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We have measured fission fragment-mass yields for neutron-induced fission of 2*?Th and 23¥U at energies
32.8, 45.3, and 59.9 MeV. The experiments were done at quasimonoenergetic neutron beams of the Cyclotron
Research Center at Louvain-la-Neuve. To detect the fission fragments, a multisection Frisch-gridded ionization
chamber was used. The measurement and data analysis techniques are discussed in detail. The obtained
mass yields are compared to model calculations with the intermediate-energy nuclear reaction code MCFX.
The MCFX code is used to calculate the fraction of fissioning nuclei after cascade, preequilibrium, and
statistical reaction stages. The formation of mass distributions is considered as a result of oscillations of
the mass-asymmetry degree of freedom in the potential well calculated with the temperature-dependent shell
correction method. The experimental results as well as the results of the model calculations demonstrate that
the probability of symmetric fission increases with incident neutron energy for both nuclei. The comparison
also shows that the symmetric fission is more enhanced for thorium than for uranium with increasing neutron
energy. We also compare 2*¥U results with available experimental data; the 2**Th data were measured for the

first time.
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I. INTRODUCTION

The history of fission research started over 70 years ago
with the discovery of neutron-induced fission of uranium [1].
From that time onward neutron-induced fission of actinides
has been the subject of both fundamental and applied studies.
In the past, tremendous effort has been put into studies of low-
energy actinide fission because of the particular importance
of this process for nuclear energy applications. Nowadays,
there is an increasing interest in studying neutron-induced
fission of actinides at intermediate energies, i.e., between
20 and 200 MeV. It is motivated by nuclear data needs for
feasibility studies of emerging nuclear systems dedicated to
the generation of intense radioactive ion beams, incineration
of nuclear waste, isotope production, etc. Nevertheless, after
many years of research, neutron-induced fission of actinides
remains an intriguing subject of studies in nuclear physics and
astrophysics (in the latter case the fission process is considered
as an important part of the r-process nucleosynthesis [2]).

The fragment-mass distribution is one of the most important
characteristics of the nuclear fission process. At present a
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consistent description of mass splitting in fission is far from
being achieved. It is believed that the formation of the
fission fragment-mass distribution is closely connected with
the potential energy surface in deformation space (at the stage
of saddle-to-scission descent) while dynamical effects (nuclear
friction and inertia) have less influence on the shape of the mass
spectra. A number of theoretical models have been proposed at
different times to quantitatively predict fragment-mass yields
[3—7]. It should be pointed out that modeling of intermediate-
energy neutron-induced fission is severely complicated by
the fact that fission, being a relatively slow process, follows
preequilibrium particle emission and competes with neutron
evaporation. As a result, a number of nuclides, each with its
own fission characteristics, will contribute to the experimental
fission observables. This suggests that a model of fragment
formation should be embedded in a proper nuclear reaction
code which takes care of prefission particle emission (see,
e.g., [8,9]).

Further development of the fission reaction models requires
new experimental data at intermediate energies. To date
the neutron-induced fission cross sections of many actinides
relevant to advanced nuclear applications have been measured
at incident energies up to 200 MeV [10-13], but there is a
lack of experimental data on fragment-mass yields. The only
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data have been obtained at the white neutron beam of the
Los Alamos Neutron Science Center (LANSCE), where the
mass yields have been measured in neutron-induced fission
of 28U at energies up to 500 MeV [14]. In this work we
report on measurements of fragment-mass yields in fission of
238U and 2*?Th by quasimonoenergetic neutrons with energies
from 30 to 60 MeV. The measurement techniques and data
analysis are described in detail in Secs. II and III, respectively.
Section IV contains the measurement results in comparison
with data obtained at LANSCE. Model calculations based on
the intermediate energy nuclear reaction code MCFX [9] are
considered in Sec. V. Discussion of the results and conclusions
are given in Secs. VI and VII, respectively.

II. MEASUREMENTS

A. Experimental arrangement

The experiment was carried out at the neutron beam of
the cyclotron facility CYCLONE in Louvain-la-Neuve (LLN).
The facility has been described in detail in Refs. [15,16],
and therefore only a brief description is given below. The
experimental arrangement is shown in Fig. 1. Quasimonoen-
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FIG. 1. General layout (not to scale) of the measurements at the
LLN neutron beam facility.
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FIG. 2. Relative spectral fluence of the quasimonoenergetic neu-
tron beams produced with the "Li(p,n) reaction at the LLN neutron
beam facility [17]. The spectra were obtained at 0° with respect to
the proton beam axis; the target thickness was 5 mm. The gap at
lower energies is caused by the registration threshold of the detector

used in Ref. [17]. The spectra are offset along the y axis for better
visualization.

ergetic neutrons are produced by the "Li(p,n) reaction. Protons
delivered by the cyclotron pass through a carbon collimator and
impinge on a 5-mm-thick water-cooled natural lithium target
with a diameter of 7 mm. Neutrons enter the experimental area
while the primary beam is bent to a water-cooled carbon dump.
An iron collimator defines the neutron beam with a diameter
of about 2 cm at a distance of 2 m from the Li target.

In this work, proton beams with energies of 36.4, 48.5,
and 62.9 MeV were used. The neutron spectra produced at
an angle of 0° with respect to the proton beam axis are given
in Fig. 2 [17]. One can see that a typical neutron spectrum
consists of a well-defined peak followed by a continuum of
lower-energy neutrons. The high-energy peak contains 30%—
40% of all neutrons and has a full width at half maximum
of a few MeV depending on the incident proton energy and
the thickness of the lithium target. The corresponding neutron
peak energies, 32.8, 45.3, and 59.9 MeV, were calculated from
the incident proton energy, the Q value of the 7Li(p,n) reaction,
and the energy loss of the protons in the target.

The first fissile target was located at a distance of 375 cm
from the Li target. The distance between the targets was 6.4 cm.
At the target positions, the fluence rate of the peak neutrons

was about 10° cm~2 s~!,

B. Fission fragment detector

A multisection Frisch-gridded ionization chamber
(MFGIC) similar to that described in Ref. [18] was used to
detect fission fragments. A schematic view of the MFGIC
electrode assembly is shown at the top of Fig. 3. The detector
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FIG. 3. Block diagram of the electronic layout used for measurements with the MFGIC.

consists of seven sections. Each section constitutes a twin
Frisch-gridded ionization chamber with a common cathode.
Adjacent sections have a common anode, so the total number
of the electrodes is 29 including 7 cathodes, 8 anodes, and
14 grids. The electrode assembly is placed into a thin-walled
(1 mm) stainless steel detector housing. All the electrodes
are of circular form with a diameter of 110 mm. The anodes
are Duralumin foils, 50 pxm thick, sandwiched between two
I-mm-thick Duralumin rings with inner diameter of 90 mm.
The cathodes are stainless steel annular disks of 2 mm thick
and 68 mm inner diameter. The target holders are mounted in
the central part of each cathode using spring catches. The grids
are mounted in parallel on stainless steel rings that are 2 mm
thick and have 90 mm inner diameter. The grids are made of
gilded molybdenum wires of 80 um in diameter spaced by
1.25 mm. The distance between anode and grid is 8§ mm. The
cathode to grid distance is 24 mm. The working gas mixture is
composed of 90% argon and 10% methane (P-10). The cham-
ber operates at pressure of 1.16 bar (without a continuous gas
flow).

C. Targets

The fissile targets were prepared by vacuum evaporation of
"UF, and 23>ThF, onto 30-u1g/cm?-thick Formvar backings.
The backings were covered by 1015 pg/cm? Au to make
them electrically conducting. The average thickness of the
fissile targets was about 130 and 70 11g/cm?, respectively, for
the thorium and uranium deposits. The target diameter was
about 4 cm. The MFGIC sections 1-3 (in order of increasing
distance from the Li target) were loaded with the thorium
targets, while the uranium ones were placed into the sections
5-7. In the central (the fourth) section, a calibration »>Cf
source was mounted. It was prepared by self-sputtering onto a
50-/1g/cm?>-thick Al,Os backing covered by an Au layer with
a thickness of about 15 pg/cm?.

D. Data acquisition

The data acquisition system allows measurement of
fragment-mass distributions for seven fissile targets simultane-
ously. Figure 3 shows a block diagram of the electronics used
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to process the signals from the MFGIC. Each section of the
detector operates as a twin Frisch-gridded ionization chamber
(see Fig. 4). Three signals, two anode signals and a cathode
signal, were taken from the chamber electrodes making use of
low-noise charge-sensitive preamplifiers (PAs). Each anode’s
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 (ADCs) to
determine the anode pulse heights, which are approximately
proportional to the fragment energies (see Sec. IIIB). The
timing outputs of anode PAs were fed to timing filter amplifiers
(TFAs) with shaping constants tj,; = 20 ns, 74 = 200 ns and
then to leading edge discriminators (LEDs). The logic signals
from the LEDs were fed (as stop signals) to time-to-digital
converters (TDCs) to measure the electron-drift times neces-
sary to determine the fragment emission angles (as described in
Sec. III C). To simplify the data acquisition system, alternate
anodes were connected together, so only two spectroscopy
channels instead of 14 were used to treat the anode signals from
all sections. In principle, such a connection of the anodes can
result in a pileup of the anode signals from different sections.
However, the probability of coincidence events in different
chambers was negligibly small at the counting rates (<10s™!)
encountered in the present experiment.

The cathode signal was used to measure the neutron energy
by time of flight as well as to identify the chamber fired.
The timing output of the cathode PA was fed to a TFA with
shaping time constants 7, = tgir = 20 ns. The output signal of
the TFA was input to a constant fraction discriminator (CFD).
Each of the seven CFDs delivers 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 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
radio freequency (rf). Data reading was started as soon as
the “look-at-me” signal was generated by the TDC. For each
event the data acquisition program read out the number of
the chamber fired, two anode pulse heights, and three time
intervals. The data were then stored event by event on a hard
disk.

III. DATA ANALYSIS

A. Fragment-mass determination

A twin Frisch-gridded ionization chamber makes it possible
to measure the fragment kinetic energies and cosine of the
emission angle with respect to the normal on the cathode plane.
Having the energies of the complementary fragments in the
c.m. system, one can determine the fragment masses using
the double kinetic energy (2E) method based on the con-
servation laws of mass and linear momentum. Ideally, the
pre-neutron-emission fragment masses m} (i = 1, 2) are cal-
culated as
E3

T x? > =A - *a 1
CNET+E; my cN — M (D

my = A

where Acn is the mass number of the compound nucleus and
E? the pre-neutron-emission fragment kinetic energies in the
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c.m. system. In practice, however, only post-neutron-emission
fragment kinetic energies E; can be measured. If we assume
that the emission of neutrons by fission fragments is isotropic,
E? can be evaluated as
vi(m7
Ej:Ei(1+M>, ()
m;

where v;(m}) is the average number of neutrons emitted
from the fragment and m; is the fragment mass after neutron
emission:

m; =m; — v;(m?). 3)

From Egs. (1)—(3) the pre-neutron-emission fragment masses
and energies were determined through an iterative procedure
similar to that described in Ref. [19]. As the first step it
was assumed that m} =m; = (Acn — Vpre)/2 Where vpee
is the prefission neutron multiplicity taken from Ref. [20].
After this the new m] were calculated through Eq. (3).
Then the post-neutron-emission fragment energies were
calculated as described in the subsequent subsection and
the pre-neutron-emission kinetic energies were determined
through Eq. (2) using the mass dependence of v; from
Ref. [14]. After this the new m] values were determined
through Eq. (1) (with Acny — Vpre instead of Acn) and the
calculation was repeated. The iteration process was stopped
as soon as Am} was less than 1/10 amu.

The fragment-mass distributions obtained were further
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
Secs. III D and 111 E, respectively.

B. Post-neutron-emission fragment Kinetic energies

The post-neutron-emission fragment energy in the labora-
tory system was obtained from the anode pulse height Py0qe as

E}ab = Aa Panode + Agrid + APHD + A10881 (4)

where A, is a constant obtained from an absolute energy
calibration using « particles from the 22Cf source and a
high-precision pulse generator, Agig, Appp, and Ajgg are
the corrections for the grid inefficiency, detector pulse-height
defect (PHD), and fragment energy losses in the target material
and backing, respectively.

The grid inefficiency correction is given in Ref. [21]:

Aq Panodeo;?ridR cosf ’ 5)

where 0q is the grid inefficiency, 6 is the fragment emission
angle with respect to the normal on the cathode plane, d is the
cathode-to-grid distance, and R is the distance of the center
of gravity of the ion-electron pair track from the origin of the
track. The oiq value depends on the grid dimensions as well
as on the cathode-anode distance. We used ogig = 0.040 as
given in Ref. [22]. To find R it was assumed that it depends
on the fragment energy only. The energy dependence of R was
found experimentally with the method proposed in Ref. [21].
The fragment emission angle determination is described in the
next section.

Agrid =
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The correction for the fragment energy losses was obtained
as Aoss = AEI™®/cos 0, where AE™ is the average energy
loss of the fission fragments in the layers traversed at 6 = 0°.
The AE }ab values were calculated with the SRIM code [23].

The pulse-height defect was calculated as Apyp = a + bm;
with constants a = 0.54 MeV and b = 0.034 MeV /u obtained
from the analysis of the PHD measurement in Ref. [24].

The post-neutron-emission fragment energy in the c.m.
system was calculated through

2 lab \ 1/2
Pr E;
— 2 0, 6
24, CPF (ZAF> cos (6)

where pr and Ap = Acn — Vpre are the average longitudi-
nal linear momentum and mass of the fissioning nucleus,
respectively. The linear momentum transfer (LMT) from the
incident neutron to the fissioning nucleus was calculated with
the systematics obtained for the (p, f) reactions in Ref. [25].

E; = EP 4

C. Fragment emission angle

Figure 4 illustrates how the fragment emission angle was
measured. Both fission fragments are stopped in the space
between cathode and grids, producing ion-electron pairs along
their tracks. High voltage applied between the electrodes
makes both free electrons and ions drift toward the anodes
and cathode, respectively. Since the grid screens the anodes
against the charge moving in the space between the cathode
and grid, the anode pulse increase does not occur until the first
electrons penetrate the grid.

By measuring the time difference 7' between cathode and
anode signals one can determine the fragment emission angle
by

d—x d— UdriftT

cosf = = , @)
r d — Vit Tmin
Anodel g g Grid1 m Grid2 H n Anode 2
d d

Neutrons

Cathode

+HVg

PHV, sHV, L +HV,

FIG. 4. Schematic drawing of a twin Frisch-gridded ionization
chamber.
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where r stands for the track length, x is the distance from the
end of the track to the corresponding grid plane, vg;if is the
electron drift velocity, and T, = T (cos @ = 1). Substitution
of d = Vgrift Tmax bY Tmax = T (cos @ = 0) in Eq. (7) gives an
expression for cos 6 that is more convenient for practical use:
cosf = T‘“—TT (8)
max min
The Thin and T, values were determined experimentally.
In the data analysis we used the approximation that the
track length depends on the fragment energy only. In this
case, the energy dependence of T, can be found from
the T distributions obtained with different cuts imposed on
the fragment energy. The T, values derived from these
distributions are the same for all fragments.

D. Wrap-around background

The time-of-flight (TOF) technique was applied to identify
those fission events induced by peak neutrons. In fact, a short
proton beam micropulse spacing (55-72 ns) makes it possible
to measure only time intervals between the fission events and
the rf signals. As a result, the time distributions suffer from
so-called wrap-around background caused by slow neutrons
arriving at the detector simultaneously with fast neutrons from
the next micropulse. Because of the wrap-around neutrons the
resulting time distribution is a sum of the frame-overlapping
distributions corresponding to different rf pulses. As a result,
the high-energy peak is “seated” on top of a low-energy
neutron background, and it is impossible to discriminate
between them by just imposing a cut on the TOF interval. A
proper subtraction of the wrap-around background can be done
provided we know how many neutrons of given energy are
under the high-energy peak and their energy, and use a model
to calculate fission fragment-mass yields. For this purpose, the
TOF distributions were simulated by a Monte Carlo folding
of the neutron-induced fission cross sections of 232Th [26]
and 238U [27] with the neutron spectra [17]. To fill the gap
in the neutron spectra at low energies (see Fig. 2) we used a
constant approximation. The cyclotron rf period, the detector
time resolution, and the neutron flight path were taken into
account to fit the experimental conditions.

An example of the time distribution simulated for the
uranium fission induced by quasimonoenergetic neutrons with
peak energy 32.8 MeV is given in Fig. 5(a) in comparison
with the measured one. The frame-overlapping components
of the simulated distribution are shown in Fig. 5(b). One can
see that fission events induced by low-energy neutrons form a
background under the high-energy peak. Such events comprise
about 2.5% of the events at the high-energy peak (integrated
over the full width at one-tenth of the maximum). The fraction
of these events increases as the neutron energy increases to
3.0% and 4.0% for the neutron spectra with peak energies of
45.3 and 59.9 MeV, respectively. It is seen that the simulated
time distribution reproduces rather well the experimental
one. Since the frame-overlap structure of the time distribu-
tions was known, we were able to obtain the background
mass distributions. For this purpose we used systematics
for primary fragment mass yields [28] for E, > 5 MeV
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FIG. 5. (a) Simulated distribution of time intervals between
the uranium fission events and the cyclotron rf signals (line) as
compared to the measured one (symbols). (b) Components of the
time distribution simulated for frame-overlapping rf periods. The
channel width is 0.5 ns for both (a) and (b). (c¢) Primary fragment
mass distribution obtained for all fission events under the high-energy
peak (symbols) and the background distributions due to wrap-around
neutrons with energies of about 2.2 MeV (dotted line) and 5.5 MeV
(dash-dotted line) falling under the peak.

and the experimental data from Ref. [29] for E,, < 5 MeV.
In Fig. 5(c) the calculated background mass distributions from
the first and second 1f periods are shown together with the
pre-neutron-emission fragment-mass distribution measured
for all fission events falling into the time interval within the
high-energy peak. The mass resolution corrections were not
taken into account at this stage.

E. Correction for the mass dispersion

The pre-neutron-emission fragment-mass distributions ob-
tained as described above were then corrected for the mass
resolution. The mass resolution function was calculated as in
Ref. [30]:

€))

2 2 2
Gtot(m) = Oinh + Oinst>
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TABLE I. Fragment-mass resolution budget.

E,(MeV) of 0l Oiur  Oun Glézig O FWHM
32.8 22 34 5.2 073 29 144 8.9
453 2.1 50 7.3 072 29 18.1 10.0
59.9 2.1 638 9.7 072 29 222 11.1

where o2, stands for the inherent broadening due to prompt
neutron emission and o2 is the instrumental broadening
caused by the measurement technique. The inherent mass

dispersion can be written as

oin(m) = o + 0éy + Oiur (10)

where o7 is the mass variation due to neutron emission from
the fission fragments, o2y is the mass variation due to the
prefission neutrons, and ofy,; approximates the variance in
mass caused by dispersion of the LMT distribution. Since we
found that the mass dependence of o2, is small, the variances
were calculated for the symmetric split only. The first term of
Eq. (10) was calculated as in Ref. [30]:

(AcN — Vpre)VpostEn 1
GIgF = 3; Pt + ZG_%f(Vpost)s
K

(1)

where Ex is the average of the total fragment kinetic energy
(TKE), vpre and vpos stand for the pre- and postscission
neutron multiplicities, E, denotes the average c.m. energy
of the postscission neutrons, and o2, is the variance of
the postscission neutron multiplicity. The TKE values were
obtained in the present work. The multiplicities and the average
neutron energy were estimated by interpolating between the
experimental data obtained for proton-induced fission of 2*>Th
and 238U at 27 and 63 MeV [31]. The a]%f(vpost) values as well

as the second term of Eq. (10) were calculated for the 233U(n.f)
reaction as in Ref. [14]. The same values were applied to the
case of 2*?Th. The mass variance due to the LMT dispersion
was estimated using Eq. (6) and the data on the LMT dispersion
measured for the proton-induced fission of 28U and taken from
Ref. [32].

The instrumental mass dispersion for symmetric mass
splitting was calculated as

2 _ o Aoy — e

O =0 — O o
det tag
2E%

st

(12)

Here o, = 0.73 MeV? is the variance in energy due to the
detector resolution and aég 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 [23] were used in a Monte Carlo simulation of the
fragment emission process in order to estimate the oég values.
The fragment-mass resolution budget is given in Table I.

With the estimated mass resolution, we found the final
mass distribution through an iteration procedure implemented
in the GRAVEL code [33]. An example of the unfolded
mass distributions is given in Fig. 6 in comparison with the
uncorrected ones.
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FIG. 6. Pre-neutron-emission fragment-mass distributions uncor-
rected (symbols) and corrected (lines) for the mass resolution for
22Th (left) and 2*®U (right) at a neutron energy of 32.8 MeV. The
mass yields are normalized to 200%.

IV. MEASUREMENT RESULTS

Our experimental results are presented in Fig. 7. Note that
the entire experiment took about two weeks at the proton
beam current of about 10 nA. As mentioned above, the only
measurement of mass yields in neutron-induced fission at
intermediate energies was done at LANSCE for 2380 [14].
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These data are also presented in Fig. 7. Notice that mass yields
in Ref. [14] are given not for a single incident neutron energy,
but for the incident energy intervals. For the energy range
under comparison, the width of these intervals varies from 11
to 14 MeV. In our experiments, the uncertainty of incident
neutron energy is mainly determined by the energy loss of
protons in the lithium target, so it is £1.8, =1.5, and £1.2
MeV for the neutron peak energies 32.8, 45.3, and 59.9 MeV,
respectively.

The mass yields in Ref. [14] were also obtained with the 2F
method. However, fission fragments were detected in Ref. [14]
atemission angles (with respect to the neutron beam axis) close
to 90°, while our data were obtained at emission angles in the
range 0°-60°.

V. THEORETICAL CALCULATIONS

A. Model of mass distribution

The formation of the fission fragment-mass distributions
is mainly connected with properties of the potential energy
surface at the stage of the saddle-to-scission descent. Our
model treats the fission fragment formation as a result of
the nuclear shape oscillations related to the mirror-asymmetry
degree of freedom [7]. We consider these oscillations in the
potential well formed by a collective nuclear potential which
is determined by the macroscopic-microscopic method by

5 238
: U(n,f)
3 O present exp., E =32.8 MeV
2 "_ —— Zoller 1995, E =22-33 MeV
] )
ity
3 A present exp., E =45.3 MeV
) 5 —— Zoller 1995, E =33-45 MeV
1
4
3 3 O present exp., E =59.9 MeV
5 —— Zoller 1995, E, =57-71 MeV
1
60 90 20 150 180
Fragment mass (u)
10004 X
x100 present exp.:
NN = E=328MeV
100 7 o 5 4 E=453MeV
e E =599 MeV
ol ‘/\H/\X
i Y
1] £
0.14 238
J U(n,f)
0.01{ i
60 90 120 150 180

Fragment mass (u)

FIG. 7. Pre-neutron-emission fragment-mass distributions measured in neutron-induced fission of >**Th (left column) and ?*U (right
column) at 32.8 MeV (squares), 45.3 MeV (triangles), and 59.9 MeV (circles). Experimental data obtained at LANSCE for >*U (Z&ller
et al. [14]) are given by solid histograms. For clarity of comparison, we do not show experimental uncertainties in the top panels. The mass
yields are normalized to 200%. The bottom figure represents the logarithmic plot of the same data set shown as a linear plot on the top.
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Strutinsky [34] in the one-center shape parametrization. A
solution of the Schrodinger equation in such a potential gives
us the fragment-mass spectra. The temperature dependence
of fragment-mass yields is naturally determined in this model
through the temperature dependence of the collective potential
and the population of collective states in the potential well.
The first effect results in a transition from asymmetric to
symmetric fission while the second one accounts for a
broadening of fragment-mass distributions with increasing
nuclear temperature.

The choice of nuclear shape parametrization is an important
point in studies of nuclear configurations near the scission
point. We use the method proposed in Ref. [35] for axially
symmetrical configurations. The nuclear shape is defined in
the orthogonal coordinate system where the base family of
coordinate surfaces consists of deformed Cassini ovaloids.
This approach makes it possible to describe both oblate and
prolate shapes, including the strongly prolate ones which are
encountered in the latter stages of fission.

We consider three main parameters of deformation {&} =
(o, a1, g), where « is the lemniscate parameter, «; defines
the mirror symmetry of the nuclear shape, and oy is the
parameter of the hexadecapole deformation. At small values of
the lemniscate parameter the nuclear shape is an ovaloid while
values & > 0.9 correspond to configurations with a developed
neck. The essential factor in our model is the dependence of
the potential energy on «| near the scission point. The potential
energy is calculated as

Vpol{&} = Emac{d} + f(T)[‘SV{&} + Epair{&}]a (13)

where Eq,,. is the smooth macroscopic potential energy part,
8V is the shell correction, and Ep,;, is the pairing energy. The
factor f(T') in Eq. (13) accounts for the smearing of the shell-
plus-pairing effects with increasing nuclear temperature 7" that
results in a transition from asymmetric to symmetric fission
at higher nuclear temperature. We take f(7) in a Woods-
Saxon form, f(T) =1 +exp[(T — T.) /b])~", where T, ~
1.2 MeV and b =~ 0.15 MeV are the model parameters.

We calculated the shell corrections and pairing energies (in
the BCS approximation) separately for protons and neutrons
using the standard procedures [36,37] developed in the frame
of the independent-particle model. Single-particle spectra are
calculated with the DIANA code [38]. The nuclear shape is
taken in the lemniscate coordinate system. A deformed Woods-
Saxon potential is used as a nuclear mean-field potential.
Parameters of the potential and pairing interaction are chosen
according to Ref. [39].

With increasing temperature, the collective potential is
more and more defined by a smooth macroscopic part. We
test three versions of macroscopic energy calculations: the
liquid drop model with parameters from Ref. [40] and the
finite-range models with the Yukawa [41,42] and the Yukawa-
plus-exponential [43] potentials.

We assume that the fission fragment-mass distribution is
formed near the scission point where the neck radius is about
the radius of a nucleon (~1 fm). It allows us to fix the
lemniscate parameter value at o = 0.99. By minimizing the
potential energy at the scission point in the hexadecapole
deformation oy we get the temperature-dependent potential
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energy as a one-dimensional function of «;:
Vien) = V (e, an, o™(@). (14)

The fragment-mass distributions are found then from the
solution of the collective Schrédinger equation:

d -
_Z—JB_la\/_B_]E + V(Oll)} Yo(ay) = Evr(ay),

15)

where B is the mass parameter related to o, and ¥, (o))
and E, are the collective wave functions and energies
of the collective states, respectively. In all calculations, we
use the same mass parameter, B; = 0.054A5/3, obtained from
the analysis of spontaneous fission half-lives [44]. The collec-
tive wave functions are expanded in a series of oscillator wave
functions in cylindrical coordinates.

Assuming a Boltzmann-like occupation of the excited
states, one can calculate the probability of finding the scission
configuration with the mass asymmetry parameter «; as

Y(a) o Y [Yu(ane ™/ (16)
The fragment mass spectra are then calculated as follows:
dAy
Y(Ap(ar) oc Y (o) —, A7)
dOl]

where the mass of a fragment A  is related to «; through

A [H
Ap=2m— / 0*(2)dz. (18)
‘ V' Jzia
Here A and V are the mass number and the volume of the
fissioning nucleus, respectively, p (z) is the surface equation
in cylindrical coordinates, zn, is the z value at the minimum
of the neck radius, and z; is the z value at the nucleus edge.
Note that Ay shows almost linear dependence on «; for the
shape parametrization that we use in this work.

B. Multichance fission

Multichance fission (i.e., fission preceded by neutron
evaporation) is possible if the excitation energy of the
compound nucleus exceeds the sum of the fission barrier
and the neutron binding energy. In this case, any fission
observable, including the fission fragment-mass distribution, is
a superposition of contributions from various fission chances.
In addition, one should bear in mind that at E, > 15 MeV
fission can be preceded not only by compound processes, but
also by preequilibrium ones, including multiple preequilibrium
emission. At the incident energies under consideration the
resulting fragment-mass distribution reads as

1 .
Y(Ay) x ﬁZ/Yi(Af’E) a}(E)dE, (19)
fooi

where the summation index i runs over all atomic and mass
numbers of fissioning nuclei as well as over their total angular
momenta and parities, £ denotes the excitation energy, and

0}0‘ is the sum of partial fission cross sections o ]’}(E ) (per unit
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FIG. 8. Neutron-induced fission cross sections of 2>Th and 2¥U
calculated with the MCFX code in comparison with recent evaluations
[26,27].

energy) taken over all the nuclei and nuclear states contributing
to fission:

(20)

ol = Z/o}(E)dE.

Thus, the calculation of partial fission cross sections is the
problem to be solved if one wants to calculate the fission
fragment-mass distributions at fairly high excitation energies.
For this purpose, we use the MCFX code [9] combining

232 T |
Th(n.f) O  exp., 32.8 MeV
~ 69 M ~ = = = Yukawa+exp.
o\o \ Liquid drop
~ Yukawa
T
2
>
0 Lz, . . . -
80 100 120 140 160
6 Fragment mass (u)
- D O  exp., 45.3 MeV
- ! \‘ Nn' = = = Yukawa+exp.
X Liquid drop
~ Yukawa
o
2
>
O lamtl : e
80 100 120 140 160
Fragment mass (u)
\ \ O  exp., 59.9 MeV
— 4] ,’ ] A = = = Yukawa+exp.
o\c’ ‘} Liquid drop
~ Yukawa
T
2 24
>
01z

80 100 120 140 160
Fragment mass (u)

PHYSICAL REVIEW C 83, 054603 (2011)

advantages of the cascade and preequilibrium models with
detailed Hauser-Feshbach statistical description of the final
reaction stage. The neutron-induced fission cross sections of
232Th and 2*%U calculated with the MCFX code in the energy
range 30—60 MeV are given in Fig. 8 in comparison with recent
evaluations [26,27]. The model of fragment-mass distributions
described in the previous subsection was implemented into the
MCFX code to calculate the mass yields according to Eq. (19).
The calculation results are compared with the experimental
data in Fig. 9.

VI. DISCUSSION

As one can see from Fig. 9, our experimental data as
well as the results of the model calculations demonstrate that
the probability of symmetric fission increases with incident
neutron energy for both 2*>Th and 2*8U. It is also seen that
the symmetric fission is more enhanced for >*Th than for
238U, For the former target there are no other neutron data
to compare with, but the experimental data available for the
238U(n, f) reaction [14] as well as the data on proton-induced
fission [31,45,46] show the same trends in the incident energy
region under study.

When the present experimental data are compared with
those from Ref. [14], one should keep in mind that in
this work the incident neutron energy is more accurately
defined than in Ref. [14]. In our work, the incident neutron
energy is determined with a relative uncertainty of 2.0%-5.4%

U(n.f) O  exp., 328 MeV
~ 69 - = = Yukawa+exp.
X Liquid drop
~ Yukawa
o
Q2
>

0 Lz ‘ ‘ ‘ :

80 100 120 140 160
6 Fragment mass (u)
B ‘\ O  exp. 453 MeV
- = = = Yukawa+exp.
o\o 44 Liquid drop
~ Yukawa
o
Q2 24
=
80 100 120 140 160
Fragment mass (u)
T T T p— —" D,
I-\\ ,’\ O  exp., 59.9 MeV

— 4 3 ¢ = = - Yukawa+exp.
X Liquid drop
~ Yukawa
o
Q 24
=

0l

80 100 120 140 160
Fragment mass (u)

FIG. 9. Present experimental data (open circles) compared to the MCFX calculations for the neutron-induced fission of 2*?Th (left column)
and U (right column). The calculation results are given for three versions of macroscopic energy calculations: the liquid drop model [40]
(gray line) and the finite-range models with the Yukawa [41,42] (solid line) and the Yukawa-plus-exponential [43] potentials (dashed line).
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depending on the neutron peak energy (see Sec. IV). For the
measurements at the white neutron source the uncertainty of
the incident neutron energy is mainly given by the width of the
energy cut imposed. The incident neutron energies of interest
are given in Ref. [14] with relative uncertainties of 10%—15%
(see Fig. 7). Notice that our results at 32.8 and 45.3 MeV are
compared with the data [14] taken at lower incident energies,
so the agreement between the experimental results at these
energies is worse than is seen from Fig. 7. As we mentioned in
Sec. IV, the geometry of the present experiment differs from
that used in Ref. [14]. We analyze fission fragments emitted in
the solid angles around the neutron beam axis (0.5 < |cos 6| <
1.0), while the measurements [14] were done at 90° relative
to the neutron beam. Experimental studies of mass-angular
correlations in neutron- and proton-induced fission show that
angular anisotropy of fission fragments increases with mass
asymmetry [48—50]. Therefore we suppose that the difference
between our data and the data in [14] can be to some extent
attributed to mass-angular correlations.

It is seen from Fig. 9 that the model calculations agree
qualitatively with the experimental results for both reactions.
All three options for the macroscopic part of the potential
energy allow us to reproduce the transition from asymmetric
to symmetric fission with increasing incident neutron energy.
We found it impossible to change the standard set of parameters
proposed for the liquid drop [40] and the Yukawa-plus-
exponential [43] potentials because these parameters are
constrained by numerous fits to experimental data on nuclear
masses, fission barriers, ground state deformations, heavy ion
interaction potentials, etc. In this sense, the Yukawa potential
[41] is less explored, so to fit the experimental data we keep
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all parameters suggested in Ref. [41] unchanged except the
coefficient in the isotopic dependence. The calculation results
given in Fig. 9 are obtained by using the coefficient 2.3 instead
of 4 from Ref. [41]. One can see that this option makes
it possible to describe the symmetric peak in the fission of
232,

Finally, it is interesting to compare our experimental results
with those available in nuclear data libraries. Note that data on
pre-neutron-emission fragment-mass yields are not presented
in the nuclear data libraries. Instead, we can use for comparison
the library data on the mass-number yields which are the sum of
all independent yields of a particular isobaric mass chain [51].
In the intermediate-energy domain, the existing experimental
database for the fission yields suffers from significant data
gaps and uncertainties. Recently, the energy-dependent fission
product yields for actinide fission induced by neutrons and
light charged particles with energies up to 150 MeV have
been produced for the UKFY4.1 library [47] using the Wahl
model implemented in the CYPF code [52]. Figure 10 shows our
experimental data in comparison with the mass-number yields
from the UKFY4.1 library. One can see that the contribution
of symmetric fission is overestimated in Ref. [47] for all
reactions and all incident neutron energies. The shift in the
mass distributions is due to neutron evaporation from the
fission fragments.

VII. CONCLUSION

In the present paper, we report experimental data on
the fragment-mass yields of 2*U and 2*Th produced in

— 232Th(n,f) 7 6 ] 232Th(n,f) ] 6 ] ZSZTh(nvf) [ ]
6 O exp., 32.8MeV 1 | QO  exp., 45.3 MeV | 1 O  exp., 59.9 MeV ]
—— UKFY4.1, 30 MeV —— UKFY4.1, 40 MeV — UKFY4.1, 60 MeV
X 4] % i X 4 R
o ke ke
o o o
> 2l 1> 24 >
‘ ‘ ‘ ‘ : 0Lt ‘ ‘ R
80 100 120 140 160 80 100 120 140 160
Fragment mass (u) Fragment mass (u) Fragment mass (u)
1 ZPun,f - _ | #un,f - R VTN ) -
6 O  exp., 32.8 MeV 1 64 O exp., 45.3 MeV 4 6 QO  exp., 59.9 MeV 4
—— UKFY4.1, 30 MeV —— UKFY4.1, 40 MeV —— UKFY4.1, 60 MeV
X 4 2 1R 44 1% 4]
~ O ~
O ~ S e}
o o g 2
2 Qo o) e}
S 2 15 2 {5 2] o
)
‘ : ‘ ‘ : 0 ‘ : : : : 0 ‘ : : : :
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FIG. 10. Pre-neutron-emission fragment-mass distributions measured in the present work (symbols) in comparison with the mass-number
yields from the UKFY4.1 library (lines) [47].
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neutron-induced fission at the incident energies 32.8, 45.3,
and 59.9 MeV. The experimental results demonstrate that the
symmetric fission probability increases with incident neutron
energy for both nuclides. However, symmetric fission is more
enhanced in the case of 23Th than in 238U at the same incident
neutron energies. The available data for 23U [14], demonstrate
the same trend but the symmetric fission contribution is higher
in Ref. [14],as compared with the present data. In part, the
difference between the two sets of experimental data may be
explained by difference in the experimental geometry.

We also compared the experimental results with the model
calculations carried out with the potential model of fission
fragment formation [7] implemented in the nuclear reaction
code MCFX [9]. Comparison with three types of potential
energy calculations led us to conclude that the Yukawa
potential model fits the experimental results best of all.
However, to make a more definite conclusion, calculations
of other fission observables are necessary in a wide range of
fission reactions and incident energies.

It is worth mentioning that fragment-mass distributions
calculated with the TALYS code [8] showed larger discrepancies

PHYSICAL REVIEW C 83, 054603 (2011)

with the experimental results than the present calculations.
However, after implementation of a phenomenological model
into the TALYS code, preliminary results show that rather good
agreement can be achieved [53].

Compared to our experimental results, the UKFY4.1
data library [47] clearly overestimates the contribution of
symmetric fission for 2*Th and 2**U at all incident neutron
energies.
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