisch proposed an explanation for the process, which
they called fission by analogy with biological cell fission; the uranium nucleus
is highly unstable after the neutron capture and breaks up in two fragments [2].
The composite mass of the two fragments is less than the mass of the origi-
nal nucleus and, from equation E = mc2 follows that the difference in mass

is released in the form of energy. We can estimate the released energy from
the difference between the binding energy of the 238U nucleus and a fission
product nucleus with a mass of about A = 238/2 = 119 amu. For nuclides in

Figure 1.1: The binding energy per nucleon as a function of mass [3].
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the region of the symmetric split, the binding energy per nucleon B119 is about
8.5 MeV/amu (see Fig. 1.1), whereas for 238U it is about 7.7 MeV/amu. The

released energy may approximately be found as

(B119 − B238) ∗ 238 amu ≈ 190 MeV,

which means that the energy of about 200 MeV is released in the fission reac-
tion. When it was found that the fission process is accompanied by the release
of a huge amount of energy, it quickly became the object of extensive research.
The major part of this energy is released as kinetic energy of the fission frag-
ments and can be used in various applications, both military and civilian. The
first nuclear reactor, Chicago Pile-1 was constructed in 1942, and the first nu-

clear reactor for energy production was built in 1951. Since that time, nuclear
power has become one of the major sources of electric energy. The accidents
in Three Mile Island (1979) and Chernobyl (1986), however, caused serious
concerns about the future use of nuclear power. Since about the year 2000, we
experience a ”nuclear renaissance” and the interest in nuclear energy is again
increasing. As of January 1, 2010, according to the latest IAEA report [4], 437
nuclear reactors are in operation with a total capacity of 370 GWe.

1.2 Thermal neutron-induced fission

In nuclear applications, a neutron-induced chain fission reaction can be re-
alized at thermal energies of neutrons. In a neutron-induced fission reaction,
a heavy nucleus absorbs one neutron and splits into two or more fragments.

The fragments are rich in neutrons and almost instantly emit some of them
(prompt neutrons). Also, some neutrons may be emitted in the moment of
scission (scission neutrons) but their existence is still an open question. An
example of a prompt neutron spectrum for thermal neutron-induced fission of
235U is shown in Fig. 1.2. The energy of the prompt neutrons at the peak of
the spectrum is about 1 MeV and practically all of them have an energy be-
low 10 MeV. If at least one of the fission neutrons is absorbed by another

fissionable nucleus and a new fission event is induced, a self-sustainable or
chain fission reaction may be possible. To use fission neutrons efficiently, the
neutron-induced fission cross section of the fissionable nuclei should be as
high as possible at the incident neutron energy. Among all natural isotopes,
235U has the highest fission cross section at neutron energies below 1 MeV
(see Fig. 1.3). The neutron-induced fission cross-section of 235U increases
rapidly with decreasing incident neutron energy, so it is advantageous to mod-

erate fission neutrons down to thermal energies. In thermal nuclear reactors,
the neutrons are moderated by graphite or water. Thermal neutron-induced
fission of 235U is widely used today for energy production in nuclear boiling
water reactors (BWR) and pressurized water reactors (PWR). Although the

8



Figure 1.2: Energy spectrum of neutrons emitted in the thermal neutron-induced

fission of 235U [3].

industrial technologies using thermal neutron-induced fission are well estab-
lished, the interest in the research in fast neutron-induced fission has increased
during the last years. Technologies based on fast neutron fission may provide

solutions of the problem of utilization of spent nuclear fuel. Spent nuclear
fuel contains uranium, plutonium, minor actinides, and fission products; the
actinides could be extracted and reused. However, only some of the actinides,
such as 235U and 239Pu and some other, can be effectively reused in thermal
nuclear reactors. Typically, more than 90% of spent nuclear fuel, e.g., 95% for
PWR reactors [6], consists of the fertile uranium isotope 238U. The neutron-
induced fission cross-section of 238U is small at neutron energies below 1 MeV

(see Fig. 1.3), whereas the average neutron energy in thermal nuclear reactors
is approximately 0.025 eV. Therefore, thermal nuclear reactors cannot burn
238U efficiently, favouring instead the build-up of actinides (see Fig. 1.4).

1.3 Fast neutron-induced fission

The problem of the management of spent nuclear fuel is one of the problems of
the effective use of available nuclear resources. Another fertile nuclide, 232Th,
can be used to produce the fissile 233U isotope. The importance of 232Th comes
from its abundance: there is 4-5 times more thorium than uranium in the Earth
crust. This makes 232Th a potentially important source of nuclear energy in
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Figure 1.3: Neutron-induced fission cross-sections of 235U (red line) and 238U (blue

line) as given by ENDF/B-VII.0 [5].

future applications. Also, thorium-based fuel has attractive properties relative

to uranium-based fuels, e.g., lower production of transuranic elements.
Nowadays, there are several strategies for the more effective use of 232Th

and 238U in the energy production. According to the first strategy, they are
used in breeder reactors to produce fissile 233U and 239Pu, respectively. As in
conventional thermal nuclear reactors, the fission process in breeder reactors
is driven by fission neutrons. Therefore, the neutron energy is limited by the
energy of fission neutrons.

However, there are also concepts based on use of high-energy neutrons. For
example, accelerator-driven systems (ADS) have an external neutron source.
The neutrons can, for example, be created in spallation reactions by a high
energy (up to GeV) proton beam irradiating a heavy-metal target made of,
e.g., lead or tungsten (see Fig. 1.5). The energy of spallation neutrons is
continuous from thermal up to the energy of the incident proton beam.

Another concept closely related to ADS is the fusion-fission hybrid reac-

tor where high energy (∼14 MeV) neutrons, created in the fusion reaction,
irradiate the fuel blanket surrounding the outer wall of the fusion reactor.

For applications, research in neutron-induced fission at energies higher than
thermal is mainly driven by feasibility studies for systems with external source
providing the excess of high energy neutrons.
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Figure 1.4: Buildup of actinides in thermal nuclear reactors. Isotopes shown in red

are fissile, in black fertile, in grey shortlived. Green arrows indicate neutron capture,

lilac arrows indicate beta decay or electron capture, and read arrows indicate alpha

decay.

1.4 Fission fragment mass yields

In both applications and basic nuclear physics, the fission fragment mass yield
is one of the most important characteristics of the fission process. In nuclear
energy applications, the composition of fission products must be known be-
cause they are accumulated during the operation of a nuclear reactor. The
fission product composition influences physical and chemical properties of

nuclear fuel. For example, fission products may capture or emit neutrons and
therefore change the neutron balance of the system; also, they decay and con-
tribute to the heat released in the fission process. In spent nuclear fuel, fission
products continue to generate heat due to the radioactive decay. Typically, fis-
sion products dominate the decay heat for the first 50-80 years after extraction
of spent nuclear fuel from a reactor [7].

In theoretical physics, the ability to describe and predict fission yields is

necessary for a successful nuclear fission model. Because the nuclear fission
process is described by a great number of parameters, and the existing theo-
retical models fail to describe the fission process completely, the fission yields
are among the most important observables to benchmark the validity of fission
models.
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Figure 1.5: A schematic view of ADS. High intensity proton beam is created in the

accelerator. The protons are transported from the accelerator to the reactor where they

hit the heavy metal target. The neutrons created in the spallation reaction irradiate the

fuel blanket surrounding the target.

1.5 The motivation of the project

At incident thermal neutron energies, the probability of symmetric mass split
is low for 232Th and 238U, and the nucleus splits in most cases asymmetrically,
so that one of the fragments is heavy and the other one is light. However, the
probability of symmetric mass split increases with increasing incident neutron

energy (see Fig. 1.6). Although the fraction of spallation neutrons with ener-
gies higher than 20 MeV is of the order of a few percent, those small numbers
are important for the design of an ADS due to the increased buildup of fis-
sion products in the region of symmetric split. Some products created in this
region may have high neutron capture cross-section, e.g., σc is about 20000 b
for 113Cd, or large decay half-life, e.g., t1/2 is about 105 years for 126Sn. How-
ever, the experimental data on neutron-induced fission fragment mass yields
are very scarce for high incident neutron energies. The only measurement has

been done for 238U at the Los Alamos National Laboratory at incident neutron
energies up to 500 MeV by Zöller et al. [9, 10]. Therefore, new experimental
data at energies higher than 20 MeV are extremely valuable.

1.6 Overview of the thesis

In the thesis, I present the work on the measurement of neutron-induced fis-
sion fragment mass yields of 232Th and 238U at incident energies from 10 to
60 MeV. The experiment and data analysis were done in collaboration with
a group from the laboratory of neutron physics of the Khlopin Radium Insti-
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Figure 1.6: Neutron-induced fission independent product mass yield of 235U at En=25

meV (red dots) and 14 MeV (blue dots) taken from the UKFY4.1 library [8].

tute, St.Petersburg. A brief overview of the experimental techniques to detect
fission fragments and obtain fission fragment mass yields is given in Chapter
2. The basic concepts of Frisch-gridded ionization chambers, as well as the
description of the multi-section Frisch-gridded ionization chamber used in the
experiment are also presented. The neutron source is an important part of the
experiment and the description of the neutron beam facility is given in the
same chapter. In Chapter 3, I present the procedure of the data analysis. The

iterative algorithm used to derive the pre-neutron emission fission fragment
masses from the measured post-neutron emission fragment kinetic energies
is presented. The corrections including those for wrap-around events caused
by the pulsed time structure of the neutron beam are explained. In Chapter 4,
the experimental results are presented. The measurement results for neutron-
induced fission fragment mass yields of 232Th and 238U at the incident neutron
energies 33, 45, and 60 MeV are given, as well as the preliminary results for

the incident neutron energy intervals 9-11, 16-18, and 24-26 MeV. In the same
chapter, I present the results of the TALYS calculation of the fission fragment
mass yields and the phenomenological model introduced into the TALYS code
to fit the experimental data. The results are discussed and compared with the
available experimental data as well as with the results of model calculations.
Finally, the main conclusions are summarized in Chapter 5.

13





2. Experimental considerations

The formation of fission products is a dynamic process, and different frag-
ment mass measurement techniques refer to different phases of the evolution
from a pre-neutron emission fission fragment to a fission product. A Frisch-
gridded ionization chamber and the double-kinetic energy (2E) method were
used to obtain pre-neutron emission neutron-induced fission fragment mass
yields. The specifics of experiments using the 2E-method is in the evaluation

of fission fragment masses in the earliest stage of the breakup, i.e., in the mo-
ment of scission. A restriction comes from the use of the mass and momentum
conservation laws which can only be applied to this moment. Since we cannot
measure the breakup fragment energies, we have to reconstruct them in the
data analysis procedure.

2.1 Overview of experimental techniques

In the fission reaction, a heavy nucleus is split into two (or more) lighter nu-
clei. Binary fission events are completely described by the masses mi, the
charges Zi, the kinetic energies Ei, and the excitation energies E∗i (i=1,2) of the
two newborn lighter nuclei. These values evolve in time since the excitation
energy is released by the processes of neutron emission, beta-decay, and the

emission of gamma rays. The newborn highly excited neutron-rich lighter nu-
clei are called ”fragments” whereas they become ”products” after the neutron
evaporation. The fission products can be separated chemically and the isotope
identification can be done by the methods of beta- or gamma-ray spectroscopy.
Such methods of fission product detection and identification are called ”radio-
chemical”. The advantage of radiochemical methods is in their high resolution
in the measurement of mass and charge of the fission products. However, the

kinetic energies E1,2 can not be found and important information about the
scission moment is lost.

On the contrary, in ”physical” methods the kinetic energies E1,2 or
the velocities v1,2 are measured to derive the mass of the fragment. A
classification of the physical methods is given below:

15



1. In the 2E-method, the kinetic energies E1,2 of the two fragments are mea-
sured. From momentum conservation in the c.m. system follows that

E1

E2
=

m2

m1
(2.1)

For convenience, this can be written as

m1,2 = mCN
E2,1

ETOT
, (2.2)

where ETOT = E1 +E2 is the total kinetic energy of both fragments and
mCN = m1 + m2 is the mass ot the compound nucleus. The simplest
instrument to measure the energies E1,2 is an ionization chamber, where
the amount of charge created by a fission fragment in a gas is propotional
to its kinetic energy.

2. In the 2V-method, the velocities v1,2 of the fragments are measured. The
masses can then be found from the momentum conservation law as

v1

v2
=

m2

m1
, (2.3)

which may be written as

m1,2 = mCN
v2,1

vTOT
, (2.4)

where vTOT = v1 + v2. To measure the fragment velocities, one can use,
e.g., parallel plate avalanche counters (PPAC) [11] to generate start and

stop signals.

3. In the (E,V) or (E,P)-methods, the energy E and velocity v or momentum
p of the fragment are measured. For example, a combination of electric
and magnetic fields can be used to select fragments with specific m/q and
E/q ratios, where q is the fragment charge.

In the 2E-measurements, ionization chambers with thin targets transparent
for both fission fragments can be used. The fragment masses are determined
through the momentum conservation law in a procedure described in detail in
Sect. 3.1. The advantages of the method are:

• High efficiency, since the fission fragments are detected in almost 4π solid
angle.

• The method allows to use targets with large area and arbitrary shape be-
cause the exact location of the fission event across the target is not impor-
tant.
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• Multi-section chambers can be built where measurements can be done in
parallel.

• Ionization chambers can be used for measurements in intensive radiation
fields, e.g., in nuclear reactors.

2.2 Multi-section Frisch-gridded ionization chamber

An ionization chamber is a gas-filled tank with at least two electrodes, the an-

ode and the cathode, used for the charge collection. The source of the charged
particles is placed inside, and the size of the chambers as well as the gas pres-
sure, are chosen so that the ionizing particles stop before they reach the walls
of the chamber. A fission fragment loses energy due to Coulomb interactions
with atoms and molecules of the gas, and the number of electron-ion pairs
created in the gas volume is approximately propotional to the energy of the
fragment [11]. To collect the created charge carriers, a high voltage is applied

to the electrodes. If the density of the gas is high enough, the electrons and
ions drift with constant velocities towards the anode and cathode, respectively.
The drop of the voltage between the chamber electrodes or, equivalently, the
charge induced at the electrodes is a measure of the fragment energy.

The drift velocities of ions and electrons are different. For ions it takes
longer time to get to the cathode which causes slow changes of the voltage.
Therefore, only the electron component of the signal is normally used as a

measure of the charged particle energy. However, the signal amplitude due to
the electrons depends on the position of the origin of the electron-ion pair. To
remove the ion component and exclude the position dependence, the Frisch
grid is introduced as shown in Fig. 2.1. The anode pulse is not generated until
the electrons reach the grid.

A multi-section Frisch-gridded ionization chamber (MFGIC) similar to that
described in the work of Ryzhov et al. [12] was used to detect fission frag-

ments. A schematic view of the MFGIC electrode assembly is shown at the
top of Fig. 2.2. The detector consisted of seven sections. Each section is a twin
Frisch-gridded ionization chamber with a common cathode. Adjacent sections
had a common anode, so that the total number of the electrodes was 29, includ-
ing 7 cathodes, 8 anodes, and 14 grids. The electrode assembly was placed into
a thin-walled (1 mm) stainless steel detector housing. All the electrodes were
circular with outer diameter of 110 mm. The anodes were made of duralumin

foils, 50 μm thick, sandwiched between two 1 mm thick duralumin rings with
an inner diameter of 90 mm. The cathodes were made as stainless steel an-
nular disks with a thickness of 2 mm and 68 mm inner diameter. The target
holders were mounted in the central part of each cathode using spring catches.

The grids were mounted in parallel on stainless steel rings with a thickness of
2 mm and 90 mm inner diameter. The grids were made of gilded molybdenum
wires with a diameter of 80 μm spaced by 1.25 mm. The distance between the
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Figure 2.1: Schematic drawing of the detection of fission fragments with ionization

chamber.

anode and the grid was 8 mm, and the cathode to grid distance was 24 mm.
The distance between the adjacent targets was 6.4 cm. The working gas mix-
ture was composed of 90% argon and 10% methane (P-10). The gas was used
at pressure close to atmospheric without a continuous flow.

2.3 Targets

The targets were made by Petersburg Nuclear Physics Institute, Gatchina by
the method of vacuum evaporation of natUF4 and 232ThF4 onto 30 μg/cm2

thick formvar backings. The backings were covered by 10-15 μg/cm2 Au to
make them electrically conducting. The average thickness of the fissionable
material was about 130 and 70 μg/cm2 for the thorium and uranium deposits,
respectively. The diameter of the targets was about 4 cm. The MFGIC sec-
tions 1-3 (in order of increasing distance from the Li target that acts as the
neutron source, see Sect. 2.5 for details) were loaded with the thorium tar-
gets, while the uranium ones were placed into the sections 5-7. In the central
(the fourth) section, a calibration 252Cf source was mounted. It was prepared
by self-sputtering onto a 50 μg/cm2 thick Al2O3 backing covered by an Au
layer.

2.4 Data acquisition

Figure 2.2 shows a block diagram of the electronics used to process the sig-
nals from the MFGIC. Three signals, two anode signals and a cathode sig-
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nal, were taken from the chamber electrodes using low-noise charge-sensitive
preamplifiers (PA). Each anode PA was placed in a common housing with

a spectroscopy amplifier. The amplified and shaped anode signals were fed
to peak-sensing analog-to-digital converters (ADC) to determine the anode
pulse heights which are approximately proportional to the fragment energies
(see Sect. 3.2). The timing outputs of the anode PAs were fed to timing filter
amplifiers (TFA) with shaping constants τint = 20 ns and τdi f = 200 ns, and
then to leading edge discriminators (LED). The logic signals from the LEDs
were fed (as stop signals) to time-to-digital converters (TDC). These signals
were used to measure the electron-drift times to determine the fragment emis-

sion angles (as described in Sect. 3.3). Figure 2.2 shows a block diagram of
the electronics used to process the signals from the MFGIC. To simplify

�

PA PA PA

TFA TFA TFA

CFD CFD CFD

OR

Delay

D C

7

7

C1 C2 C7

Grids

Anodes
even

Anodes
odd

Input register

MFGIC

PA PA

TFATFA

LED LED

2ADC 3TDC

1 2 3
Stop

StartGate In1 In2

D

SpOut SpOut

RF

Crate
controller

CAMAC bus

neutron
beam

HV+1,6kV

HV+3,2kV

AND

Figure 2.2: Block-diagram of the electronic layout used for the measurements with

the MFGIC.
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the data acquisition system, alternate anodes were connected together, so only
two spectroscopy channels instead of 14 were used for the anode signals of all

sections. In principle, such a connection of the anodes could result in pileup
of the anode signals from different sections. However, the probability of co-
incidence events in different chambers was negligibly small at the counting
rates (≤ 10 s−1) encountered in the experiment.

The cathode signal was used to measure the energy of the incoming neu-
tron by the time-of-flight as well as to identify the target in which the fission
event happened. The timing output of the cathode PA was fed to a TFA with

the shaping time constants τint = τdi f = 20 ns. The output signal of the TFA
was input to a constant fraction discriminator (CFD). Each of the seven CFD
produces two output signals. One logic signal from the CFD entered an input
register to identify the number of the chamber fired. The other signal was fed

to Fan In/Fan Out module producing a logic OR signal out of all seven cath-
ode signals. This logic signal was split into four branches to strobe an ADC
and the input register as well as to form the start and stop signals necessary for
measurement of the time interval between the fission event and the cyclotron
RF. Data reading was started when the ”look-at-me” signal was generated by
the TDC. For each event, the data acquisition program read out the number
of the chamber, two anode pulse heights and three time intervals. The data

were then stored event by event on a hard disk. Data acquisition in the CA-
MAC standard was used for the data acquisition. We used a CAMAC crate
controller communicating with a PC through the COM port. Since the count
rates were as low as a few events per second, and each event consisted of 12
machine words (16 bit each), the deadtime and the data transfer rate were not
important. As an alternative, we also considered a CAMAC crate controller
with a USB interface (see Paper V). However, it was later decided to focus
on the development of a digital data acquisition system which has advantages
over the analogue one.

2.5 Neutron source

The experiments were done at the Cyclotron Research Center in Louvain-la-
Neuve at the quasi-monoenergetic neutron beam line of the cyclotron facility
CYCLONE (CYClotrone of LOuvain-la-NEuve). The facility has been de-
scribed in detail by Bol et al. [13] and Dupont et al. [14], and therefore only

a brief summary is given below. The experimental arrangement is shown in
Fig. 2.3.

The proton beam shaped by a carbon collimator impinges on a 5 mm thick
water-cooled natural lithium target with a diameter of 7 mm. The neutrons
enter the experimental area while the primary beam is deflected and stopped
in a water-cooled carbon dump. An iron collimator defines the neutron beam
so that it has a diameter of about 2 cm at a distance of 2 m from the Li target.
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The quasi-monoenergetic neutron energy spectra were measured by
Schuhmacher et al. [15] at the 36.4, 48.5 and 62.9 MeV incident proton

energies (Fig. 2.4). The neutron energy spectrum, measured at the axis of
the neutron beam, consists of a well-defined peak followed by a continuum
of lower energy neutrons. The peak neutrons are produced in the nuclear
reaction 7Li(p,n)7Be0,1 whereas the low energy tail is due to break-up
reactions. The energy of the neutron peak is defined by the Q-value of the
reaction, the incident proton energy, and energy losses in the lithium target.
The Q-value of the reaction is about -1.64 MeV [16] for the ground state

of 7Be. If we assume that the ground and first excited state of 7Be with
the excitation energy of about 0.43 MeV contribute equally to the neutron
production, the average Q-value of the neutron production reaction is about
-1.85 MeV. The energy losses can be calculated with the SRIM code [17].
For example, for the incident protons with an energy of 36.4 MeV the energy
loss in the lithium target is about 0.71 MeV/mm which means that the peak
neutron energy is

36.4 MeV − 1.85 MeV − 0.71 MeV/mm ∗ 2.5 mm ≈ 32.8 MeV,

where 2.5 mm is the half of the thickness of the lithium target. For the proton
beams with energies of 48.5 and 62.9 MeV, the peak neutron energy is found
to be 45.3 and 59.9 MeV, respectively. The high-energy peak contains about
40% of all neutrons and has a full width at half maximum of a few MeV de-
pending on the incident proton energy and the thickness of the lithium target.
For example, the full width at half maximum at the incident proton energy
36.4 MeV is found as

0.71 MeV/mm ∗ 5mm ≈ 3.5 MeV.

The first fissile target was located at a distance of 375 cm from the Li target. At
the target positions, the fluence rate of peak neutrons was about 105 cm−2s−1.
With the 238U neutron-induced fission cross section which is of the order of 1
barn, the thickness of the fissile target (about 70 μg/cm2), and the target area
for all 238U targets of approximately 36 cm2, we find that the count rate of
fission events for uranium is of the order of 1 event per second.
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The energy region below about 5 MeV was not covered by the measurement.
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3. Data analysis

3.1 Fragment mass determination

In experiments with ionization chambers, the double kinetic energy

2E-method is used to find the fragment masses. Ideally, if the energies of the
fragments in the center-of-mass (c.m.) system are known, the pre-neutron
emission fragment masses m∗i (i=1,2) are obtained from the conservation
laws of mass and linear momentum:

m∗1 = mCN
E∗2

E∗1 +E∗2
, m∗2 = mCN−m∗1, (3.1)

where mCN =m∗1+m∗2 is the mass number of the compound nucleus and E∗1,2 is
the pre-neutron emission fragment kinetic energies in the c.m. system. How-
ever, the fragments emit prompt neutrons in a short time after the scission.
These neutrons carry away a fraction of the fragment mass, they have a ki-
netic energy, and they are emitted at some angle relative to the direction of the
fragment track. These effects modify the kinetic energy of the fragment, and
we measure post-neutron emission fragment kinetic energies E1,2 instead of

E∗1,2. We do not detect neutrons and therefore cannot obtain the exact values
of pre-neutron emission fragment kinetic energies in each fission event. Nev-
erthless, if it is assumed that the neutron emission is isotropic in c.m. system
of the fragment, the average change of the fragment kinetic energy is due to
the loss of mass only and E∗i (i=1,2) can be obtained from

E∗i = Ei

(
1+

νi (m∗i )
mi

)
, (3.2)

where is the νi is the prompt neutron multiplicity and mi fragment mass after
neutron emission:

mi = m∗i −νi (En,m∗i ) . (3.3)

where En is the energy of the incident neutron. Since the neutron multiplicity
νi depends on the mass m∗i to be determined, and the corrections of the post-
neutron emission fragment kinetic energies Ei depend on the unknown mass
mi, we have to apply an iteration procedure. To find the pre-neutron emission
fragment masses and energies by Eqs. (3.1)-(3.3), we used a procedure similar
to that described by Hambsch et al. [18]. To start iteration, symmetric mass
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split was assumed:
m∗1 = m∗2 = (mCN−νpre)/2, (3.4)

where νpre = νpre (En) is the pre-fission neutron multiplicity calculated from
the systematics of Maslov et al. [19]. The steps of the iteration procedures
are the following:

1. Find the values of the neutron multiplicities: νi = νi(En,m∗i ).

2. Calculate the post-neutron emission fragment masses:
mi = m∗i −νi(En,m∗i ).

3. Correct the measured post-neutron emission fragment energies:
Ei = Ei + ΔEi(mi,Ei), where ΔEi(mi,Ei) = Δgrid + ΔPHD + Δloss (see
Sect. 3.2).

4. Find the post-neutron emission fragment energies in the c.m. system:
ECM

i = ECM
i (En,Ei).

5. Find the pre-neutron emission fragment energies in the c.m. system:

E∗,CM
i = E∗,CM

i (ECM
i ,νi).

6. Find the new values of the pre-neutron emission fragment masses:

m∗i = m∗i (E
∗,CM
i ).

7. If the difference of the values m∗i of two subsequent iterations is more than

0.1 amu, go to step 1 and repeat the subsequent steps.

The obtained fragment mass distributions were corrected for the
wrap-around background as well as for the mass dispersion due to the prompt
neutron emission and instrumental effects. These corrections are discussed in
Sect. 3.4 and 3.5, respectively.

3.2 Post-neutron emission fragment kinetic energies

The post-neutron emission fragment energy in the lab-system was obtained
from the anode pulse height Panode as:

Elab
i = AαPanode +Δgrid +ΔPHD +Δloss, (3.5)

where Aα is a constant obtained from an absolute energy calibration using
α-particles from the 252Cf source and a high precision pulse generator, Δgrid ,
ΔPHD and Δloss are the corrections for the grid inefficiency, detector pulse-
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height-defect (PHD) and fragment energy losses in the target material and
backing, respectively.

The Frisch grid cannot screen the grid-anode space from the cathode-grid
space completely. We use the grid inefficiency correction given by Budtz-
Jørgensen et al. [20]:

Δgrid =
AαPanodeσgridRcosθ

d
, (3.6)

where σgrid is the grid inefficiency, θ is the fragment emission angle in the
lab system with respect to the neutron beam direction, d is the cathode to
grid distance and R is the distance between the center of gravity of the ion-
electron pair track and the origin of the track. The σgrid value depends on the
grid dimensions as well as on the cathode-anode distance; from the work of
Bunemann et al. [21] σgrid was found to be 0.034. To find R, it was assumed
that it depends on the fragment energy only. The energy dependence of R was
found experimentally as proposed in Ref. [20]. The fragment emission angle
determination is described in the next section.

The fragment energy losses in the target and backing ΔElab
i are given by

Δloss = ΔElab
i /cosθ , (3.7)

where the energy losses of the fission fragments were calculated under the
assumption that the fission event happens in the middle of the fissile layer and
the fragments have tracks oriented along the neutron beam axis, i.e. θ=0◦. The
ΔElab

i values were calculated with the SRIM code [17].
The charge created by a fission fragment along the track is only approxi-

mately propotional to the fragment energy because of the electron-ion recom-
bination and non-ionizionation energy losses. Such energy losses are called

pulse height defect (PHD), and are a function of both the mass and the energy
of the fragment. In our work, PHD was calculated as

ΔPHD = a+bmi, (3.8)

with the constants a = 1.95 MeV and b = 0.023 MeV/amu obtained by
analysing the PHD measurement done in the work of Hambsch et al. [22].

The post-neutron fragment energy in the CM system was calculated from

Ei = Elab
i +

p2
F

2mF
−2pF

(
Elab

i
2mF

) 1
2

cosθ , (3.9)

where pF is the average longitudinal linear momentum transferred by the in-
cident neutron, mF = mCN −νpre is the mass of the fissioning nucleus and θ
is the fragment emission angle in the lab system with respect to the neutron
beam direction. The linear momentum transfer (LMT) from the incident neu-
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tron to the fissioning nucleus was calculated with the systematics obtained for
the (p,f) reactions by Prokofiev and Olsson [23].

3.3 Fragment emission angle

Figure 3.1 illustrates how we found the fragment emission angle. Fission frag-
ments are stopped in the space between the cathode and grids producing ion-
electron pairs along their tracks. High voltage applied between the electrodes

makes free electrons and ions to drift towards the anode and cathode, respec-
tively. Since the grid screens the anode against the charge moving in the space
between the cathode and grid, the anode pulse is not generated until the first
electrons penetrate the grid.

Figure 3.1: Schematic drawing of a twin Frisch-gridded ionization chamber.
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The fragment emission angle was found by measuring the time difference
between cathode and anode signals:

cosθ =
d− x

r
=

d−vdri f tT
d−vdri f tTmin

, (3.10)

where r is the track length, x is the distance between the end of the track
and the corresponding grid plane, vdri f t the electron drift velocity, and

Tmin = T (cosθ = 1). Substitution of d = vdri f tTmax with Tmax = T (cosθ = 0)
in Eq. (3.10) gives an expression for cosθ that is more convenient for
practical use:

cosθ =
Tmax−T

Tmax−Tmin
(3.11)

The Tmin and Tmax values were determined experimentally. In the data analysis,
we used the approximation that the track length depends on the fragment en-
ergy only. The energy dependence of Tmin was found from the T distributions
obtained with cuts imposed on the fragment energy. The Tmax values derived

from these distributions are the same for all fragments.
Due to large uncertainties in the calculation of energy losses in the target

and backing at large emission angles in respect to the neutron beam axis, we
restricted the data analysis to fragments detected within a cone with an open-
ing angle of 90◦ and with its axis coinciding with the neutron beam direction.

3.4 Wrap-around background

Due to a short proton beam micropulse spacing (55-72 ns), the time distribu-
tions suffer from so-called wrap-around background caused by slow neutrons
created by the previous proton bursts and arriving at the detector simultane-
ously with fast neutrons of the latest pulse. Due to the wrap-around neutrons,
the resulting time-of-flight (TOF) fission event spectrum is a sum of the frame-

overlapping distributions corresponding to different cyclotron RF pulses. The
fission events induced by high-energy neutrons are mixed with the low-energy
neutron background and it is impossible to discriminate between them by just
imposing a cut in the TOF. However, we can subtract the wrap-around back-
ground in the fragment mass yield if we know the fraction of the background
neutrons and their energy and use a model to calculate fission fragment mass
yields.

To find the fraction of low energy neutrons, we simulated the TOF distribu-
tions by a Monte-Carlo folding of the neutron-induced fission cross-sections
of 232Th [5] and 238U [24] with the neutron spectra. The cyclotron RF period,
the detector time resolution, and the neutron flight path are taken into account
to fit the experimental conditions. An example of the frame-overlapping TOF
fission event distributions simulated for the uranium fission induced by quasi-
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monoenergetic neutrons with a peak energy of 33 MeV is given in Fig. 3.2.
For a TOF cut done in the first frame (N=3 in Fig. 3.2) we get TOF inter-

vals of the background neutrons in other frames. The relative fraction of the
background fission events is found by integration of the TOF fission event
distribution within the frame-overlapping TOF cuts.
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Figure 3.2: Simulated distributions of time intervals between the uranium fission

events and the cyclotron RF signals. The simulation results are given for quasi-

monoenergetic neutrons with a peak energy of 33 MeV. The axis on the top shows

the neutron energy. The channel width is 0.5 ns.

For example, at the neutron peak energy 33 MeV, fission events induced by
neutrons with average energies 2.2 and 5.5 MeV (the centres of the frame-
overlapping TOF cuts) contribute to the background. By integration within
the TOF cuts we found that the fraction of the background fission events is
about 2.5% of the events in the TOF cut for the high-energy peak at 33 MeV

(integrated over the full width at one tenth of the maximum). The fraction of
these events increases to 3.0% at the neutron peak energy 45 MeV and 4.0%
at 60 MeV. The left part of the Fig. 3.3 shows that the simulated TOF fission
event distribution reproduces the experimental one well. Since we know the
energy of neutrons inducing the background fission events, we can obtain the
background fission fragment mass distributions.

To calculate the low neutron energy fission fragment mass yields, we used

the systematics for primary fragment mass yields of Gorodissky et al. [25] for
En ≥ 5 MeV and the experimental data from the work of Vivès et al. [26] for
En < 5 MeV. The calculated background mass distributions for the TOF cuts
in the first and second frame-overlapping windows as well as the pre-neutron
emission fragment mass distribution for all fission events in a time-of-flight
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Figure 3.3: Left part: Measured (symbols) and simulated (line) distributions of time-

of-flight intervals between the 238U fission events (induced by quasi-monoenergetic

neutrons with the peak energy of 33 MeV) and the cyclotron RF signals. Right part:

Pre-neutron emission fragment mass-distribution obtained for the fission events from

the high-energy peak (symbols) and the simulated background distributions (lines)

due to wrap-around events.

interval for the high-energy peak at 33 MeV are shown in the right part of
Fig. 3.3.

3.5 Correction for the mass dispersion

The pre-neutron emission fragment mass distributions obtained as described
above were corrected for the mass resolution. The mass resolution function
was calculated as in the work of Glendenin et al. [27]:

σ2
TOT (m) = σ2

INH (m)+σ2
INST (m) , (3.12)

where σ2
INH is the inherent broadening due to neutron emission and σ2

INST the
instrumental broadening caused by the measurement technique. The inherent

mass dispersion can be written as

σ2
INH (m) = σ2

FF (m)+σ2
CN (m)+σ2

LMT (m) , (3.13)

where σ2
FF is the mass variation due to neutron emission by the fission frag-

ments, σ2
CN is the mass variation due to the pre-fission neutrons, and σ2

LMT
approximates the variance in mass caused by dispersion of the linear moment

transfer (LMT) distribution. Since we found that the mass dependence of σ2
TOT

is weak, all the variations were calculated for the symmetric mass split only.

The first term of Eq. (3.13) was calculated as in Ref. [27]:

σ2
FF =

(mCN−νpre)νpostE
f
n

3EK
+

1

4
σ2

f f (νpost) , (3.14)
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where EK is the average total fragment kinetic energy (TKE), νpre and νpost

are the pre- and postscission neutron multiplicities, E f
n is the average CM

energy of the fission neutrons and σ2
f f is the variance of the post scission

neutron multiplicity. The TKE values were taken from our experiment. The

multiplicities and the average neutron energy were estimated by interpolating
between the experimental data obtained by Isaev et al. [28] for proton-induced
fission of 232Th and 238U at 27 and 63 MeV. The σ2

f f (νpost) values as well as

the second term of Eq. (3.13) were calculated for the 238U(n,f) reaction as in
the work of Zöller et al. [9, 10]. Since there are no available data, the same
values were applied for 232Th. The mass variance due to the LMT dispersion
was estimated with Eq. (3.9) and the data on the LMT dispersion measured

for the proton-induced fission of 238U were taken from the work of Fatyga et
al. [29].

The instrumental mass dispersion for the symmetric mass split was calcu-
lated with

σ2
INST = σ2

DET
(mCN−νpre)

2

2E2
K

+σ2
TAG, (3.15)

where σ2
DET =0.73 MeV2 is the variance of the energy due to the detector res-

olution which was found in previous experiments, and σ2
TAG is the variance

in mass resolution due to energy losses in the fissile deposit and backing.

The measured mass-TKE distributions (uncorrected for the mass resolution)
and the fragment energy losses in the target and backing [17] were used in a

Monte-Carlo simulation of the fragment emission process in order to find the
σ2

TAG values.

With the estimated mass resolution, we found the final mass distribution
with the code GRAVEL [30]. An example of the unfolded mass distributions
is given in Fig. 3.4 in comparison with the uncorrected one.
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3.6 Data analysis at the low energy tail.

We also developed a procedure to extract fission fragment mass yields in the
low energy tail. Since we know the time-of-flight (TOF) value for the peak
energy neutrons, we can identify the non-peak neutron energy from the dif-
ference in the TOF. Three TOF intervals were selected, corresponding to the
three neutron energy intervals of 9-11, 16-18, and 24-26 MeV. The mass yield
for each energy interval was found by summing the contributions coming from
the data taken for different peak neutron energies. The same data analysis rou-

tine was used as for the peak neutron energies. However, the wrap-around cor-
rection is more important in the case of the non-peak energy intervals because
of the larger fraction of the wrap-around neutrons. For example, for 238U and
the neutron spectrum with the peak energy 33 MeV, about 10% of all fission
events in the TOF interval corresponding to the incident neutron energies 9-11
MeV are induced by wrap-around neutrons.
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4. Measurement results and model
calculations

4.1 Measurement results

The mass-TKE distributions for neutron-induced fission of 232Th and 238U
measured at 33, 45 and 60 MeV are shown in Fig. 4.1. The presented data are
uncorrected for mass dispersion.
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Figure 4.1: Mass-TKE distributions measured in neutron-induced fission of 232Th

(left column) and 238U (right column) at 33, 45 and 60 MeV.
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The obtained pre-neutron emission fission fragment mass distributions for
232Th and 238U are presented in Figs. 4.2 and 4.3.
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Figure 4.2: Preliminary pre-neutron emission fragment mass distributions for

neutron-induced fission of 238U (upper row) and 232Th (lower row) at the incident

energy intervals 9-11, 16-18 and 24-26 MeV.

The preliminary fission fragment mass yields at the intervals 9-11, 16-18 and
24-26 MeV of the incident neutron energies are shown in Fig. 4.2. The sym-
metric fission probability increases with the incident neutron energy and is
higher for 232Th than for 238U at the same incident neutron energy. This re-

sult was expected qualitatively, but until now there was no experimental ev-
idence. The measurement results are preliminary since the correction for the
wrap-around neutrons was done with the systematics of Wahl [31] for fission
products but not fragments. The mass peaks have ”shoulders” on the left slope
of the low-mass peak and the right slope of the high-mass peak. The nature
of the shoulders is still unknown: it might be due to the existence of fission
modes or an experimental artefact. The data are preliminary and this effect

will be studied further.
Figure 4.3 shows the result of the fission fragment mass yield

measurements at the peak neutron energies of 33, 45 and 60 MeV. The
increase of the symmetric fission probability with the incident neutron energy
is easily seen. Although the 2E-method has many advantages, it also has
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Figure 4.3: Pre-neutron emission fragment mass distributions for neutron-induced

fission of 238U (upper row) and 232Th (lower row) at 33, 45 and 60 MeV.

disadvantages. The main problem of the 2E-method is that the momentum
conservation law must be applied to the breakup moment. To apply it
correctly, we should use the mass of the fissioning nucleus. However, we do
not know this mass exactly because of the complexity of the fission process at
high incident neutron energies. The nucleus may emit a number of prefission
particles and undergo fission in the time interval between two consecutive
emission events. At high incident neutron energies, a number of nuclides with

different masses and charges contribute to the fission process. According to
the measurements of neutron-induced light-ion production cross-sections
σ(n, px),σ(n,dx),σ(n, tx), and σ(n,αx) for 238U done by Raeymackers et
al. [32] in the energy range from 25 to 65 MeV, the total cross-section of
light-ion production is about 572 mb at 62.7 MeV, decreasing to about 87
mb at 25.5 MeV. The neutron-induced cross section of 238U is about 1.6
barn at 60 MeV. If we assume the extreme case, one of three fission events

might be accompanied by emission of a light ion. However, since the fissility
parameter is proportional to Z2/A, the fission probability decreases with
light-ion emission. In the data analysis, we assumed the absence of light-ion
emission in coincidence with fission events, and the data were corrected for
the emission of prefission neutrons only. Since the number of prefission
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neutrons is unknown in a particular fission event, the average multiplicity νpre
at the incident neutron energy En was used in the data analysis. This explains
why the fission fragment mass yield curves are almost symmetric (some
asymmetry may come from the wrap-around correction) with respect to the

mass 0.5(mCN−νpre (En)). To improve the measurement results obtained by
2E-method, it would be advantageous to introduce a system detecting particle
emission in the experiment.

4.2 TALYS calculation of fission fragment mass yields

The experimental results for the peak-energy neutrons as well as the prelimi-
nary results at intervals of neutron energies 9-11, 16-18 and 24-26 MeV were
compared with calculations done in the frame of the multimodal random neck-
rupture (MM-RNR) model implemented in the TALYS code [33]. To get bet-
ter agreement with the experimental data, we introduced a phenomenological

model and modified the code.

4.2.1 Theoretical background

Calculation of fission fragment mass distribution is one of the unsolved prob-
lems of nuclear physics. One possible approach to the problem is the multi-
modal random neck-rupture model, or Brosa model, developed by Brosa and

co-workers [34]. The model consists of two parts which complement each
other.

The first part describes the process of the evolution of the nucleus towards
scission whereas the second one describes the process of disintegration.
The evolution goes along the paths of minimal deformation energy on the
potential energy surface which are called fission channels or modes. In
the end of the channel, the nucleus is elongated with two almost formed

fragments connected by a neck. According to Strutinsky [35], the potential
energy can be calculated as the sum of the liquid drop energy describing the
smooth behaviour and the shell correction term. To describe the possible
deformations, the shape of a nucleus is parametrized as, e.g., shown in
Fig. 4.4. The potential energy is minimized by variation of the deformation
parameters. For most actinides, three modes are identified. The standard I
(STI) and standard II (STII) modes are asymmetric, whereas the superlong

mode (SL) is symmetric. The asymmetric shapes are more compact and
produce asymmetric mass splits. Due to the compactness, the average total
kinetic energies of fragments at the asymmetric split are higher than in the
case of symmetric split (see Fig. 4.1).
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Figure 4.4: Shape parametrization of a deformed nucleus [34]. The semilength l is

the elongation of the nucleus, r is the radius of the neck, z is the position where the

neck is thinnest, c is the curvature of the neck, s is the position of the centroid.

The second part of the model, the random neck-rupture model,
describes how the developed neck breaks to produce two fragments.
According to this model, the deformed shape has a flat neck, as shown in the
upper part in Fig. 4.5.

Figure 4.5: The flat neck presentation is shown in the upper part and the embedded

spheroids are shown in the lower part [34].

The flat presentation of the neck is important because this explains the frag-
ment mass fluctuations in the Brosa model. Also, the embedded spheroids,
presenting the newborn fragments, are shown in the lower part of Fig. 4.5.
This presentation allows to find kinetic and deformation energies of the frag-

ments.
We used the TALYS-1.0 code to calculate neutron-induced fission fragment

mass yields to compare with the experimental results. The original MM-RNR
model was developed to calculate fission fragment mass properties at zero ex-
citation energy and, therefore, it can be used for spontaneous fission or for
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fission with low excitation energies. TALYS uses the temperature-dependent
Brosa model introduced by Duijvestijn et al. [36]. The potential energy sur-

face is calculated as a function of the nucleus excitation energy. Hence, the
fission channels and potential barrier parameters can also be found as func-
tions of the excitation energy. In the TALYS code, the fission barriers and the
parameters of prescission shapes are calculated and stored in the nuclear struc-
ture and model database and serve as input to the calculation of the fragment
mass distribution.

To find the fission fragment mass distribution, the relative contributions of

the different modes are evaluated in TALYS through the fission barrier trans-
mission coefficients TrF calculated with

TrF (Ex) =
∫ ∞

0
dερ (ε)

1

1+ exp
[

2π(BF (T (ε))+ε−Ex)
h̄ωF (T (ε))

] , (4.1)

where Ex is the excitation energy of the compound nucleus, ρ (ε) is the
ground-state level density, BF (T (ε)) is the temperature-dependent barrier
height, h̄ωF is the curvature of the fission barrier, and ε is the excitation
energy above the barrier. The total nuclear level density for the deformed
configurations is calculated with

ρ (Ex) = Krot (Ex)Kvib (Ex)ρint (Ex) , (4.2)

where Ex is the excitation energy, ρint (Ex) is the intrinsic level density, and
Krot and Kvib are the rotational and vibrational enhancement factors, respec-
tively. In the work of Duijvestijn et al., it is found that the theoretical inner
fission barriers are lower than the outer ones, and relative contributions of the

modes WSL,WST I ,WST II into the fragment mass yield can be calculated with

WSL,ST I,ST II =
TrSL,ST I,ST II

TrSL,outer +TrST I,outer +TrST II,outer
, (4.3)

where the transmission coefficients of the outer barriers are used. These fission
mode probabilities are used to calculate the fragment mass yields.

4.2.2 Calculation of neutron-induced fission cross-sections

The results of default TALYS calculations disagree with our experimental re-
sults. To improve the description of the data, we modified the TALYS-1.0
code. First, a new model for the calculation of the neutron-induced fission
cross-sections of 232Th and 238U was implemented to the code to get the agree-

ment with the evaluated data for incident neutron energies up to 60 MeV. The
collective enhancement factors Krot and Kvib for the calculation of the nuclear
level densities of the deformed states were not used. Instead, the nuclear level
density of the deformed states has been considered separately and indepen-
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dently from the ground state level density for each Th and U isotope which
undergoes fission in the multichance fission process. The Gilbert-Cameron

model [37] and the Back-shifted Fermi Gas model [38] were used to calculate
the nuclear level densities.

To fit the evaluated data, we varied parameters ã and γ in the formula by
Ignatyuk et al. [39] for the level density parameter a, i.e.,

a = a(U) = ã
(

1+δW
1− exp(−γU)

U

)
, (4.4)

where ã is the asymptotic level density parameter value in the absence of
shell effects, δW is the shell correction energy, γ is the damping parameter,
and U = Ex−Δ is the effective excitation energy, where Ex is the excitation
energy and Δ an empirical parameter closely related to the pairing energy.
The results of the neutron-induced fission cross-section calculations versus

neutron energy are shown in Fig. 4.6.
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Figure 4.6: Calculated neutron-induced fission cross-section of 232Th (black squares)

and 238U (black triangles) in comparison with evaluations [5] (blue dashed line)

and [24] (red solid line), respectively.
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4.2.3 Calculation of fission fragment mass yields

The results of the TALYS calculations of mass yields done with our model for
the neutron-induced fission cross section are shown in Fig. 4.7. The agree-
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Figure 4.7: Experimental neutron-induced fission fragment mass yields of 232Th and
238U (black symbols) in comparison with the neutron-induced fission cross-section

corrected TALYS calculation (blue lines). 238U data are shown in the upper row and
232Th are in the lower row. The neutron energies are 33, 45, and 60 MeV (from left to

right).

ment with the experimental results is reasonable for 238U at 33 MeV. In the
other cases, large discrepancies to the experimental results can be observed.

To get better description of the measurement results of neutron-induced
fission fragment mass yields, we have further modified the TALYS code:

1. To fit the results of the calculations with the measurement results, we ap-
proximated the dependence of the symmetric fission probability Psym on the

incident neutron energy En by a polynomial

Psym (En) = a + bEn + cE2
n , (4.5)

where the values of the parameters were chosen as (a = -0.056, b = 0.015,
c = -0.00005) for 232Th and (a = -0.040, b = 0.013, c = -0.00010) for 238U
(see Fig. 4.8). The value of the probability of the STI mode PST I had a fixed
value of 0.272 for thorium and 0.2 for uranim. The probability of the STII
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mode PST II was calculated from

PST II = 1−Psym−PST I .

The experimental values shown in the same figure were found from the fit

of two-dimensional mass-TKE distributions by the procedure suggested
by Brosa et al. [40] (for details, see Paper II).

2. Figure 4.7 shows that the average calculated and experimental peak
positions do not agree. We have adjusted the default masses of heavy
fragments of U and Th isotopes participating in the multichance fission
process to fit the experimental fission fragment mass yields.

3. In the TALYS calculation, we used the same values for the fission
mode probabilities for different isotopes of uranium and thorium which
are due to the multichance fission process. Figure 4.8 shows that the
"averaged" symmetric fission probability used in our calculations is in
reasonable agreement with the experimentally obtained probability which
corresponds to the average fissioning isotope of uranium and thorium.
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Figure 4.8: Neutron-induced symmetric fission probability of 232Th and 238U as a

function of incident neutron energy. Symbols present the experimentally obtained

probability and lines show dependence according to Eq. 4.5 which is used in TALYS

calculation. Experimental values at low energy shown by green symbols are taken

from the work of Brosa et al. [40].

The calculation results are shown in Figs. 4.9 and 4.10. For the uranium data,
the agreement is very good at the neutron energies 24-26 MeV and above. For
thorium, the agreement is good for the 33 MeV data, but worse for higher and
lower incident neutron energies. Still, there is an improvement if we compare
with the calculation results shown in Fig. 4.7.
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Figure 4.9: Preliminary neutron-induced fission fragment mass yields of 232Th and
238U (black symbols) in comparison with the modified TALYS calculation (blue

lines). Data for 238U are shown in the upper row and for 232Th in the lower row.

The incident neutron eneries 9-11, 16-18, and 24-26 MeV (from left to right).

4.3 Comparison with available experimental data

We also compared the experimental results with the available experimental
data. There are no available results for 232Th above 20 MeV, but Zöller et
al. [9, 10] also showed that the symmetric fission probability Psym of 238U
increases with incident neutron energy En (see Figs. 4.11-4.12).

For a proper comparison of the results of the two experiments, however, it
is important to point out that the results of Zöller et al. are presented for inci-

dent neutron energy intervals which increase with increasing incident neutron
energy En. In experiments with a quasi-monoenergetic neutron source, on the
other hand, the peak neutron energy is well defined by the proton beam en-
ergy and the thickness of the lithium target. In our experiment, the incident
neutron energies were 33, 45 and 60 MeV at the high-energy peak and the
uncertainty of En was mainly due to energy loss of protons in the lithium tar-
get. The uncertainties were calculated by the SRIM program [17] and found

to be 3.5, 2.8, and 2.3 MeV at the neutron energies 33, 45, and 60 MeV, re-
spectively. Figure 4.12 shows that our measurements at 33 and 45 MeV are
at the high-energy end of the energy intervals given by Zöller et al.. Hence,
the values of symmetric fission probability Psym obtained in the Los Alamos
experiment are higher and the disagreement increases with En. Also, there is a
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Figure 4.10: Neutron-induced fission fragment mass yields of 232Th and 238U (black

symbols) in comparison with the modified TALYS calculation (blue lines). Data for
238U are shown in the upper row and for 232Th in the lower row. The incident neutron

eneries 33, 45, and 60 MeV (from left to right).

difference in the geometry of the two experiments. In our case, the fragments
were selected within a cone with an opening angle of 90◦ and with its axis co-
inciding with the neutron beam direction. In the Los Alamos experiment, on
the other hand, the fragments were detected at angles close to normal to the
neutron beam direction. However, results of other experiments [41, 42, 43]
demonstrate that fission fragment mass yields in neutron- and proton-induced
fission are angular dependent. Therefore, the difference in the geometry of the

two experiments may contribute to the difference between the results. Thus,
comparison of the two sets of experimental results might provide valuable
information on the fission dynamics. Also, we compared the 232Th and 238U
results with the data measured by Gönnenwein and Pfeiffer [41] at the neutron
energy of 15 MeV. The comparison is not shown in the thesis, but the results
of the two experiments are in reasonable agreement.

As discussed in Paper I, the experimental results have also been compared

with the evaluated data for fission product yields from the library UKFY4.1 [8]
which is planned to be included into the next release of the Joint European
Fission and Fusion File (JEFF). The library data overestimate the contribution
of symmetric fission and disagree with our experimental results.

45



Fragment mass (amu)
60 80 100 120 140 160 180

Y
ie

ld
 (

%
) 

0

1

2

3

4

5

6

=9-11 MeV
n

this work, E
=8.5-11.5 MeV

n
Zoller, E

U(n,f)238

Fragment mass (amu)
60 80 100 120 140 160 180

Y
ie

ld
 (

%
) 

0

1

2

3

4

5

6

=24-26 MeV
n

this work, E
=22-33 MeV

n
Zoller, E

U(n,f)238

Fragment mass (amu)
60 80 100 120 140 160 180

Y
ie

ld
 (

%
) 

0

1

2

3

4

5

6

=16-18 MeV
n

this work, E

=14.5-18 MeV
n

Zoller, E
U(n,f)238

Figure 4.11: Pre-neutron emission fragment mass distributions obtained for neutron-

induced fission 238U at the incident neutron energies 9-11, 16-18, and 24-26 MeV (left

to right, black dots) in comparison with the available experimental data measured by

Zöller et al. [9, 10] (red lines).
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Figure 4.12: Pre-neutron emission fragment mass distributions obtained for neutron-

induced fission 238U at the incident neutron energies 33, 45, and 60 MeV (left to right,

black dots) in comparison with the available experimental data measured by Zöller et
al. [9, 10] (red lines).
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5. Summary and outlook

We have measured fission fragment mass yields of 232Th and 238U in the in-
cident neutron energy range from 10 to 60 MeV. The results of the measure-
ments at 33, 45, and 60 MeV are presented in Papers I and IV, whereas the
preliminary results at 9-11, 16-18, and 24-26 MeV are presented in Paper III.
First preliminary results were published in Paper II. In the same paper, some
details of the data analysis procedure are provided.

The importance of the results is due to the interest in accelerator-driven

systems which may be a solution of the problem of spent nuclear fuel man-
agement. In ADS, high-energy neutrons contribute to neutron-induced fission.
Since the probability of symmetric neutron-induced fission increases with in-
creasing incident neutron energy for 232Th and 238U, the buildup of fission
products is expected in the region of the symmetric mass split. This region
of fission fragment masses is of no concern in thermal nuclear reactors but
cannot be neglected in the design of ADS. Our experimental results allow us

to evaluate the fraction of fission products for 232Th and 238U created in the
region of symmetric mass split at the incident neutron energies from 10 to 60
MeV.

The measurement results show that the symmetric fission component in-
creases with incident neutron energy for both 232Th and 238U, but it is more
enhanced for thorium. The uranium results were compared to the only ex-
isting 238U experimental data at incident neutron energies above 20 MeV of

Zöller et al.. Reasonable agreement was found. However, our results show a
lower symmetric fission component. The thorium data were obtained for the
first time at incident neutron energies above 20 MeV. The preliminary results
at 16-18 MeV were compared with 232Th and 238U data measured by Gön-
nenwein and Pfeiffer at 15 MeV. The results of the two experiments are in
reasonable agreement.

The calculations done with TALYS-1.0 showed that modifications of the

code have to be done to describe fission yields of 232Th and 238U at neutron
energies above 10 MeV. A phenomenological model was introduced into the
code (Paper III) where we modified the model for calculations of neutron-
induced fission cross-sections and fission mode probabilities. The same val-
ues for the fission mode probability were used for all isotopes of 232Th and
238U undergoing fission in the multichance fission process. Whereas such a
simplified model does not consider the details of the fission process, the ex-

perimental results were fitted well.
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Paper I contains the calculations done by S. Yavshits with the MCFx
code [44] which showed good agreement with the experimental data at 33,

45, and 60 MeV.
In the experiment, we measured fission fragment masses but not the frag-

ment charges. Measurements of both fission product mass and charge yields
for the actinides would provide more detailed information about the physics
of the fission process. Such measurements will be done at the IGISOL facil-
ity in Jyväskylä, Finland. These new results will also be valuable for nuclear
industry because the fission product composition is important in all stages of

nuclear fuel cycles.
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6. Sammanfattning på svenska

Kärnklyvning, även kallat fission, är en kärnfysikalisk reaktion som upptäck-
tes för över 70 år sedan. På grund av dess tillämpningar inom både det militära
och som energikälla i civila kärnreaktorer, har fission studerats väldigt inten-
sivt. Men trots alla decenniers forskning har man ännu inte lyckats skapa en
teoretisk beskrivning som ger en tillräckligt bra beskrivning av alla relevanta

parametrar. En anledning till detta är att den teoretiska behandlingen av denna
process är väldigt komplicerad på grund av de många involverade nukleon-
erna. Vår förståelse av neutroninducerad fission är bäst vid termiska energier
men minskar med ökad energi för den inkommande neutronen. För energier
över 20 MeV finns det väldigt lite experimentella data. För att förbättra möj-
ligheterna till en bra förståelse behövs därför mer experimentella data vid höga
energier. Under de senaste åren har dessutom flera användningsområden växt

fram som är i behov av noggranna data för neutroninducerad fission. Exempel
på dessa tillämpningar är främst acceleratordrivna system, så kallade ADS,
för transmutation av använt kärnbränsle, och även snabba reaktorer inom den
fjärde generation, Gen IV. I bägge dessa fall krävs till exempel data om vilka
fissionsfragment som bildas: de två viktigaste isotoperna i sammanhanget är
232Th och 238U. För torium har det hittills inte funnits några data alls för neu-
tronenergier över 20 MeV och för uran finns endast data från ett experiment,

som dessutom inte finns i referee-granskade tidskrifter.
I denna avhandling presenterar jag mätningar av de bildade fis-

sionsfragmenten vid neutronenergier mellan 10 och 60 MeV för både
232Th and 238U. Mätningarna gjordes vid neutronstrålen CYCLONE i
Louvain-La-Neuve i Belgien. Denna stråle är kvasi-monoenergetisk, dvs.
neutronspektrumet domineras av en tydlig topp samt ett bredare spektrum
mot lägre neutronenergier. Genom att använda flygtidsmätningar kan ett

bestämt energiområde väljas ut. De mätningar av fissionsfragment som jag
presenterar här är gjorda vid tre olika strålenergier; 33, 45 och 60 MeV.
Genom att analysera data i lågenergidelen kunde vi även studera de bildade
fissionsfragmenten i energiintervallen 9-11, 16-18 och 24-26 MeV.

Mätningarna gjordes med en så kallad Frisch-gridded jonisationskammare
som var uppdelat i flera sektioner. Därmed kunde sju strålmål mätas samtidigt.
Tre av dessa strålmål bestod av natUF4 och tre av 232ThF4 som förångades i

vakuum på ett tunt lager guld ovanpå en folie av formvar. Ett sjunde strålmål
innehöll 252Cf och användes för kalibreringen av instrumentet.
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De uppmätta signalerna korrigerades bland annat för pulshöjdsdefekter i
detektionsgasen och energiförluster i strålmålet. För den senare korrektionen

beräknades emissionsvinkeln för fragmentet utifrån elektronernas
drifttid i jonisationskammaren. I nästa steg i analysen användes den så
kallade 2E-metoden som via en iterativ process beräknar massan av
fissionsfragmenten. I denna iterationsprocess ingår en korrektion för
neutronemissionen innan klyvningen, alltså de så kallade pre-fissions
neutronerna. Slutligen korrigerades för bland annat instrumentupplösningen
med hjälp av datorkoden GRAVEL.

Den resulterande massfördelningen för fissionsfragment som redovisas i
avhandlingen visar en tydligt ökande trend för symmetrisk fission över asym-
metrisk fission som funktion av den inkommande neutronens energi. Detta har
betydande konsekvenser för tillämpningarna.

Vid låga neutronenergier får man den asymmetriska fissionen för både uran
och torium, där masstopparna finns kring A ≈ 95-100 och A ≈ 140. Vid låga
neutronenergier blir bidraget i massområdet för symmetrisk fission, alltså A

≈ 120, försumbart. Detta ändras dock drastiskt när man ökar energin och be-
tydelsen av massområdet omkring A ≈ 120 blir jämförbart med de asym-
metriska topparna. Starkast är denna ökning för torium. Innebörden för reak-
tortillämpningar där neutroner med höga energier bidrar är en förändrad sam-
mansättning av bränslet både under drift och efter. Därmed påverkas exem-
pelvis andelen fördröjda neutroner och slutförvarsfrågan.

I avhandlingen beskrivs också kärnmodellberäkningar med hjälp av da-

torkoden TALYS. Beräkningarna i TALYS görs med Multi-Mode Random
Neck Rapture (MM-RNR) modellen av Brosa och medarbetare. Det ursprung-
liga användningsområdet av denna modell är vid termiska energier. I TALYS
har MM-RNR modellen utvecklats vidare för användning även vid högre en-
ergier. Ändå lyckas TALYS-1.0 inte ge en bra beskrivning av de uppmätta
massfördelningarna. Därför utvidgades koden vidare genom bland annat en
förändrad beräkning av nivåtätheten i compoundkärnan. Därmed uppnås en

bra beskrivning av fissionstvärsnitten för de två studerade kärnorna. I ett nästa
steg anpassades positionen av topparna i fissionsfragmentens massfördelning
och en fenomenologisk beskrivning av den symmetriska komponenten i fissio-
nen lades till. De resulterande beräknade massfördelningarna stämmer överlag
bra överens med mätdata.

Det enda andra datasetet för fissionsfragmentens massfördelning för neu-
troner över 20 MeV kommer från Los Alamos National Laboratory och gäller
238U. En jämförelse med dessa data visar i stort sett bra överensstämmelse.
Dock finner vi att den symmetriska komponenten är lägre i datasetet som pre-
senteras i denna avhandling. En möjlig anledning till detta kan vara att frag-
menten detekterades i ett annat vinkelområde. Detta bör undersökas närmare
eftersom man skulle kunna få ut ny information om dynamiken bakom fis-
sionsprocessen. För 232Th är de data som presenteras i avhandlingen de första
för neutronenergier över 20 MeV. Kärndatabiblioteket UKFY4.1 som bygger
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på en evaluering av kärndata kring fission, och som kommer att ingå i nästa
version av det europeiska kärndatabiblioteket JEFF. visar en delvis stark över-

skattning av symmetrisk fission. Avhandlingen visar därmed att en uppdater-
ing av biblioteken är angelägen.

51





7. Acknowledgements

My project, as any other scientific project, would have not been done without
support of many people, and I am deeply grateful to everyone who contributed
to this work.

First, I express my sincere gratitude to my supervisors. Stephan Pomp,
thank you for excellent guidance! I have always had your support and encour-
agement. Your open mind, patience, and willingness to help me have been

invaluable under these years. I thank Jan Blomgren for the positive attitude
and readiness to give me advice whenever I needed it. Alexander Prokofiev,
if not your ideas to continue fission research at the division, this work would
have not even been started.

I am deeply grateful to my colleagues from the Khlopin Radium Institute,
St.Petersburg and Petersburg Nuclear Physics Institute, Gatchina. The major
part of my project has been done together with you. Igor Ryzhov introduced

me to the fascinating world of nuclear fission and did it with great enthu-
siasm. You have always been ready to discuss with me any possible details
of the project and, that is also important, the latest results of ”Zenit” from
St.Petersburg. Gennady Tutin taught me a lot about fission concepts and exper-
imental techniques. Thank you, Gennady, for sharing with me your extensive
experience and knowledge, and for the patience in explaining me everything
again and again. I have learnt a lot from your systematic and rigorous approach

to the data analysis. Michail Onegin, I am very thankful to you for guiding me
in TALYS calculations. Oleg Shcherbakov, Alexander Vorobyev and Larisa
Vaishnene, thank you for the nice company and practical hints during the ex-
periment campaings and later, during my stay in Gatchina. Yuri Tuboltsev, it
was a pleasure to work with you on the development of the USB CAMAC
controller.

Of course, I thank my collegues from the neutron reaction research group

for the friendly working atmosphere. Leif Nilsson and Mattias Lantz, I greatly
appreciate your help in reading my texts and providing valuable feedback.
Riccardo Bevilacqua, thank you for interesting discussions at the department,
at conferences, and in summer schools! Michael Österlund, Udomrat Tip-
pawan, Cecilia Gustavsson, Angelica Öhrn, Henrik Sjöstrand, Elisabeth Teng-
born, Pernilla Andersson, Masateru Hayashi, John Loberg, Ali Al-Adili, Pär-
Anders Söderström, Gustav Wallin, Daniel Rados and Bertrand Lourdel, it

was very pleasant to work with you. Thanks to Ane Håkansson, Staffan Ja-
cobsson Svärd, Peter Wolniewicz, Henrik Liljenfeldt, Peter Andersson, So-

53



phie Grape, Matilda Åberg Lindell and Scott Holcombe from the nuclear
fuel diagnostics and safeguards group, as well as to Göran Ericsson, Matthias

Weiszflog, Sean Conroy, Anders Hjalmarsson, Marco Cecconello, Erik An-
dersson Sundén, Cecilia Marini Bettolo, Carl Hellesen, Siriyaporn Sangaroon
from the fusion diagnostics group, and everyone whom I met here during these
years, there has always been enjoyable and pleasant environment at the di-
vision of applied nuclear physics. Many thanks to Susanne Söderberg, Anna
Malmstedt and Inger Ericson for help with administrative issues. Teresa Kupsc
and Ib Kôersner, thank you for the excellent computer service and support. Fi-

nally, I sincerely thank Anna Blomqvist, Tatiana Solovyeva, Lilia and Sergiu
Arapan, Yuri Khotyaintsev, Konstantin Artemenko, Natalia Fedulova, Rein
Maripuu and all my friends in all countries for your moral support.

This work was supported by the Swedish Radiation Safety Authority, the
Swedish Nuclear Fuel and Waste Management Company, Ringhals AB within
the NEXT project. I also thank Swedish Institute for the financial support of
the project (Ref. 00729/2009).

54



Bibliography

[1] O. Hahn and F. Strassmann, “Über den Nachweis und das Verhalten der bei

der Bestrahlung des Urans mittels Neutronen entstehenden Erdalkalimetalle,”

Naturwissenschaften, vol. 27, no. 1, pp. 11–15, 1939.

[2] L. Meitner and O. Frisch, “Disintegration of Uranium by Neutrons: a New Type

of Nuclear Reaction,” Nature, vol. 143, no. 3615, pp. 239–240, 1939.

[3] K. S. Krane, Introductory nuclear physics. New York: John Wiley & Sons, 1988.

[4] IAEA, “Annual report,” 2009. http://www.iaea.org/Publications/Reports/Anrep2009.

[5] M. Chadwick, P. Obložinský, M. Herman, N. Greene, R. McKnight, D. Smith,

P. Young, R. MacFarlane, G. Hale, S. Frankle, A. Kahler, T. Kawano, R. Lit-

tle, D. Madland, P. Moller, R. Mosteller, P. Page, P. Talou, H. Trellue,

M. White, W. Wilson, R. Arcilla, C. Dunford, S. Mughabghab, B. Pritychenko,

D. Rochman, A. Sonzogni, C. Lubitz, T. Trumbull, J. Weinman, D. Brown,

D. Cullen, D. Heinrichs, D. McNabb, H. Derrien, M. Dunn, N. Larson, L. Leal,

A. Carlson, R. Block, J. Briggs, E. Cheng, H. Huria, M. Zerkle, K. Kozier,

A. Courcelle, V. Pronyaev, and S. van der Marck, “ENDF/B-VII.0: Next genera-

tion evaluated nuclear data library for nuclear science and technology,” Nuclear
Data Sheets, vol. 107, no. 12, pp. 2931–3118, 2006.

[6] M. Scott and D. Johnson, Science matters. Nuclear Power. Walton Hall, Milton

Keynes: The Open University, 1997.

[7] R. Mills and D. Parker, “The Testing of Recent JEF(F) Decay Data and Fission

Product Yields Files for Irradiated Nuclear Fuel Decay Heat Calculations,” in

Proceedings of the International Conference on Nuclear Data for Science and
Technology, Santa Fe (R. Haight, M. Chadwick, T. Kawano, and P. Talou, eds.),

p. 136, AIP Conference Proceedings 769, 2005.

[8] R. Mills, “UKFY4.1: A set of prototype fission product yield library for neutron,

proton, deutron, alpha particle, photon and spontaneous fission, developed from

UKFY4.0,” JEF/DOC-1232 and UKNSF(2008)P227, 2008.

[9] C. Zöller, A. Gavron, J. Lestone, M. M. J. Theobald, A. Iljinov, and M. Mebel

IKDA Report No. 95/25, 1995.

[10] C. Zöller, Untersuching der Neutroneninduzierten Spaltung von 238U in En-
ergiebereich von 1 MeV bis 500 MeV. PhD thesis, TH Darmstadt, 1995. (in

German).

55



[11] G. F. Knoll, Radiation Detection and Measurement. New York: John Wiley &

Sons, 1999.

[12] I. Ryzhov, G. Tutin, A. Mitryukhin, V. Oplavin, S. Soloviev, J. Blomgren, P.-U.

Renberg, J. Meulders, Y. E. Masri, T. Keutgen, R. Prieels, and R. Nolte, “Mea-

surements of neutron-induced fission cross-sections of 205Tl, 204,206,207,208Pb

and 209Bi with a multi-section Frisch-gridded ionization chamber,” Nucl. In-
strum. Meth., vol. A562, no. 1, pp. 429–448, 2006.

[13] A. Bol, P. Leleux, P. Lipnik, P. Macq, and A. Ninane, “A Novel Design for a Fast

Intense Neutron Beam,” Nucl. Instrum. Meth., vol. 214, no. 1-2, pp. 169–173,

1983.

[14] C. Dupont, P. Leleux, P. Lipnik, P. Macq, and A. Ninane, “Study of a collimated

neutron beam,” Nucl. Instrum. Meth., vol. A256, no. 2, pp. 197–206, 1987.

[15] H. Schuhmacher, C. Brede, V. Dangendorf, M. Kuhfuss, J. Meulders,

W. Newhauser, and R. Nolte, “Quasi-monoenergetic neutron beams with ener-

gies from 25 to 70 MeV,” Nucl. Instrum. Meth., vol. A421, no. 1-2, pp. 284–295,

1999.

[16] National Nuclear Data Center. http://www.nndc.bnl.gov.

[17] J. Ziegler, J. Biersack, and U. Littmark, The Stopping and Range of Ions in
Solids. New York: Pergamon Press, 1985.

[18] F. Hambsch, H. Knitter, C. Budtz-Jørgensen, and J. Theobald, “Fission mode

fluctuations in the resonances of 235U(n,f),” Nucl. Phys., vol. A491, no. 1,

pp. 56–90, 1989.

[19] V. Maslov, N. Kornilov, A. Kagalenko, and N. Tetereva, “Multiplicities and

Spectra of Prompt-Fission Neutrons up to 200 MeV,” in Proceedings of the In-
ternational Conference on Nuclear Data for Science and Technology, Santa-Fe
(R. Haight, M. Chadwick, T. Kawano, and P. Talou, eds.), p. 282, AIP Confer-

ence Proceedings 769, 2005.

[20] C. Budtz-Jørgensen, H.-H. Knitter, C. Straede, F.-J. Hambsch, and R. Vogt, “A

twin ionization chamber for fission fragment detection,” Nucl. Instrum. Meth.,
vol. A258, no. 2, pp. 209–220, 1987.

[21] O. Bunemann, T. Cranshaw, and J. Harvey, “Design of grid ionization cham-

bers,” Can. J. Res., vol. A27, pp. 191–206, 1949.

[22] F.-J. Hambsch, J. Aarle, and R. Vogt, “Is there a pulse height defect for

methane?,” Nucl. Instrum. Meth., vol. A361, no. 1-2, pp. 257–262, 1995.

[23] A. Prokofiev and N. Olsson, “Fission Fragment Detection Efficiency of Thin-

Film Breakdown Counters in Sandwich Geometry,” Uppsala University Neutron

Physics Report No. UU-NF 01-5, 2001.

56



[24] V. Pronyaev, S. Badikov, A. Carlson, C. Zhenpeng, E. Gai, G. Hale, F.-J.

Hambsch, H. Hofmann, T. Kawano, N. Larson, D. Smith, S.-Y. Oh, S. Tage-

sen, and H. Vonach, “Resulting standards data,” in Proceedings of IAEA Co-
ordinated Research Project on International Evaluation of Neutron Cross-
Section Standards, no. STI/PUB/1291, (Vienna), p. 122, International Atomic

Energy Agency, 2008.

[25] D. Gorodisskiy, K. Kovalchuk, S. Mulgin, A. Rusanov, and S. Zhdanov, “Sys-

tematics of fragment mass yields from fission of actinide nuclei induced by the

5–200 MeV protons and neutrons,” Ann. Nucl. Energ., vol. 35, no. 2, pp. 238–

245, 2008.

[26] F. Vivès, F. Hambsch, H. Bax, and S. Oberstedt, “Investigation of the fission

fragment properties of the reaction 238U(n,f) at incident neutron energies up to

5.8 MeV,” Nucl. Phys., vol. A662, pp. 63–92, 2000.

[27] L. Glendenin, J. Unik, and H. Griffin, “Determination of primary nuclear charge

of fission fragments from their characteristic K-X-ray emission in spontaneous

fission of 252C f ,” in Proceedings of the First International Symposium on
Physics and Chemistry of Fission, p. 369, IAEA, Vienna, 1965.

[28] S. Isaev, R. Prieels, T. Keutgen, J. V. Mol, Y. E. Masri, and P. Demetriou,

“Proton-induced fission on actinide nuclei at energies 27 and 63 MeV,” Nucl.
Phys., vol. A809, no. 1-2, pp. 1–29, 2008.

[29] M. Fatyga, K. Kwiatkowski, H. Karwowski, L. Woo, and V. Viola, “Linear mo-

ment transfer in 40-150 MeV proton-induced reactions with 238U,” Phys. Rev.,
vol. C32, no. 4, pp. 1496–1505, 1985.

[30] M. Matzke, “Propagation of uncertainties in unfolding procedures,” Nucl. In-
strum. Meth., vol. A476, no. 1-2, pp. 230–241, 2002.

[31] A. Wahl, “Systematics of Fission-Product Yields,” Los Alamos Report No. LA-

13928, 2002.

[32] E. Raeymackers, S. Benck, I. Slypen, J. Meulders, N. Nica, V. Corcalciuc, and

A. Koning, “Light charged particle production in the interaction of fast neutrons

(25–65) MeV with uranium nuclei,” Phys. Rev., vol. C68, p. 024604, 2003.

[33] A. Koning, S. Hilaire, and M. Duijvestijn in Proceedings of the International
Conference on Nuclear Data for Science and Technology, Nice (O. Bersillon,

F. Gunsing, E. Bauge, and R. Jacqmin, eds.), p. 211, EDP Sciences, 2008.

[34] U. Brosa, S. Grossmann, and A. Müller, “Nuclear scission,” Phys. Rep., vol. 197,

p. 2167, 1990.

[35] V. Strutinsky, “Influence of nucleon shells on the energy of a nucleus,” Sov. J.
Nucl. Phys., vol. 3, p. 449, 1966.

[36] M. Duijvestijn, A. Koning, and F.-J. Hambsch, “Mass distributions in nucleon-

induced fission at intermediate energies,” Phys. Rev., vol. C64, p. 014607, 2001.

57



[37] A. Gilbert and A. Cameron, “A composite nuclear-level density formula with

shell corrections,” Can. J. Phys., vol. 43, no. 8, pp. 1446–1496, 1965.

[38] W. Dilg, W. Schantl, H. Vonach, and M. Uhl, “Level density parameters for the

back-shifted fermi gas model in the mass range 40 < A < 250,” Nucl. Phys.,
vol. A217, pp. 269–298, 1973.

[39] A. Ignatyuk, G. Smirenkin, and A. Tishin, “Phenomenological description of the

energy dependence of the level density parameter,” Sov. J. Nucl. Phys., vol. 21,

no. 3, pp. 255–257, 1975.

[40] U. Brosa, H. Knitter, T. Fan, J. Hu, and S. Bao, “Systematics of fission-channel

probabilities,” Phys. Rev., vol. C59, no. 2, pp. 767–775, 1999.

[41] F. Gönnenwein and E. Pfeiffer, “Fission of thorium and uranium by 15 MeV

neutrons,” Z. Phys, vol. 207, pp. 209–224, 1967.

[42] B. Cohen, W. Jones, G. McCormick, and B. Ferrel, “Angular Distributions of

Fission Fragments from 22-MeV Proton-Induced Thorium Fission,” Phys. Rev.,
vol. 94, no. 3, pp. 625–629, 1954.

[43] H. Kudo, Y. Nagame, H. Nakahara, K. Miyano, and I. Kohno, “Correlation be-

tween angular anisotropy and fragment mass in 15 MeV proton-induced fission

of 232Th,” Phys. Rev., vol. C25, no. 2, pp. 909–917, 1982.

[44] S. Yavshits, “Theoretical evaluation of neutron and proton induced fission cross-

sections for Pb-Pu targets in energy range 20-200 MeV,” IAEA Report No.

NDS-153, 2002.

58





#������-
���������.��/�
����
��������	
��������������������
�������������������
��
�
��������������
�������������������
�
������

0�����,��
�
������
����/�1��$��
��
����
����/��1

#�������/����
����������	��
����/�1��$��
��
���
�
����/��12�..��/����-
����12������//1���		��1���
��	�
���.�.
��3#�
4��.�
�����
��	./
�
����
�������
��
5
.���	�6��$4
�����
�
����/������
�24��/
��

��		��1�/��
�����������
����
��������//1�������
��
�
��
�������/7�	.�
�
���-
$�		���
����..��/�
����
�����������	��
����/�1��$��
��
����
����/��13
89������:�����12�  (2��
�
��
�4��.��/���
����
���

���/
;7�	.�
�
���-
$�		���
����..��/�����
��������
���	��
����/�1��$��
��
����
����/��1<3=

������������,.��/��������3��3�

���,���,�
,��,��-����)+(�

����
����	
�������
�����	����
������

����


	Abstract
	List of Papers
	1. Introduction
	1.1 Fission. Historical notes.
	1.2 Thermal neutron-induced fission
	1.3 Fast neutron-induced fission
	1.4 Fission fragment mass yields
	1.5 The motivation of the project
	1.6 Overview of the thesis

	2. Experimental considerations
	2.1 Overview of experimental techniques
	2.2 Multi-section Frisch-gridded ionization chamber
	2.3 Targets
	2.4 Data acquisition
	2.5 Neutron source

	3. Data analysis
	3.1 Fragment mass determination
	3.2 Post-neutron emission fragment kinetic energies
	3.3 Fragment emission angle
	3.4 Wrap-around background
	3.5 Correction for the mass dispersion
	3.6 Data analysis at the low energy tail.

	4. Measurement results and model calculations
	4.1 Measurement results
	4.2 TALYS calculation of fission fragment mass yields
	4.2.1 Theoretical background
	4.2.2 Calculation of neutron-induced fission cross-sections
	4.2.3 Calculation of fission fragment mass yields

	4.3 Comparison with available experimental data

	5. Summary and outlook
	6. Sammanfattning på svenska
	7. Acknowledgements
	Bibliography

